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REZUMAT - ABSTRACT

Modelarea si testarea atenuarii cAmpului electromagnetic cvasistationar obtinuta prin materiale tesute
cu fire conductive

Dezvoltarea accelarata a dispozitivelor electrice si a telecomunicatiei, necesitd solutii adecvate pentru asigurarea
compatibilitatii electromagnetice (CEM). Una dintre solutiile principale oferite de CEM este ecranarea radiatiei
electromagnetice (EM). Ecranele conventionale pentru radiatie EM sunt construite din placi metalice, insa utilizarea
materialelor textile cu fire conductive inserate prezintd la réndul lor multiple avantaje: masa redusa, flexibilitate,
rezistenta mecanica si adaptabilitate la forme 3D.

Acest articol abordeaza ecranarea campului electromagnetic cvasistationar si propune o relatie analitica pe baza
metodei separdrii variabilelor, care tine cont de parametrii geometrici si electrici ai materialului textil. S-a realizat un
studiu de validare pentru relatia analitica, prin determinarea atenuérii electromagnetice intr-o incinta, acoperita cu o
huséa din material textil cu fire conductive. Ansamblul experimental include atéat dispozitivele electrice de masurare, cat
si un set de cinci materiale textile tesute cu fire conductive din inox si argint. Rezultatele experimentale pentru domeniul
de frecventa al campului apropiat (1-20 MHz), prezinta valori bune in raport cu relatia analitica.

Relatia analitica simplificata permite calcularea distantei intre firele conductive ale materialului tesut, in raport cu o
atenuare EM specificata. Aceasta relatie sprijind procesul de proiectare al materialului textil, prin luarea in consideratie
a factorilor de cost si a atenudrii EM specificate.

Cuvinte-cheie: ecranare, validare, distanta intre firele conductive, batatura, inox, argint

Modelling and testing the electromagnetic near field shielding effectiveness achieved by woven fabrics
with conductive yarn

The current extensively development of electrical devices and telecommunication requires adequate solutions for
ensuring electromagnetic compatibility (EMC). One of the main solutions provided by EMC is the shielding against
electromagnetic (EM) radiation. Conventional screens for EM radiation are constructed from metallic plates, however,
fabrics with conductive yarns may be used as well, with multiple advantages: lightweight, flexibility, mechanical
resistance and 3D shape ability.

The paper addresses the shielding of the electromagnetic near field, by proposing an analytic relation taking into account
both geometrical and electrical parameters of the fabric, based on the circuit method. A validation study was performed,
by measuring the shielding effectiveness of an enclosure with a cover from woven fabrics with conductive yarns. The
experimental setup includes both the electrical measurement devices, as well as a set of five woven fabrics with
conductive yarns from stainless steel and silver. The experimental results for the electromagnetic near field frequency
range (1—20 MHz) present values in good relationship to the analytic relation.

The simplified analytic relation allows the computing of the distance between the conductive yarns of the woven fabric
in relation to the targeted shielding effectiveness. This relation supports the design process of a fabric, with balance
between its costs and its target shielding effectiveness.

Keywords: shielding, validation, distance between conductive yarns, weft, stainless steel, silver

INTRODUCTION - the relevance of EM shielding
textiles

Fabrics with inserted conductive yarns may find ade-
quate application in the shielding of electromagnetic
waves [1-3]. Compared to the classical metallic
shields, woven fabrics are flexible, lightweight and
yet provide mechanical resistance. The applications
of fabrics with conductive yarns range from curtains,
tents or tarpaulins for protection of humans towards
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the outer radiation environment, to covers for limiting
the inner radiation produced by enclosed electronic
equipment [4-5]. Many applications are already on
the market, however the modelling of the shielding
effectiveness of woven fabrics is still an up-to-date
question [6-7].

Modelling the shielding effectiveness of woven fabrics
has numerous purposes and is an issue of current
research [8-15]. One important purpose is related to
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the possibility of predicting the electrical properties of
shielding based on the fabric’s geometrical and elec-
tric parameters, before physically manufacturing
the woven fabric. The modelling achieves valuable
data for a cost-effective design. One basic question
received from the textile industry’s enterprises is
related to the distance between the conductive weft
yarns of a woven fabric, meant for achieving a certain
shielding effectiveness. Moreover, the shielding of
the electromagnetic near field is especially problem-
atic to be achieved and requires special attention
[4-5].

Thus, main aim of this paper is to propose and vali-
date an analytical relation, comprising both geometri-
cal and electrical parameters of the woven fabric,
meant to answer the tasks above.

THE ANALYTIC SHIELDING EFFECTIVENESS
FOR THE ELECTROMAGNETIC NEAR FIELD

The analytic shielding effectiveness relation was pro-
cessed according to the circuit method, provided by
Heinrich Kaden [16]. This analytic relation describes
the shielding produced by conductive grid structures
and thus, it is applicable for woven structures with
conductive yarns. It represents a “mechanistic” math-
ematical model, as opposed to previous research
operated with phenomenological mathematical mod-
els [17-18]. The analytic relation contains geometric
and electric parameters and is valid for the electro-
magnetic near field. The figure 1 presents the princi-
ple of shielding for an enclosure build up with con-
ductive grids (in our case woven fabrics), based on
the Eddy currents induced by the incident variable
electromagnetic field, which create an opposing
field and consequently a shielding effect. The figure 1
includes the geometric parameters of the model.
The upper graph of figure 1 shows the two walls of
the shielding enclosure, composed of fabric with con-
ductive yarns in weft direction. It presents a front view
of the enclosure. The distance between the walls is
denoted with 2x, the distance between the conduc-
tive yarns in the weft structure with a, while the radius
of the yarns is denoted with r. The lower graph of fig-
ure 1 presents an upper view of the shielding enclo-
sure. According to this model, the yarns from the two
walls of the enclosure are electrically connected at a
certain specified distance, allowing the Eddy currents
to flow withinclosed electrical circuits. The shielding
factor Q describes the ratio between the magnetic
field strength of the inner field (Hy) and the incident
field (H,). It has according to [16] the following
expression (1):

Qgiz
Ha

o+ j(gr)z[k, + (%r)zw- In 2sinh %’1

b+ j(gr)z[Zn% +2,-In 2sinh 2 — (Z)° Vlﬂ

(1)
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Fig. 1. The enclosure with electrically conductive grid

where the electric and geometric parameters are:

r —yarn diameter;

a - distance between the conductive weft yarns;

2x — distance between the two walls of the enclosure;

d - the skin depth (related to the frequency);

p;, — resistance function;

A; —induction function (expressed as ratio between r
and J);

W — reflexion factor.

The shielding effectiveness is expressed related to

the shielding factor Q, either in Neper (2) or in

Decibel (3), according to the following relations:

—n (Ll
SENp = In (|Q|) INp] 2)
SEdB = 20 log, (I%I) [dB] 3)

THE FABRICS WITH CONDUCTIVE YARNS

In order to achieve the desired shielding properties
for the woven fabrics, conductive yarns from ferro-
magnetic (stainless steel — Fe) and diamagnetic (Ag)
raw materials were introduced into the weft system of
the fabrics. A number of six electrically conductive
yarns were analysed and used for the study. The first
two yarns (F1001 and F1002) were twisted from
three respectively two filaments, one of which from
stainless steel. The third yarn (F2002) was a spun
yarn with 80% cotton and 20% stainless steel con-
tent. The last three yarns (F1003, F1004, F10095)
were from PA6.6 coated with Silver, having different
yarn counts. Table 1 presents the physical-mechani-
cal and electrical properties of these yarns.
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Table 1

PHYSICAL-MECHANICAL AND ELECTRICAL PROPERTIES OF THE USED YARNS

Property F1001

Yarn count

Diameter yarn (um) / conductive
yarn (pm)
Twist (tors/m)

Torsion (tors/m)

Tenacity at breaking strength (N/tex)

Tensile strength (N)

Relative elongation (%)

Linear electrical resistance (2/m)

Electrical resistivity (Q * m)

Electrical conductivity (S/m)

Relative magnetic permeability (1)

The diameter was determined with support of the
optical microscope. The linear electrical resistance
was determined with the multimeter and the electrical
resistivity and conductivity was computed according
to the formulae (4) and (5), whilethe relative magnet-
ic permeability was computed by means of the for-
mula (6) [19]:

Electrical resistivity

p=R

A
- 4)

Electrical conductivity
1
= — 5
o= (5)

Relative magnetic permeability

Mg = My MM o iy (6)
The following notations have been used:
R is the linear electrical resistance for 1 m;
A — the surface of the yarn section;
| —the length of 1 m of yarn;

F1002

F2002 F1003 F1004 F1005

Mg

o — the equivalent percentage of the material

from total volume;
MM, — the equivalent percentage of the magnetic
material from total volume;
— relative magnetic permeability of the mag-
netic material.
A relative magnetic permeability of stainless steel
was set to w,,, = 40, accordingly to [20], while M,
and MM, were computed according to the yarn’s
twist/spun structure.
Based on these types of yarns, five variants of woven
fabrics were manufactured. The woven fabrics were
designed with the conductive yarns in the weft sys-
tem at distances of 2 mm and 4 mm. One woven fab-
ric was designed with stainless steel conductive
yarns in warp and weft system, with a grid of 4 mm.
Cotton yarns were used for the support structure of
the fabrics. The following structural and physical-
mechanical properties for the fabrics apply (table 2):

Ly

Table 2

STRUCTURAL PARAMETERS AND PHYSICAL-MECHANICAL PROPERTIES OF THE WOVEN FABRICS

Standard

Conductive yarn

Pattern Conductive /
Cotton yarns

Weave

Specific mass [g/im?]

