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ELECTROMAGNETIC SHIELDING EFFECTIVENESS OF
HYBRID KNITTED FABRICS WITH STAINLESS STEEL WIRE

Purpose. The purpose of this paper was to research innovative and simple approaches toward
developing an effective hybrid knitted fabric for electromagnetic shielding application.

Methodology. The work uses the basics of textile material science and the theory of knitting, methods
of analysis and synthesis of the obtained results. The electromagnetic shielding effectiveness of the hybrid
knitted fabrics was measured using a far-field electromagnetic plane wave by the method in ASTM D 4935-18
for planar materials. The shielding efficiency of knitting textiles in the frequency range from 0 GHz to 3 GHz
are presented in a paper in terms of the main mechanisms of EMR attenuation: absorption and reflection.

Results. A comprehensive evaluation of electromagnetic shielding characteristics of hybrid knitting
fabrics has been done in this work. The conductive hybrid fabrics were produced by using cotton yarns and
stainless steel wire in 4 types of knitting interlooping (Rib 1+1, Half Milano rib, Half-cardigan and Cardigan)
to determine the electromagnetic shielding effectiveness, absorption and reflection values over an incident
frequency of 0-3 GHz. For all hybrid knitting samples, a general trend was that shielding effectiveness has
peak values of 23+50 dB in the interval from 200 to 900 MHz. This indicates the "excellent” level of shielding
from EMR of the developed hybrid knitted fabric in the indicated frequency range.

Scientific novelty. The main factor that determines the shielding ability of knitting textiles is the
positioning of the metal components in the structure. The knitted structure of half Milano rib demonstrates the
highest shielding efficiency due to the arrangement of the structural elements namely loops and tucks.

Practical significance. Hybrid knitted fabrics containing stainless steel wire (the stainless steel wire
was fed into the knitting area along with the cotton yarn) have low reflection percentages and high absorption
percentages in the entire range of frequencies and may be used as electromagnetic wave absorbents.

Keywords: knitted fabrics; stainless steel; electromagnetic radiation; shielding effectiveness;
absorption; reflection; multiplied reflection.

Introduction. In apply physic, the term "shield" refers to an enclosure that completely covers
an electronic device (human being) or a portion of that device (human being) and acts as a barrier to
the transmission of electromagnetic radiations. "Shielding" is a process of achieving a certain level
of attenuation using a suitably designed shield.

The electromagnetic (EM) shielding effectiveness (SE) [dB] is determined as the logarithm of
the ratio of the total input to transmitted power, electric field or magnetic field of the electromagnetic
microwaves, as shown by the equation [1]:

SE = -10log P1/Ps, (1)

where P1 — power generated by interference source;
P2 — power passing through the shielding material.

Fig. 1 shows the behavior of an EM wave incident on a textile material of finite thickness and
infinite transversal dimensions. The mechanism of reflection loss on the textile is due to the transition
of the EM wave that propagating of free-space conditions (Z = Z0), where the propagating constant
is a function of the electrical conductivity, permittivity and permeability. Absorption losses depended
to the finite conductivity of the textile and its depth (8) and its thickness — these losses are reflected
in the textile material through heat exchange. Multiple reflection losses are due to the multiple
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reflection of the EM wave between the air-textile material interfaces on either side of the textile
material.
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Figure 1. Basic mechanisms of electromagnetic shielding

Equation (1) can be expressed in a form that corresponds to the physical mechanisms of the
shielding effect [3]:

SE = SEg + SEa + SEw, @)

where SEr — attenuation by reflection;
SEa — absorbent attenuation;
SEwm — attenuation caused by multiplied reflection.

Reflection is the primary mechanism of EM shielding. For reflection the shield must
necessarily have mobile charge carriers of electrons or holes, which interact with the EM fields in the
radiation. Thus, the shield must be electrically conductive, but high conductivity is not required. The
metals are the most common materials for EM shielding. The metals function mainly by reflection.
Metal sheets have many disadvantages: weight, unflexibility and high cost. So, for shielding are
commonly used metal coatings made by vacuum deposition, electroplating or electroless plating [4—
6].

The reflection loss under plane wave can be expressed as [2]:

Zo+Zy Zo+Zy
27 2Z, I

where Zo — impedance of environment (dielectric);
Zwm — impedance of material.

SEr = 20log

©)

Absorption is usually the secondary mechanism of electromagnetic radiation (EMR) shielding.
This type of attenuation occurs by absorption of energy by the shield due to heat losses [7]. As can
we see in Figure 1 when an EM wave passes through a material its amplitude decreases exponentially.
These absorption losses occurs by currents induced in the medium produce ohmic losses and heating
of material. Absorption loss can be expressed as [8]:
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t
SE, = 20log €5, (4)

5= = )

where t — material thickness;
o — intrusion depth;
o — conductivity;
1 — permeability;
w — wave frequency.