Density [no. yarns/ 10 cm] — Warp

Density [no. yarns/ 10 cm] — Weft

Material’s thickness [mm]

Surface resistivity [W]

Volume resistivity [W*cm]
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Fig. 2. Pictures of the five woven fabrics performed

The surface resistivity is measured according to the
standard EN ISO 1149-1/2004 in Qs, due to the spe-
cial geometry of the testing device, with two concen-
trically rings of specified dimension. The index s indi-
cates this exceptional measurement unit for the
electrical resistivity. The investigation of yarns and
fabrics was performed in the INCDTP accredited lab-
oratories. Some pictures of the 5 woven fabrics are
presented in figure 2.

EXPERIMENTAL RESULTS FOR THE SHIELDING
EFFECTIVENESS

In order to validate the analytic shielding effective-
ness relation presented at section 2, numerous phys-
ical tests on the fabrics were performed, within the
EMC Laboratory of the Faculty of Power Engineering
in University “Politehnica” Bucharest. An experimen-
tal setup was achieved, consisting of a shielding
enclosure and the electric measurement system. The
enclosure is constructed of a cube from wooden
bars, each having a cross section of 2x3 cm and a
length of 100 cm. Dry wood was chosen as material,
for it has similar magnetic (permeability) and electric
(permittivity) properties ofthe air, with no influence on
the shielding measurements. The enclosure was
completed by five covers out of the obtained textile
materials for the cube with a side of 100 cm.

The electric measurement system is composed of the

following electronic devices:

— the signal generator;

— the power amplifier;

—the matching circuit for the magnetic emitting
antenna;

— the magnetic field emitting antenna;

— the magnetic field receiving antenna (it's an active
antenna);

— the spectrum analyser.

Thus, several measurements were performed, by

placing the emission antenna inside the enclosure

and the receiving antenna outside, both at a 30 cm

distance from the wall of the enclosure. Figure 3 pre-

sents a block schema of the experimental setup,

while figure 4 presents its elements.

The measurements were performed for two situa-

tions:

— without shielding enclosure (in order to measure
the reference magnetic field H,);

— with shielding enclosure (in order to measure the
inside magnetic field Hy).

The shielding measurements were performed at the

frequency ranging between 1 MHz to 20 MHz for the

electromagnetic near field. The upper limit of 20 MHz

was set accordingly to the standard IEEE 299.1, as

the frequency range of [20 MHz, 300 MHZz] is consid-

ered to initiate resonances within an enclosure

Signal

Power

generator amplifier

Adaptation
circuit
Zm =500

Emission
antenna

Woven fabric cover cube of 1m

Near EM field e -

Spectrum
analyser

Reception

antenna

Fig. 3. Block diagram of the experimental setup
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Table 3

EXPERIMENTAL RESULTS SHIELDING EFFECTIVENESS WOVEN FABRIC RAZ — 1 (STAINLESS STEEL)
f Output of power Reference measurement | Shielding measurement | Shielding effectiveness
[MHz] generator without enclosure with enclosure (difference)
[dBm] [dBm] [dBm] [dBm]
5 -20 -7.2 -6.4 -0.8
10 -20 -10 -10 0
12 -20 -10.4 -10.8 0.4
14 -20 -10 -10.4 0.4
16 -20 -9.6 -10.4 0.8
18 —20 -10.4 -12 1.6
20 -20 -6.8 -16.8 10
Table 4
EXPERIMENTAL RESULTS SHIELDING EFFECTIVENESS WOVEN FABRIC RAZ - 5 (SILVER)
f Output of power Reference measurement | Shielding measurement | Shielding effectiveness
[MHz] generator without enclosure with enclosure (difference)
[dBm] [dBm] [dBm] [dBm]
5 —20 4.4 -6 1.6
10 -20 -8 -7.6 -0.4
12 -20 -8.4 -8 -0.4
14 -20 -7.6 -7.2 -0.4
16 -20 -7.2 -6.8 -0.4
18 —20 -9.2 -8 -1.2
20 -20 -8 -6.4 -1.6
having maximal dimension between 0,1 m and 2 m. 1 a/($s 2
For frequencies exceeding 300 MHz, the electro- 1Ql=5-~ (7) (7)
magnetic near field condition is no longer satisfied.
Repeatability conditions were ensured for all the mea- d= S — (8)
surements. Table 3 and table 4 present the shielding N nfou

effectiveness results for the covers manufactured
from the textile materials RAZ-1 (stainless steel
yarns) and RAZ-5 (silver yarns).

The power of the electromagnetic signal is expressed
in dBm, while the shielding effectiveness is comput-
ed as difference between the reference measure-
ment and the measurement with textile shielding
enclosure. Table 4 shows that the measurements for
the shielding effectiveness of the fabric with silver
yarns has negative values, in the noise zone. This
fact can be explained due to thediamagnetic
behaviour of silver yarns and the better results of the
ferromagnetic stainless steel yarns for the electro-
magnetic near field.

SIMPLE FORM FOR THE ANALYTIC SHIELDING
EFFECTIVENESS AND ITS VALIDATION

Several mathematical simplification operations were
performed on the analytic relation (1), by studying the
premises of variation for the single parameters. The
resulting relation (7) expresses the shielding factor
depending both on the geometric parameters and the
electric parameters of the enclosure. The electric
parameters are included in the formula for the skin
depth (8):

industria textila

EI

with the following electric parameters of the conduc-
tive yarn’s raw material (table 1):

o — electric conductivity [S/m];

u — magnetic permeability [H/m].

Figure 5 presents the shielding effectiveness related
to the frequency on logarithmic scale. The following
colour codes apply for the figure:

| Colour code | Description

_ The analytic shielding effectiveness
according to the literature (1)

The simplified analytic shielding

effectiveness (5)

_ The measured experimental data for the
shielding effectiveness for stainless steel

Thus, figure 5 shows in the first place, that the sim-
plified analytic relation (7) models quite well the full
analytic relation (1) from the literature, for the specified
frequency range [16]. Secondly, the experimental val-
ues are smaller than the predicted ones and this fact
can be explained by the fact that the analytic relation
describes an ideal model and the electric conductivi-
ty for the yarns at the edges of the cube is only par-
tially insured. However, the stainless steel yarns have

2018. vol. 69. nr. 3
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Fig. 5. Shielding effectiveness for analytic, simplified and
measured values

a shielding effect on the magnetic near field, mainly
due to their ferromagnetic nature.

DISCUSSION

One of the main questions identified at textile pro-
ducers of woven fabrics with conductive yarns, was
the necessary step of the grid — namely the distance
between warp/weft yarns and its raw material, in
order to achieve a specified shielding effectiveness.
Figure 6 shows a parametric study for the shielding
effectiveness (simplified relation) with various dis-
tances between conductive yarns. The following
colour codes apply:

Colour code | a - distance between conductive yarns
4 mm
2 mm
1 mm
45 - S i - - —rrry
40+
35+ s
. >
30+ < 1
m i
h=} £
- 25+ s
2 T
5 S
g 20 //’
0 P
15+ //
10F g
5..
ok . . PR P | " " PR |
108 107 108
Frequency, Hz

Fig. 6. Parametric study upon the distance between
yarns

Figure 6 shows that a closer grid of conductive yarns
has a better shielding effectiveness. This can be
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explained due to the higher electrical properties of
the woven fabric. The simplified analytic relation for
the shielding factor allows the computing of the dis-
tance between yarns a, in relation to the electric
parameters of the yarn (electric conductivity o and
magnetic permeability u, which are included in the
formula of the skin depth (8)) and the geometric
parameters of the enclosure (radius of the yarn r
and distance between shielding walls 2x). Hence, the
distance between conductive yarns (parameter a)
results from the relations (3) and (7):

2 SEdB

r o
a=2nx(=)10 20 (9)
)
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Fig. 7. Distance between conductive yarns for 20 dB
shielding effectiveness and given parameters

Target Shielding effectiveness SEdB = 20 dB
[le6:1e5:2e7] Hz
7700 S/m;

Relative magnetic permeability: np, = 7.36;

Frequency range: f =
Electric conductivity: o =

Magnetic permeability of vacuum: p, =4n*e-7
H/m;

Magnetic permeability: p =
29.44n*e-7 H/m;

Radius of the conductive yarn:

B Yy =

r= 135e-6 m;
Distance between shielding walls of enclo-

sure: x= 100e-2/2 m;

Figure 7 shows that the fabric requires a closer grid
for smaller frequencies, at the same value for the
shielding effectiveness. This is according to physics
rules, for as known, the shielding of electromagnetic
near field of low frequencies is very difficult to be
achieved. On the other hand, the mechanical proper-
ties of a fabric with great density of conductive yarns
could be a problem, due to their different mechanical
tensile strength (5.46 N) and tenacity (0.1365 N/tex)
when compared to the cotton yarns of the substrate
tensile strength (4.788 N) and tenacity (0.1197) N/tex
(table 1). This aspect can lead to difficulties when
processing the woven fabrics. The cost of the con-
ductive yarns represents another aspect, which
requires optimization.
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Thus, the design of a conductive fabric for shielding
of the electromagnetic near field has to achieve a bal-
ance between the specified shielding effectiveness,
the distance between conductive yarns and the
mechanical behaviour of the fabric. It is recommend-
ed to use stainless steel yarns for their ferromagnet-
ic properties and their improved shielding of the mag-
netic field.

CONCLUSIONS

The paper proposes to study the shielding effective-
ness of an enclosure for the near electromagnetic
field. An analytic relation for the shielding effective-
ness, taking into account both geometric and electric
parameters of the conductive fabric, was simplified
by the authors and a validation study was conducted.
For the experimental part of validation, five woven
fabrics with conductive yarns were manufactured,
both ferromagnetic (based on stainless steel yarns)
and diamagnetic (based on silver yarns). The pro-
posed frequency range for testing is limited by the
near electromagnetic field condition on one hand,
and the resonance conditions specified by the stan-
dard IEEE 299.1, at 1 MHz — 20 MHz. The experi-
mental results show smaller values for the shielding
effectiveness as the analytic values, however these
facts have two explanation: the electric continuity at
the edges of the cube is only partially insured and the
analytic relation represents an ideal model, very diffi-
cult to be reproduced with the used equipment. The
experimental arrangement and the applied procedure
are useful firstly to compare the features of different
fabrics.

The simplified analytic relation givesa good approxi-
mation for the analytic relation fromthe literature for
the specified frequency range and supportsthe com-
puting of the distance between the conductive weft
yarns in relation to the targeted shielding effective-
ness. Thus, an important question addressed by the
enterprises in the textile industry, that is the required
distance of the conductive grid for woven fabrics and
its raw material, may find an answer. A parametric
study for the distance of the conductive weft yarns
shows that the denser the conductive yarns, the bet-
ter the shielding effectiveness of the electromagnetic
near field. Calculations based on the proposed sim-
plified relation are possible, in order to achieve an
optimization between fabrics process ability, the
costs and the targeted shielding effectiveness.
Future work envisages to refine and to extent for
other frequencies the simplified analytic relation and
also to add measurements, based on other arrange-
ments and other set of antennas.The authors pro-
pose to achieve a correction of the analytic shielding
effectiveness, meant to explainin a more accurate
way the experimental values, as well as to provide
additional experimental values for the electric proper-
ties of the conductive fabrics, based on other mea-
surement methods.
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REZUMAT - ABSTRACT

Proprietatile de confort la aer, umiditate si termic ale tesaturilor din fire selectate

Sunt studiate proprietatile de transport ale aerului si umiditatii ale tesaturilor cu legaturd panza, realizate din bumbac
20°Ne, in urzeala si fire pure de tencel, modal, pro-modal, bambus, polyester si bumbac 20°Ne in directia bataturii.
Caracteristicile majore adaugate acestui studio include permeabilitatea la vaporii de apa, permeabilitatea la aer, timpul
de umiditate si viteza de capilaritate. Comparand cele sase esantioane diferite de materiale cu compozitie diferita in
directia bataturii, permeabilitatea la aer a firelor de tencel a fost minima, iar cea a poliesterului a fost maxima, in timp
ce rezultate opuse au fost observate pentru ambele esantioane in cazul permeabilitatii la vapori de apa. Dintre
amestecurile cu bumbac, conductivitatea termica a bambusului si absorbtia termicd a poliesterului au obfinut valori
maxime, in timp ce rezistenta termicd minima a fost observata pentru firul pro modal in bataturd. Un model similar a fost
observant in viteza de imprastiere si timpul de umezire a poliesterului atunci cdnd este observat din partea superioara
sau inferioard. Proprietatile de confort ale firelor de bambus si pro modal, avand valori aproape similare, sunt sugerate
a fi utilizate in articolele de imbracaminte utilizate pentru golf.

Cuvinte-cheie: proprietati de management al umiditatii, permeabilitate la vapori de apd, permeabilitate la aer, proprietati
de confort termic si umiditate

Air, moisture and thermal comfort properties of woven fabrics from selected yarns

Air and moisture transport properties of plain woven fabric made from 20°Ne,, cotton in warp and 20°Ne pure yarns of
tencel, modal, pro-modal, bamboo, polyester and cotton yarn inweft direction are studied. Major characteristics added
for this study include water vapour permeability, air permeability, wettingtime and wicking speed. In comparison of six
different samples of variously composed materials in weft direction, the air permeability of tencel was minimum and
polyester was maximum, whereas the reverse results were observed for both the samples in case of water vapour
permeability. Among the blends with cotton, thermal conductivity of bamboo and thermal absorptivity of polyester was
found maximum whereas the minimum thermal resistance was observed for pro modal yarn in weft. Similar pattern was
observed in spreading speed and wetting time of the polyester when observed from either side top or bottom. Air and
moisture comfort properties of bamboo and pro modal, having nearly similar values are suggested to be used in
garments used for golf players.

Keywords: moisture management properties, water vapour permeability, air permeability, wetting and thermal comfort
properties

INTRODUCTION

In addition to provide a physical cover to human aes-
thetics, comfort and protection are the essential fea-
tures of apparels. Woven fabricsare the backbone for
production of apparel manufacturing mainly due to
both comfort and cost of manufacturing that makes it
preferable over others. Similarly, the demand of com-
fortable fabric is increasing for general and specific

have highest rates of strength comfort and drape by
using these fibers [2].

In addition to popularity of trend, garment-fitting and
fashion, the clothing comfort is also important and
can be measured by various aspects related to phys-
iological comforts of garments [2]. Human comfort is
the state of mind expressing the level of satisfaction
provided by the environment around an individual.
The surrounding environment changes with the

purposes like players in the sports field need breath-
able fabric during their practices. Hence, yarn should
be properly selected and strengthened during the
production of fabric that should fulfill all the basic con-
siderations. Additionally, it should not restrict the
movement and should provide ease for the user of the
garments [1]. Natural as well as regenerated fibers
have increased importance with aspects of textile
industry to meet performance challenges. Apparels
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change in temperature and with the result of this
thermal change, human comfort level changes.
Therefore, human comfort and thermal comfort are
counter parts of each other. The major factors incor-
porating for apparel comfort are mixing, yarn twists,
texturizing, fabric structure and its properties,
mechanical treatments, moisture- and vapour-perme-
ability and finish treatments [3, 4]. Moisture manage-
ment and breathability of fabric are related to ease of
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fabric provided to individuals [5]. Especially during
sports, body presipitates a lot and when the prespira-
tion occurs the body feels comfortable and cool.
Therefore, the garments manufactured fulfilling said
purposes allow comfortability.

The regenerated fibers have many excellent proper-
ties with respect to tenacity, thermal conductivity and
water and perspiration absorption. Cotton on the
other hand has best absorbency and breathability. All
regenerated fibers are having progressive values
when compared to synthetic fibers [6, 7]. The fabrics
made from 100% bamboo were comfortable and
have excellent moisture and temperature manage-
ment properties [8]. Regenerated fibers are used in
different apparels including sports textiles, socks,
t-shirts and in ligerie products [9]. Tencel due to good
moisture absorption characteristics could be used to
enhance the moisture handling and other properties
of sportswear fabrics while at the same time improv-
ing the aesthetics [10]. Similarly, modal and pro-
modal, containing soft and cozy fibers also show
good moisture management properties.

A lot of resaerch has already been established for
investegating the comfort properties of woven fabrics
[11]. Hereby, the work is done to investigate the influ-
ence of regenerated yarns in weft direction and com-
pare the comfort properties of woven fabric with fab-
ric made from 100% cotton fixed at warp direction. In
this study, testing of air permiaility, wetting, wickbility
and water vapour permeability of plain fabrics is
investigated.

MATERIALS

The pure yarns of 100% modal, tencel, pro-modal,
bamboo, polyester, cotton yarns were produced in a
local spinning mill in Pakistan. The count of all yarns
was fixed at 20°Ne,. The characteristics of various
yarns are given in table 1.

WEAVING AND PROCESSING

The fabric was woven on an air jet loom in local
weaving mill according to given specifications, where
warp count was fixed at 20°Ne_ for cotton yarn only
and all above yarns were used in weft for production
of 6 different samples (A-F) of fabric. In this work, the
plain woven fabrics were chosen to be weaved. The
fabric samples were scoured and bleached according
to standard recipe, the geometrical properties of fab-
ric are presented in table 2 and the related comfort
properties with respect to each fabric are given in
table 3.