The third a mechanism of shielding is multiple reflections. These reflections are reflection at
a variety of surfaces of shield. This mechanism requires a large surface area or interface area in the
shield. Porous or foam materials are an examples of a shield with a large surface area. Composite
materials containing filler with large surface area are an example of a shield with a large interface
area. The losses due to multiple reflections are neglected when the distance between the interfaces or
reflecting surfaces are large compared to the skin depth. The attenuation due these multiple reflections
can be showed as [9]:

2t
SEy = 20log|1—e §|. (6)

Individual characters indicate:

Zo — impedance of environment (dielectric);

Zn — impedance of material.

Textile materials for electromagnetic shielding are widely used in the manufacturing of high-
tech and new-generation interactive structures. Due to their flexibility and comfort [10], low weight
[11], protection against radio frequency interference they have advantages compared to metal sheets.

Textiles depending on the scope of their use for protection against EMR require screening
performance (see Table 1).

Table 1
Electromagnetic effectiveness range of textile
Class Grade e
Excellent Very good Good Moderate Fair
Professional SE <60dB 60dB = SE < | 50dB = SE < | 40dB = SE < | 30dB = SE <
use 50dB 40dB 30dB 20dB
30dB = SE | 20dB = SE | 10dB = SE < | 10dB = SE <
General use | SE <30dB 20dB 10dB 7dB 7dB

Source: [12].

Textiles do not protect against EMR, however, it can be successfully converted into protective
textile after creating a new production process, adapting technologies or changing the raw material
composition that can make them electrically conductive.

The main publications on EMR shielding concern new textiles [13-15] and production
methods [16, 17] as well as their functional properties [18]. Some publications cover the mechanical
[19, 20], antibacterial [21] and antimicrobial [22] properties of such fabrics.

Task statement. The most popular and effective method to protect the electronic equipment
and human beings from the EM waves is the shielding.
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The process of managing the penetration of the EM fields into the space by blocking them
with the involvement of the conductive materials is known as the “electromagnetic shielding”. The
environment used protecting against the electromagnetic waves is named as the "shields". Usually as
materials for the shields uses of the stiff metallic materials those have good electromagnetic
properties. Metallic coated plastics are also used. However, the disadvantage of these kinds of
materials is their weight, flexibility and high cost. These disadvantages have gained attention towards
the use of textiles for the electromagnetic shielding application. These textile-shields with conductive
yarns have the following advantages over the traditional shields like durability, flexibility, low cost,
light weight etc.

The purpose of this investigation was to research innovative and simple approaches toward
developing an effective hybrid knitted fabric for EM shielding application.

Materials. To study the effect of interlooping on EMR shielding properties of hybrid knitted
materials, knitted fabrics were produced on 8-gauge flat knitting machines. Stainless steel (SS) wire
with 0.12-mm diameter was used as a conductive element. Cotton yarn 30x2 tex with 0.31 mm
diameter were used as ground. The control samples of Rib 1+1 are knitted from only from cotton
yarn. Structural parameters of hybrid knitted fabrics are shown in Table 2.

Table 2
Structural parameters of hybrid knitted fabrics
. Stitch density per
Interlooping SS wire Loop length, mm Thickness, GSM, 100 mmy i
for SS wire cor:)tent, : mm gram PEr ™ ales | courses
Y% SS wire Cotton sg. meter (Nw) (No)
Control sample
Ribl+1 | 0 | - |7.40+0.08 | 2.58+0.03 | 42045 | 40+1 | 60+1
Set of EMR shielding hybrid knitted fabrics
Rib 1+1 29 7.58+0.05 | 7.32+0.06 | 2.56+0.02 | 6756 | 30+l 38+1
Half Milano rib 29 7.56+0.08 |7.30+0.08 | 2.62+0.03 | 680+6 | 30%1 30+1
Half-cardigan 29 7.60+0.05 | 7.40+0.05| 3.14+0.04 | 6655 | 30+l 28+1
Cardigan 29 7.64+0.05 | 7.38+0.06 | 3.72+0.04 | 5805 | 301 30+1

a. b. C. d.
Figure 2. Photos and schematic structures of hybrid knitted fabrics:
a— Rib 1+1; b — Half Milano rib; ¢ — Half cardigan; d — Cardigan

To produce the hybrid knitted fabrics, the stainless steel wire is fed to the knitting area together
with the cotton yarn. In order to provide the different positions of the conductive element in the