METHODS

Different experiments were done to evaluate the
comfort properties of given fabric samples.

TESTING

All the finished fabric samples before testing were
conditioned at standard atmospheric temperature
20°C +2°C and relative humidity of 65+2%. The tests
that had been conducted for fabric samples (A-F) are
air permeability, fabric mass, water vapour perme-
ability, and moisture management. The tests were

Table 1
Weft yarns Modal Tencel Pro modal Bamboo Polyester Cotton
Linear irregularity (U%) 7.01 7.55 7.58 7.71 10.34 11.73
Thin place/km (—50%) 0 0 0 0 0 3
Thick place/km (+50%) 2.0 315 6.3 8.3 1.3 204
Neps/km (+200%) 25 5.8 10.5 17.8 8.3 141
Hairiness ©.23) 6.11 6.09 4.44 5,23 7.05
Count strength product 3637 4400 3700 2601 4949 2050
Single yarn strength 956 1013 823 656 930 439
Elongation at break % 11.81 9.78 10.20 12.30 13.20 3.47
Tenacity RKM 32.40 34.30 27.85 22.24 31.50 14.89
Table 2
Sample Warp yarn Weft yarn Ends per inch | Picks per inch ‘:‘\;acrt%::?l‘(lsr gi:to(r:?l‘;:)r
A 100% Modal 60 60 13.6 13,1
B 100% Tencel 60 60 13.6 1183,
C 100 %Pro Modal 60 60 13.6 1183,
100% Cotton
D 100% Bamboo 60 60 13.6 123,
E 100% Polyester 60 60 13.6 1331
F 100% Cotton 60 60 13.6 1183,
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Table 3

Sample Thi[::rll(:ﬁss \fv:?g;m permAelarbiIity vg::ﬂe‘;abr;lci,tl;r .T°P Bpttc_:m To_p Bottpm
[glmz] [cm3/cm2/sec] [glmzlday] wicking wicking wetting wetting
A 0.61 171 193.2 623.38 4.89143 4.81872 2.9673 2.967
B 0.66 163 166.02 818.83 4.775896 | 4.58564 2.941 3.04661
(o3 0.66 168 180.2 603.27 4.045 3.93809 3.1813 3.28856
D 0.62 177 226 703.71 3.83287 3.68287 3.1547 3.18051
E 0.64 55 230.8 536.11 1.702366 | 4.54823 5.248 3.9885
F 0.60 157 228 724 .47 4.47424 4.54823 2.9943 3.0436

conducted in National Textile University, Faisalabad
and Pakistan Council for Scientific and Industrial
Research (PCSIR) laboratories, Lahore, Pakistan.
The standard procedure followed for moisture man-
agement test was ASTM D1776, for Water vapour
permeability ASTM E96 and air permeability was
tested by ISO 9237. All thermal comfort properties
tests (thermal-, resistivity, absorptivity and conductiv-
ity) were performed in Technical University of Liberec,
Czech Republic.

RESULTS AND DISCUSSION
Wetting time

The wetting time is shown in figure 1. When observed
from top, the results specify that wetting time is high-
er in sample E composed of 100% polyester materi-
al. Similar effects were observed for the polyester
when observed from bottom [7]. All other material
shows similar tendency towards wetting time from
both sides, top and bottom. In sum, low ability to have
moisture management transfer is due to the fact that
wettability of the fabric depends on the material being
used. The testing of samples A-D and F clearly pre-
dicts about their good moisture management pro-

perty.

Wicking

The top and bottom spreading speed of samples A
and B is higher due to higher GSM and better mois-
ture management transfer. Here again the the value
for top spreading speed is less in case of sample E.
The experimental results shows that wicking property
of fabric depends upon the characteristics and struc-
ture of fibers (figure 2). The wicking behavior of fab-
ric is relevant on the structure of the constituent
yarns, their direction in the fabric, the fabric structure,
the pretension and the force applied.

Air permeability

The air permeability of different materials observed is
given in figure 3. The variation in the results shows
that material has high significance on the air perme-
ability of the fabric. As the weft material changes in
the fabric, the change in air permeability occurs. The
air permeability of sample E is the best as compared
to other material samples. Due to round structure and
low fiber density and porosity in these materials show
in increased value of air permeability, whereas as the
moisture absorption was less in E due to fewer num-
ber of fibrils in its cross section as compared to sam-
ples B, C and D. Therefore, good air permability was
observed in sample E. Similarly, the sample F shows
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Fig. 1. Wetting time in seconds for different weft material
from top and bottom
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Fig. 2. The spreading speed from top and bottom
of different materials
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Fig. 3. The air permeability of variously structured weft
materials

greater value as compared to sample D. The same
reason lies in this case where less crystallanity and
bigger amorphous region of sample F gives more air
permeability than sample D. Similarly, sample A
shows better air permeability value as compared to
sample B. Cotton is caracterized by ribbon like twist
structure. These fibers like convolutions form hairiness
in cotton yarn due to which air resistance of cotton
yarns increases. When tencel is used with cotton the
effect of air permeability shows its lowest values as
tencel fiber itself has air conditioning property. Air
permiabilty also decreases as the fiber fineness
increases. This effect is also well elaborated as sam-
ple A shows good airpermeability value with respect
to sample C. It means sample a has more coarser
fibers while using 100% modal in weft direction.
Sample C gives higher number of fibers per yarn
cross-section in weft direction due to which the fabric
is less open and have low value of permeable struc-
tures so less air permeability occurs.

Water vapour permeability

Ability of fabric to transport its water in form of
vapours through it is called water permeability.
Figure 4 illustrates that water vapour permeability of
sample B is much higher than other fabrics. As the
microdenier, synthetic and natural fibers give good
moisture absorption so sweat can easily be vapor-
ized from these types of fabrics. Similarly, sample F
also shows good behavior in water vapour perme-
ability and hence thermo-comfortability. On the third
number is sample D that shows more permeability
than A and C, whereas sample E stands at last posi-
tion for this test. Lesser the value of water vapour
permeability less will be the value of prespiration, due
to which more vapours will accumulate and discom-
fort will be more. Sample D shows more higher value
than A and C as bamboo has higher moisture regain
value. The water vapour permeability also depends
on macroporous structure of the constituent fibers.
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Fig. 4. Water vapour permeability of 100% pure weft
yarns based fabrics

Therefore, the higher values of vapour permeability
was observed for sample B as compared to other
samples. The tencel has nanostructures due to which
their moisture transportation is excellent, whereas
the modal is compact from outside, its inner side is
porous and the inner fiber skin is semi permeable.
Therefore moisture absorption of modal will be lower
than tencel.

Thermal parameters testing

Thermal parameters such as thermal conductivity,
thermal absorptivity and thermal resistance play an
important part in thermal comfort of human body
when interaction of fabric with human body [11].
Thermal parameters have their values that any kind
of irregularity in thermal equilibrium in human body
can cause discomfort in body (figure 5). Thermal prop-
erties are very sensitive to measure. Sensora™ com-
pany in Czech Republic has developed an instrument
called Alambeta which measures thermal properties
accurately. The samples which have been used in
this study were measured under controlled environ-
ment of 20-22 °C and relative humidity of 24—-25%.

Thermal conductivity of fabric is total impact of chem-
istry of fiber and composition of fabric. Fabric is
composed of polymer, air and moisture. Thermal
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Fig. 6. Thermal absorptivity of blended fabrics

conductivity of polymer is quite different from the
thermal conductivity of fabric made of same polymer.
For example, thermal conductivity of polyester fiber is
different from thermal conductivity of fabric made
using 100% polyester, mainly due to the presence of
other factors like, air, moisture, textile auxiliaries,
dyes molecules etc. Keeping this point in view, it was
more likely that thermal conductivity of differently
woven fabrics (A-E) will be different due to a lot of
variation in increase in area of contact that can
increase the thermal conductivity. It is mainly due to
fewer spaces for air to be trapped as the surface of
fabric and it becomes flat and more contact points
are available to touch the skin. It facilitates the heat
flow and more heat flow is a sign of higher thermal
conductivity.

Thermal absorptivity is a vital characteristic of fabrics
and it is the subject of numerous studies as well. It
relies on the thermal conductivity of fibers, density
and specific heat of the material. Thermal absorptivi-
ty demonstrates the capacity of a material to give
warm-cool feeling when a material is touched for a
short time approximately for two seconds. Thermal
conductivity is anisotropic in nature and relies on the
structure and chemistry of the material. Density of
fabric depicts the mass per unit volume of a fabric
[Kgm™3]. It indicates the ratio of solid and void area in
the fabric (figure 6). Fabric consists of polymers (fila-
ments), air trapped inside fabric and dampness in
voids in case of humid environment. Thermal
absorptivity [Wm—2s~2K~"] is linked with the thermal
conductivity [103Wm~1K-"] and thermal capacity of
fabric [Jm™3K=1]. Thermal capacity is a product of
density [Kgm~3] and specific heat [JKg~'K"].
Thermal resistance is directly proportional to thick-
ness of the slab and indirectly proportional to thermal
conductivity of the material. It has been observed
from figure above that different fiber types correlate
differently between contact points and hence show
different thermal conductivity. As thermal conductivity
increases, there is a definite decrease in thermal
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Fig. 7. Thermal Resistance of samples

resistance (figure 7). It shows that fabric having smooth
surface provides less heat resistance and gives a
cool effect, whereas, fabric with low number of con-
tact points is better to keep body temperature intact
and provides a thermo-physiological comfort to wearer.
The above results show that as the fabric ratio and
blends are changing and are imparting different
impact on the thermal properties of fabric. For exam-
ple, when the blend comes with different weft- and
warp-wise directions these above results shows that
blending do play a role in the thermal properties of
fabrics.

CONCLUSION

Knitted fabrics are less air permeable than weaved
fabrics so the moisture management parameters of
woven fabric made from Tencel, modal, pro modal,
bamboo, polyester and cotton were analyzed. The
properties like air permeability, wetting, and wicking
and water vapour permeability had been studied. The
fabrics in which bamboo and pro modal were used in
weft showed average values of the all above proper-
ties. Since this work is established on 100% pure
weft yarns and single construction of the fabric so in
future the fabric construction will be varied from
20*20/61*59 with respect to 100% cotton, however
the same study can be done on pure yarn other than
cotton on warp with other blended fabrics as well with
different constructions. Herein, the bamboo and pro-
modal due to their nearly similar moisture manage-
ment properties and the most economic prices, in
comparison with tencel and modal, make it preferable
choice in many practical applications including sports
garments.
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REZUMAT - ABSTRACT

Nou dispozitiv portabil pentru analiza permeabilitatii la umiditate a scaunului auto

Performanta de confort a scaunelor auto este un factor important in producerea acestora, fiecare strat al scaunului auto
fiind testat separat pe aparatele de testare conventionale, care nu au acelasi nivel de performante atunci cand toate
straturile sunt intercalate. Complexitatea designului scaunelor auto si metoda de testare creeaza o cerere ridicata de
dispozitive portabile, care pot masura performanta de confort a scaunului auto in mod real. In cadrul acestei cercetéri
este proiectat un dispozitiv portabil nou care functioneazé cu senzor de flux de céaldura special, fiind conectat la
calculator prin USB, valorile fluxului de temperatura al apei si temperatura suprafetei fiind furnizate de software. Senzorii
fluxului de céldurd méasoaréd transferul de caldurd printr-o suprafatd, exprimatd in kw/m?. Software-ul controleazé
ajustarea pléacii de incéalzire utilizand controlerul PID. Dispozitivul este testat cu scaun auto real si prezinta rezultate
repetabile si reproductibile.

Cuvinte-cheie: scaun auto, dispozitiv portabil, flux de caldura

Novel portable device to analyze themoisture permeability of car seat

The comfort performance of car seat is important factor while producing car seats, each layer of the car seat is tested
separately on classical testing machines, which lacks the real car seat performance when all layers are sandwiched.
The complication of car seat design and the testing method bring a great demand of portable device which can measure
the comfort performance of the real car seat. In this research a novel portable device is designed which work with special
heat flux sensor and the device is connected to computer by USB port and values of heat flux temperature of the water
and temperature of the surface is provided by the software. Heat flux sensors measure the heat transfer through a
surface, and are expressed in kw/m2. The software controls the heating plate adjustment using PID controller. The

device is tested with real car seat and shows repeatable and reproducible results.

Keywords: car seat, comfort, portable device, heat flux

INTRODUCTION

Today, comfort has become a major quality criterion
of cars. Comfort in a car is a complex phenomenon
and comprises such different aspects as, for exam-
ple, noise, driving behavior, or ease of handling. One
of the most important factors influencing passenger
convenience is thermal comfort. Therefore, car man-
ufacturers are paying a lot of attention to this aspect,
as can be seen by an increased application of air
conditioning in the car [1].

A particularly important aspect of vehicle comfort is
the seats. Seats do not only have to have an attrac-
tive design or meet specific design criteria for safety
reasons, they must also have optimum comfort prop-
erties. But seat comfort is much more than just pas-
senger convenience. Scientific findings show that the
performance of a driver over long distances signifi-
cantly decreases if the car seats do not support pos-
ture and heat balance as required. This leads to
exhaustion and loss of concentration, which, in extreme
cases, could result in serious accidents [2, 3].

In addition to ergonomic considerations of comfort,
the climatic or thermophysiological comfort of the seat
is of particular importance. This indicates whether the
seat is able to support the thermoregulation of the
body via heat and moisture transport.
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PARAMETERS OF SEATING COMFORT

From the physiological point of view, seat comfort

comprises the following four parameters [4]:

i. The initial heat flow following the first contact with
the seat. In other words; the sensation of warmth
or cold in the first few minutes or even seconds
after entering the car.

i. The dry heat flow on long journeys, i.e. the
amount of body heat transferred by the seat.

iii. The ability known as “breathability” to transfer any
sweating away from the body. In so-called “normal
sitting situations” there is no perceptible perspira-
tion, but, nevertheless, the human body constant-
ly releases moisture (so-called ‘insensible perspi-
ration’), which has to be taken away from the body

iv. In the event of heavy perspiration (a car in the
summer heat, stressful traffic situations) the abili-
ty to absorb perspiration without the seat feeling
damp.

Warmth sensation

25% of human body is in contact with car seat and
the car seat acts as an extra layer of the clothing thus
the effecting parameter of the clothing comfort is the
same for car seat thermal comfort as well.
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The passenger is already sensing his first thermal
impression of a car seat while entering the vehicle.
This initial perception of warmth after sitting depends
on the thermal absorptivity of the car seat. It is effect-
ed by is its heat capacity of the car seat material.
Heat capacity is amount of heat required to raise its
temperature one degree. Heat capacity varies with
the mass of the cushion and the type of material.
Thermal conductivity is also another parameter of the
thermal absorbency and the thermal absorptivity
should be as low as possible; otherwise a car seat
feels cold in the winter time or hot during summer
[1, 5].

Although this initial feeling may last only a few min-
utes, it is nevertheless very important for the user’s
acceptance, as it is being repeated frequently. If a car
is used every day during the winter time and each
morning the driver is dissatisfied when entering the
car, acceptance can be significantly decreased.
During long journeys it is favorable if the seat offers a
high steady state heat flow, to minimize the tendency
to sweat , whereas for the initial perception a low heat
flux is required [3]. Hence a conflict arises between
these two scenarios.

This conflict can be overcome, because the cover,
which determines the initial perception, is only of
minor influence on the steady state heat flux, which is
mainly determined by the thermal insulation of the
seat. Owing to its greater thickness and, hence, high-
er thermal insulation in comparison to the cover, the
cushion becomes the dominant part.

On the other hand, the heat flux is also dependent on
the ventilation in the seat. Ventilation itself is deter-
mined by the design of the seat (side supports, sur-
face grooves), the elasticity and air permeability of
the cushion and, if present, a fan to enforce ventila-
tion [6].

For the car seats with heating, the dominant seat
components are the cover. Other than thermal prop-
erties of the car seat cover, heating power and its
position are of great importance [7, 8].

As a common material used in car seats, foams are
poor conductors of heat and have a low heat capaci-
ty. A thin layer of foam (plus cover) warms up to skin
temperature when driver sits on it, but does not draw
much heat from the body’s tissues. In warm environ-
ments, or during physical exercise, the body attempts
to lose heat but is prevented from doing so in the but-
tocks area and back rest due to the insulating foam
of the cushion. This region may therefore begin to
heat, resulting in uncomfortable dampness.

A car sit with impermeable foam can increase the
skin temperature 10 °C in 2 hours and increase of the
temperature of the skin will cause sweating [5].

Moisture sensation

The moisture sensation of the passenger is very
important for perceived overall seat comfort. In order
to achieve a dry microclimate, the ability, known as
‘breathability’, of the seat to transport any perspiration
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formed away from the body is crucial. Not only under
warm summer conditions is good water vapour trans-
port necessary, but even when there is no perceptible
perspiration. The human body constantly releases
moisture, the so-called ‘insensible perspiration’. As
the skin is not totally water vapour tight, our body
loses on average 30 grams of moisture per hour.
Because a car seat covers large areas of the body,
the seat has to manage a large part of the perspira-
tion formed, and, hence, a considerable amount of
moisture [1].

Moisture accumulation results in discomfort and, in
some cases, an increased risk of soft tissue damage.
Many factors determine the causes and prevention of
moisture accumulation.

Generation of excessive quantities of heat can cause
the sweating. Sweat is normally generated to assist
in the thermoregulation of the body by the evapora-
tion of moisture to cool the surface of the skin.
Normally, sweating is suppressed locally by pressure.
However, sweating can occur in an uncontrolled
manner, independent of thermoregulation as insensi-
ble perspiration.

Poor exchange of air is one of the reasons of mois-
ture accumulation if there is poor exchange of air in
the supported area and the supported area is ther-
mally insulated by the cushion, the interface temper-
ature can exceed 38°C, where upon sweating increas-
es rapidly with increasing temperature. So that use of
impermeable covers for car seat can increase the
moisture accumulation. If materials in close contact
with the skin do not “breathe” the sweat from body is
not being evaporated so that natural environmental
cooling cannot occur and resulting in more heat
build-up and more sweating.

Methods for preventing moisture build-up include the
use of cushion and cover materials that encourage
air exchange between the cushion and skin. Any
impermeable layer of car seat will be the barrier for
moisture transport and will make the complete struc-
ture impermeable so that uncomfortable. Cushions
with good heat dissipation characteristics help to
reduce moisture build-up, if they include absorbent
materials like wool or cotton, it helps to reduce mois-
ture build-up.

Some cushions naturally pump air that is trapped in
their structure when compressed. This effect can
contribute to maintaining comfortable moisture levels
at the cushion/skin interface, if the cushion is fitted
with an air permeable cover [5].

One solution to reduce the degree of discomfort can
be ventilation of the car seat. This can be the solution
of both sense of high temperature and the high mois-
ture. To be able to use the car with ventilation sys-
tems it is important that the car seat should have the
sufficient air permeability and should give the good
distribution of the air [9—12]. Suction or blowing of air
is also another parameter that may affect the flow of
air in car seats.
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Insertion of a component blocking the transport of
moisture (e.g. polyurethane foam of a thickness
greater than 5 mm, leather and artificial leather prod-
ucts, flame and the other adhesive lamination of the
layers) inside a car seat disqualifies the whole car
seat, irrespective of the quality of the remaining com-
ponents [9]. This is unwanted situation for both with
or without ventilation seats. In this case the water
vapour absorbency is the car seat cover layer is the
only source to remove the moisture from microcli-
mate in between human body and the car seat.

Liquid and moisture transfer

Liquid and moisture transfer mechanisms in the
fibrous textiles include [13—-15]:
» Vapour diffusion in the void space
* Absorption, transmission and desorption of the
water vapour by the fibres.
» Adsorption and migration of the water vapour along
the fibre surface
» Transmission of water vapour by forced convec-
tion.
Water vapour moves through textiles as a result of
water vapor concentration differences. Fibres absorb
water vapor due to their internal chemical composi-
tions and structures. The flow of liquid moisture
through the textiles is caused by fibre-liquid molecu-
lar attraction at the surface of fibre materials, which is
determined mainly by surface tension and effective
capillary pore distribution and pathways. Evaporation
and/or condensation take place, depending on the
temperature and moisture distributions [15].
Moisture vapour transmission parameters are calcu-
lated by following different standard methods [16]:
i. Evaporative dish method or control dish method
(BS 7209);
ii. Upright cup method or Gore cup method (ASTM
E 96-66);
iii. Inverted cup method and desiccant inverted cup
method (ASTM F 2298);
iv. The dynamic moisture permeable cell (ASTM
F 2298) and
v. The sweating guarded hot plate, skin model (ISO
11092).

METHODOLOGY

PID controller

The device is controlled using the PID controller
* Proportional (P)
* Integral (I)
* Derivative (D)
Here is the classic block diagram of a process under
PID Control (figure 1 and figure 2).
The ideal version of PID controller is controlled by
this equation.

() = Kp-e(t) + Ki jo’e(r)dr + Kddst(t) 1)
Where 1 is the control signal and e — the control
error. The control signal is thus a sum of three terms:
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Fig. 1. Block diagram of PID controller

a proportional term that is proportional to the error, an
integral term that is proportional to the integral of the
error, and a derivative term that is proportional to the
derivative of the error. The controller parameters are
proportional gain kp, integral gain ki and derivative
gain kd. Proportional-Integral-Derivative (PID) control
is the most common control algorithm used in indus-
try and has been universally accepted in industrial
control. The popularity of PID controllers can be
attributed partly to their robust performance in a wide
range of operating conditions and partly to their func-
tional simplicity, which allows engineers to operate
them in a simple, straightforward manner.

Proportional response

The proportional component depends only on the dif-
ference between the set point and the process vari-
able. This difference is referred to as the Error term.
The proportional gain (K,) determines the ratio of out-
put response to the error signal. For instance, if the
error term has a magnitude of 10, a proportional gain
of 5 would produce a proportional response of 50. In
general, increasing the proportional gain will increase
the speed of the control system response. However,
if the proportional gain is too large, the process vari-
able will begin to oscillate. If K, is increased further,
the oscillations will become larger and the system will
become unstable and may even oscillate out of control.

Error

Fig. 2. Block diagram of a basic PID control algorithm

Integral response

The integral component sums the error term over
time. The result is that even a small error term will
cause the integral component to increase slowly. The
integral response will continually increase over time
unless the error is zero, so the effect is to drive the
Steady-State error to zero. Steady-State error is the
final difference between the process variable and set
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point. A phenomenon called integral windup results
when integral action saturates a controller without the
controller driving the error signal toward zero.

Derivative response

The derivative component causes the output to
decrease if the process variable is increasing rapidly.
The derivative response is proportional to the rate of
change of the process variable. Increasing the deriva-
tive time (T,) parameter will cause the control system
to react more strongly to changes in the error term
and will increase the speed of the overall control sys-
tem response. Most practical control systems use
very small derivative time (T,), because the Derivative
Response is highly sensitive to noise in the process
variable signal. If the sensor feedback signal is noisy
or if the control loop rate is too slow, the derivative
response can make the control system unstable.

Schematic diagram

The portable device to analyze the comfort perfor-
mance of car seat is always a dream for the car seat
producer. The complication of design and the testing
method makes it hard to have a portable device
which can measure the comfort performance of the
car seat even in uncontrolled condition. Some factors
like the moisture permeability under different condi-
tion, heat of absorption of material negatively affect
the measurement. In this research a first prototype
design of device is made and later in future more
advancement can be made to the technology.

For this experiment a special heat flux sensor is
embedded in a measuring head which is insulated
from outside. The heat transfer can be increasing or
decreasing and can be in the form of convective,
radiative or conductive heat transfer. Heat flux
through a thermal resistance layer will create a tem-
perature gradient. Under a temperature gradient, the
two thermopile junction layers will be at different tem-
peratures and will therefore register a voltage. The
heat flux is proportional to this differential voltage.
The distilled water is added from the tubes above the
measuring head and heated to 35°C. Special micro-
porous membrane (Cellophane) is used on the mea-
suring head to restrict the water drops and allow only
the water vapors to pass by. The device is connected
to computer by USB port and values of heat flux tem-
perature of the water and temperature of the surface
is provided by the software. Heat flux sensors mea-
sure the heat transfer through a surface, and are
expressed in kW/m2. The schematic diagram of the
device is shown in figures 3-5.

EXPERIMENTAL PART

In this research firstly 4 standard car seats are used
to test the performance of breathability. For this pur-
pose the car seat’'s cover is tested for the water
vapour permeability under the standard Sweating
guarded hotplate by standard 1SO11092. The new
device is used directly on the car seat and to obtain
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Fig. 3. Schematic diagram of the new device

Microporous
membrane

o | Insulation material

Measuring

Fig. 5. Part description of the new device

the results, new device is used to test four car seats
in actual form to see the performance of device for
different car seats and to see the repeatability of the
results (figures 6, 7, 8, 9).

The device can be used over a real car seat as
shown in figure 10.

After testing on real car seat, the new device is test-
ed with 1 top layers with different backing materials to
see the performance of device. The sample proper-
ties are shown in table 1.
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Fig. 6. Tractor seat A

Fig. 7. Truck seat B

Fig. 10. Portable measuring device
on a real car seat

Fig. 9. Truck seat D

Table 1
. . Thickness
Top layer backing material [mm]
Plain woven top layer + Classic PU-foam 5
Plain woven top layer + Retroculated foam 5
Plain woven top layer + 3D spacer fabric 5

The real pictures of the samples are shown in figure
11.

RESULTS AND DISCUSSION

The experiment was performed for 30 min to avoid
the initial heat flux change due to the first touch with
the sample. Following results are obtained (table 2).
The top layer of the four car seats is tested by SGHP
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Fig. 11. Top layer with different
interlinings

and the real car seat by the new
device, results shows similar trend
lines.

The table 2 gives us a good idea
that the trend of measurement by
ATLAS SGHP (Ret) value and the
measurement by the new device are comparable
and knowing more information about the temperature
and humidity on other side of the sample the Ret
value can be also calculated.

The device was also tested for classical and perfo-
rated PU cushion as backing. 1 = classic PU foam,
2 = Retroculated foam, 3 = 3D spacer fabric.

Table 2
2

Sample (stndl?:;\s;nb::tl;ﬂdard [wat:::](::;':;e o
SKIN model i
Seat A 20 (+ 1.67) 149 (+ 5.46)
SeatB 39 (+ 2.34) 240 (+ 7.94)
Seat C 45 (+ 3.72) 263 (+ 8.21)
Seat D 29 (+ 1.55) 164 (+ 3.76)
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Fig. 12. Effect of perforated and classical PU foam
on heat flux

The sandwich material is placed above classical PU
cushion foam and perforated PU-foam, following
results are achieved as shown in figure 12.

The results are repeatable and the 3D spacer with
the perforated cushion shows highest heat flux.

The device is initial prototype and with further
improvement can be a very reliable device to mea-
sure the performance of the car seat comfort from a
real car seat, without any need to remove the materi-
al test separately in testing equipment. The idea is
very unique and results are repeatable and the device
can be further modified in future.

CONCLUSION

The newly fabricated device is portable and can be
used to obtain the thermal and comfort related prop-
erties of the car seat. The device can be used on real
car seat and the results are comparable, repeatable
and reproducible. It can be seen from the results that
the standard testing method of sweating guarded hot
plate and this new device shows comparable results.
Also the new device takes much less time and is
portable and can be used in any part of the samples.
The device needs further testing to compare results
under different ambient conditions. The device is ini-
tial prototype and with further improvement can be a
very reliable device to measure the performance of
the car seat comfort from a real car seat, without any
need to remove the material test separately in testing
equipment. The idea is very unique and results are
repeatable and the device can be further modified in
future.
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3D print additive technology as a form of textile material substitute
in clothing design — interdisciplinary approach in designing corsets
and fashion accessories
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REZUMAT - ABSTRACT

Tehnologia aditiva de imprimare 3D ca forma de substitut al materialului textil in proiectarea imbracamintei —
abordare interdisciplinara in proiectarea corsetelor si a accesoriilor de moda

Acest studiu de cercetare investigheaza aplicarea tehnologiei aditive de imprimare 3D in designul vestimentar. Studiul
are ca scop gasirea optiunilor de proiectare pentru articolele de imbracaminte prin inlocuirea materialului textil cu solutii
tehnologice noi. Lucrarea se concentreaza pe cercetarea interdisciplinara a modelelor inovatoare de corsete si accesorii
de moda, realizate prin utilizarea tehnologiilor aditive de imprimare 3D. Principalul obiectiv al lucrarii este procesul
interdisciplinar de creare a articolelor de imbrdcaminte, variind de la schite preliminare la prototipuri in trei domenii
diferite: arta contemporand, design vestimentar si tehnologia aditiva.

Cuvinte-cheie: corset, tehnologia aditiva, imprimare 3D, sculptura mobile

3D print additive technology as a form of textile material substitute in clothing design — interdisciplinary
approach in designing corsets and fashion accessories

This research paper enquires into the application of 3D print additive technology in fashion design. The research aims
to find the design options for garments by substituting the textile material with new technological solutions. The focus of
the paper is the interdisciplinary research of innovative corset and fashion accessories designs made using 3D print
additive technologies. The main focus of the work is the interdisciplinary process of creating clothes ranging from pre-
liminary sketches to prototypes within three different areas: contemporary art, fashion design and additive technology.

Keywords: corset, additive technology, 3D print, mobile sculpture

INTRODUCTION

Historically, clothes manufacturing and design are
linked to the use of textile materials which are still
commonly used in the production of clothing today.
Any attempt to resort to another type of material fun-
damentally was governed by meeting specific func-
tions dictated by the purpose of clothing, not dictated
by the official fashion. While alternative materials in
the history of clothing were intended for making spe-
cific purpose clothes (e.g. metal, wood and leather in
making of military clothing), the contemporary fash-
ion sees in them the primary functional character,
but also recognizes the aesthetic and conceptual
potential and uses them confidently in the creation of
fashion collections (Iris van Herpen Lucid 2016,
Alexander McQueen Coiled Corset 1999, Hussein
Chalayan Bodice 1995, Issey Miyake Rattan Suit
1982...) [1-3]. It is interesting that in most of the
above examples it is about the shaping of corsets or
garments inspired by corsets. The reason for this can
be found in the manner of treating the textile materi-
al used for making traditional corsets in which the
textile materials are further reinforced with metal or
wire structures thus eliminating the textile softness
and transforming it into a new material with altered
properties. The modern era offers new technological
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possibilities to completely replace the textile material
in the making of clothes. The growing interest of
fashion designers for the production of fashion col-
lections using the 3D additive technology is not sur-
prising. This technology is now widely used and its
application in fashion is rapidly growing [4]. Although
the manufacturing using additive technology produc-
tion is most commonly found in the aerospace and
automotive industries and medicine, innovations in
the application of new polymer and metal materials
can be encountered in other areas. Because of the
specificity, fashion design and accompanying fashion
industry should be singled out because the additive
technology is used for the production of fashion
accessories and complete garments. The postmod-
ern time opens up the possibility of a new interdisci-
plinary aesthetics whose task is to connect technolo-
gy, art and design. The transformation of the body
into a living machine — body cyborgization — takes
place simultaneously with the transformation of tech-
nology into a new body/outfit. Cognitive body cyber-
netics therefore leads to connecting life, body, tech-
nology, art and design. As one of the most illustrative
examples of the use of a 3D print additive techniques
in fashion design the designer is Iris van Herpen [5]
who stands out with her highly sculptural clothing

2018. vol. 69. nr. 3




products. As a fashion designer she offers an impor-
tant clothing design example; due to the skeletal
structure it is a conceptual and aesthetic connection
to the Relief collection by the fashion designer Josipa
Séapec. A corset, created in the Relief collection and
its fundamental hallmark, is based on the idea of the
thin waist affirmation by Victorian corsets of the 19th
century which resulted in an extremely rigid garment.
This 3D print additive technology has been recog-
nized as a good opportunity for the negation of the
fundamental values of immobility and rigidness in
Victorian corsets. With the inversion of the values, it
was attempted to translate rigidness into mobility
without losing the ultimate aim — to emphasize the
narrow waist. The aim was to achieve a corset that
moves with the body, quite the opposite to the rigid
historical template.

EXPERIMENTAL PART

First phase of research: corset — rigidness vs.
pliability

In the first phase of work on the Relief collection a
research was done on the historical context of the
corset development. For a more detailed research, it
was necessary to look at a historical overview of the
corset development and design from an etymologi-
cal, structural and aesthetic perspective. A corset
(German Korsett, French corset = cor(p)s; body)
already in its definition emphasizes the body in three
situations: aesthetic, medical and protective [6]. In
the aesthetic context it is perceived as a part of
women’s underwear that shapes the waist; in the
medical context it represents the armour of skin or
plaster to be placed around the torso usually due to
deformations or fractures of the spine and a bullet-
proof vest in the protective context. From the three
interpretations of a corset its basic characteristic
clearly forms: a corset defined as a rigid copy of the
waist. In the formative sense it is achieved by a direct
framing of its pattern shapes in order to reduce the
clothing silhouette. In this context it seemed interest-
ing for this research to attempt to redefine the mean-
ing: the idea of inversing the meaning as a guideline
of which there are examples and recognition in the
history of clothing. It is interesting that the first inter-
pretation of the corset was defined by pleating, rather
than tailoring the waist (Snake goddess statue from
1650 BC and Renaissance corsets of the 16th centu-
ry). Until the Victorian corset in the 19th century,
corsets did not emphasize the curves as later models
did, but shaped the body in a fashionable cylindrical
shape [7]. They had straps and ended at the waist
smoothing and lifting the breast area. In the begin-
ning they were made of steel, but later were softened
using fish bone and cloth, such as twill, satin and silk.
In the design of modern corsets there are examples
created through the processes of deconstruction,
replacing its meaning (a corset becomes the sweater
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Comme des Garcons) and introducing alternative
materials which are favoured by Japanese designers
Rei Kawakubo, Issey Miyake and Junko Koshino.
These works are a good example of an art and fash-
ion interrelation emphasizing the interdisciplinary
approach to the design. In further research the char-
acteristics of a corset will be associated with the work
aesthetics and philosophy of a Croatian artist
Miroslav Sutej. With his mobile graphics and sculp-
tures he is an excellent interdisciplinary link in creat-
ing models of a corset and bracelets, also he himself
gave considerable thought to fashion and clothing.

Second phase of research: Miroslav Sutej —
aesthetics and design of mobile sculpture

After exploring the historical context of the corset
development comes the second phase of research,
which carefully considers the aesthetic and structural
value of the garment. The principles on which the
appearance of a corset and the fashion accessories
bracelets tend to be created are present in the
renowned works of art by a Croatian artist Miroslav
Sutej (1936-2005). He is one of the most important
representative of the art movement Nove tendencije.
Works by Miroslav Sutej are characterized by the
purity of concept, the imagination of composition and
the high technical quality of performance. Forming
his artistic expression within the optical art, in his
works there is a strong tendency for converting opti-
cal into tactile and that is apparent across the entire
Sutej’'s work starting from drawings to sculptures and
site-specific works. The work Bum-Bum 1-68 (1968) is
taken as a template for further research. It is a mobile
sculpture — an object of expressive colours based on
the complementary contrast of red and green, which
is used to clearly evoke the effect of movement and
explosion based on the fundamental stylistic features
of optical art [8].

The work consists of disconnected wooden skeleton
on whose limbs small balls are placed. The impres-
sion of explosive radial movement is compositionally
organized from the centre of the sculpture itself. It is
of great importance for the research that the sculp-
ture is made of beads which are actually bearings to
accommodate the resilient limbs and to upgrade a
whole range of smaller bead elements. A similar
approach will be used in the construction of a corset
and bracelets. The sculpture and the observer are in
a dynamic interactive relationship where the observ-
er also participates in shaping the appearance of the
sculpture. As the corset and bracelet from the Relief
collection follow the individual characteristics of the
body that wears them.

Third stage of research: ad technology —
originality vs. Ready-made

In order to possibly start with the creation of the mod-
els for the Relief collection it was important to inves-
tigate what modern technologies and media were

2018. vol. 69. nr. 3




available for designing the collection. Due to the
complexity of the concept, the mobile mesh structure
of a corset and the related accessories, plus exclud-
ing the use of textile materials, the decision was to
use the additive technologies and the processes of
3D printing for the prototype as the perfect medium
for individual production. One of the reasons for
selecting the 3D print additive technology is that the
meeting point of the additive technology and the
fashion design is not one of a producer and a fashion
designer but more of a consumer and the consumer’s
needs to personalize the appearance. It is the addi-
tive manufacturing that offers the ability to create a
personalized unique item of clothing, which in the
fashion world is of crucial importance when creating
a consumer’s personal/fashion identity. The new 3D
print additive technology will be used for the purpose
of changing the historical fundamental characteristics
in a Victorian corset, which is changing an extremely
rigid and static garment into a garment which is pli-
able and mobile and which provides the body with
comfort.

The modern 3D print additive processes have been
developing and used more frequently since the mid-
dle 1980s. They have gone through several stages of
development during their use: RP (Rapid Prototyping),
RT (Rapid Tooling) and RM (Rapid Manufacturing)
[9]. Their main characteristic of a unique and small-
scale production has been recognized as a great
advantage and as a possibility of leaving the trend
of mass production. The uniqueness of a product
derived by the 3D print additive technology is guar-
anteed by the manner of production. The method of
making a desired product is carried out by adding
materials layer by layer until the final product is
made. The technique is named printing because of its
similarity to ink jet printing. The difference is that in
the 3D printing instead of the ink either adhesive or
glue is used.

Fourth stage of research: production and work
on prototype

The work on the production of prototypes for the
Relief collection is divided into several stages. These
include creative research, technical preparation and
the production of the prototype. The creative research
includes brainstorming and making of the initial
sketches on a specified concept as a direct associa-
tion to the study of the historical context of the corset
development. The study of the historical concept of a
corset adds to it additional concept of liberation and
emancipation of women’s bodies, which becomes
obvious when focusing on breathing. The concept of
mobility is introduced, which brings us to the aesthet-
ic qualities of a mobile sculpture by Miroslav Sutej
and ultimately to the deconstruction of a corset in the
physical and sociological sense. By the inversion of
the organic (body, torso) and technical elements
(corset construction) a complete freedom of move-
ment and breathing is achieved, which makes it
extremely functional.

CONSTRUCTION PROCESS OF MECHANICAL
MOVING JOINT IN COMPUTER PROGRAMMES
PTC CREO PARAMETRIC

Elaboration of the Relief collection model started by
hand-sketched drawing (figure 1). The sketches rough-
ly determined the silhouette of a model corset, the
bracelet and necklace position in relation to the body
as well as the desired aesthetic properties. Moving
away from the static and the desire for the mobility of
corset and fashion accessories as well as the aban-
donment of textile materials have resulted in the
introduction of moving joints and their mutual interac-
tion. The model corset in the collection is deprived of
the classic construction as one of the main distin-
guishing characteristics in the corset design and it is
replaced with the mechanism of moving joints which

Fig. 1. Miroslav éutej, Bum-bum [-68, 1968, mobile sculpture (Ief‘t); Josipa Séapec, drawings for the Relief collection
following the aesthetics of the work by Miroslav Sutej, Bum-bum [-68 (1968) (right)
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1. Korak

2. Korak

Fig. 3. Steps in moving joints construction (above) and mobile limbs (below)

is the foundation for the entire structure in the Relief
collection. The moving joint and limbs were inspired
by the bones and joints of the human body which suf-
fered under a Victorian corset (figure 2). The bones
of the torso that were trapped underneath a corset
now appear as a metaphor in the form of mechanical
clothes and accessories worn on the body. The body
forms the shape of a model and not vice versa as it
was the case when wearing a Victorian corset in the
19th century.

The construction process of the moving joints mech-
anism was carried out in three steps: defining the
sphere and cuboid as the foundation for the design,
determining their size and designing the shapes most
similar to the initial sketches. Figure 3 shows the
steps of construction of the moving bearing. The
bearing is holed out in three or four places depending
on the position of the body part on which it rests. By
determining the biggest prominence and indentation
on the human body, the positions of bearings were
established. These were six key points, three on the
front (shoulder, upper chest, waistline) and three on
the back (blades, the seventh cervical vertebra and
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waistline). Because of the proportion of a female
torso, the positions such as breast demanded four
holes on a bearing, while in the area of the waistline,
which is convex, three holes were necessary. In the
area of the shoulder blades and sleeves two holes
were sufficient. The holes are spaces for the place-
ment of the limbs and shaped to follow their forms
and dimensions. The design of the limbs begins by
defining the dimensions of sphere and cuboid sur-
faces that in their final stylized form resemble human
bones. The shape of the limbs changes depending
on their placement on the body: chest and hips take
on slightly curved arc to the body while in the waist
they take a bow-like shape facing the opposite direc-
tion i.e. the space.

CONSTRUCTION PROCESS OF CORSET AND
FASHION ACCESSORIES (NECKLACE AND
BRACELET) IN COMPUTER PROGRAMME PTC
CREO PARAMETRIC

The construction of the model corset and fashion
accessories is based on individually connecting
mechanical moving parts using the “click” method.
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Table 1

CORSET BRACELET NECKLACE

Number of bearings 168 32 26

Number of limbs 198 40 24

Length of front limbs g gm E\(/:vr;eissttl)ine) 5cm ge(i;nw(i';%llil)ders’ afes
7 cm (shoulders)

Length of back limbs g h E\:r?citllclir:;ss Qé"vidnetﬁ tzl:r?/?csé 5cm 10 cm (seventiee
vertebra) vertebra, shoulders)

Bearing diameter on body 1.4 cm 1.4 cm 1.4 cm

Bearing diameter in space 0.7 cm 0.7 cm 0.7 cm

Hole profile on bearings 0.4 cm 0.4 cm 0.4 cm

| F35(Freestyls_854)
X T

—

Fig. 4. Construction of corset and fashion accessories in the program PTC Creo Parametric 23

Fig. 5. Rendering of 3D models

This is made possible by a small longitudinal incision
of 0.1 cm on limbs balls. To avoid material tear there
is a cavity in bearings of the same size as the addi-
tional part on the limbs that fits the cavity which is
0.4 cm in size. The models are constructed in a com-
puter program PTC Creo Parametric 23 (figures 4
and 5). Due to different proportions of the human
body parts, the mechanical moving parts are
designed in sizes from 5 to 10 centimeters (table 1)
where the limbs cannot be less than 5 cm. The uni-
versal clothing sizes ranging from XXS to XXXL are
ensured by this. For this reason the corset and fash-
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ion accessories completely follow the silhouette of
the body and adhere to the torso.

RESULTS AND DISCUSSIONS

The prototype bracelet from Relief collection is print-
ed on the Stratasys machine Connex 350 in STL for-
mat 24. To create the prototype PolyJet photopoly-
mers were used that simulate the appearance and
functionality of polypropylene material Rigur
(RGD450). Rigur (RGD450) is an advanced simulat-
ed polypropylene material that provides durability
and gives a nice look to the final layer of the surface.
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Fig. 6. The final Relief collection prototype bracelet

It is used for a quick printing of complex prototypes
and demanding applications. It comes in white which
ensures fine resolution and ultimately smooth curves
of a printed product. It is flexible and resistant to
shock, which is of crucial importance for ensuring the
idea of mobility and flexibility in making corsets and
accessories for the Relief collection (figure 6).

The design and manufacture of mechanical moving
joints are fully achieved and successfully implement-
ed in the clothing surface area and the surface area
of fashion accessories. This resulted in maximum
mobility and complete flexibility of the collection model
to the human body. The Relief collection consists of
three models: the corset, the necklace and the bracelet.
On the model bracelet the fundamental design princi-
ple was achieved and can be used for other two mod-
els. The prototype was created in white, but the range
of colour can be changed according to the consumer
with each new printing since the additive technology
enables personalization and unique production of
products. Every consumer can choose the color, the
size of the elements, their shape and their plac