80



Mamepianoznaecmeo indycmpii moou,

mMexHo02iil 6UPOOHUYMEA MEKCIMUIIO, 00A2Y Mda 63VMMms
Material science in the textile, clothing and

footwear manufacturing industries

ISSN 2786-5371 print
ISSN 2786-538X online
Texnonozii ma inscunipune, No 4(15), 2023

structure, four types of interlooping are chosen: Rib 1+1, Half Milano rib, Half cardigan and
Cardigan. Photos of hybrid knitted fabric are presented in Figure 2. It could be seen that the SS wire
is introduced into the knitted structure in the form of loops (Rib 1+1 and Half Milano rib) and tucks
(Half-cardigan and Cardigan). The analyses of structural parameters and their connection of hybrid
knitted fabrics were presented in the previous study [23].

Methodology. The EMR shielding effectiveness (SE) of the textile samples was measured
using a far-field EM plane wave by the method in ASTM D 4935-18 [24] for planar materials. The
measurement method is valid over a frequency range of 30 MHz to 1.5 GHz. As these limits are not
exact, the measurements were performed over a frequency range of 30 MHz to 3 GHz, which
corresponds to the wavelength of 10 m to 0.1 m.

The setup consisted of a sample holder with its input and output connected to a network
analyzer. An SE test fixture (model EM-2107A, Electro-Metrics, Inc.,) was used to hold the sample.
The design and dimensions of the sample holder followed the standard mentioned above (see Figure
2). The measured sample is in the shape of a circle of diameter 13.31 cm. To generate and receive the
EM signals, we used a Rohde & Schwarz ZN3 network analyzer. We used the insertion-loss method
to determine the SE of the fabric. The textile samples were air-conditioned before testing (T =22 °C
+ 3, RH = 50% * 10%), and the measurements were performed (n = 3) at three different sample
locations chosen randomly to facilitate subsequent statistical analysis.

Scattering parameters S11 (or S22) and S21 (or S12) which are obtained through the
measurement of a two port network analyzer, gives the reflection (R), transmission (T) and absorption
(A) components, where R = |S11[? and T = |S21[> and A = 1 — |S11]* - |S21[%. Since, in the case of SEt
> 10 dB, multiple shielding effectiveness due to reflection can be considered negligible. Thus
effective reflection could be shown as (1-R). Since, after reflection, the remaining waves can be
described as (1-R) which will be subjected to either absorption into the material or transmission
through the material, thus the effective Absorption should be equal to (1-T-R)/(1-R). Further to
describe the value of SEr and SEa more convenient in decibel (dB), the values can be described in
the form [25]:

SEr=—10 log (1-R) (7
and
SEA=—101log (T/1-R). (8)

Figure 3. Installatioh setup for measuring the EMR shielding efficiency of textile

Results. The results of the study of SE of knitting textiles in the frequency range from 0 GHz
to 3 GHz are presented in the graphs of Fig. 4 (for control sample), Fig. 5 (for set of hybrid knitting
textiles) on example of the main mechanisms of EMR attenuation: absorption and reflection.
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It is seen from Fig. 4 that sample made from conventional cotton yarn has almost no SE,
especially at high frequencies (frequencies higher than 150 MHz). This result was expected, because
the major part of the traditional textile fibers belongs to electric insulators. This is due to the fact that
each electron is attached to the atomic nucleus or is separated by atomic bonds. In previous studies
[26], it was established that the electrical conductivity of traditional fibers is not neutral and depends
on the content of additives or moisture content.

50

40

30

20

SE [dB]

10 \ \\—R‘¥

0

e SE - Total
SE - Reflected
e SE - absorbed

0,00E+00

-10

e SE - Total

1,00E+09

2,00E+09 3,00E+09

Frequency [Hz]

Rib 1+1
Figure 4. Shielding effectiveness due to absorption and reflection of control sample

45 SE - Reflected
e SE - absorbed

0,00E+00 1,00E+09 2,00E+09

Frequency [Hz]

Rib 1+1

50 s SE - Total
SE - Reflected
e SE - absorbed

0,00E+00 1,00E+09 2,00E+09

Frequency [Hz]

Half cardigan

3,00E+09

3,00E+09

SE [dB]

SE [dB]

50

45

40

35

30

25

20

15

10

5

0

0,00E+00

50

45

40

35

30

25

20

15

10

5

0

0,00E+00

e SE - Total
SE - Reflected
e SE - absorbed

5,00E+08  1,00E+09  1,50E+09  2,00E+09  2,50E+09  3,00E+09

Frequency [Hz]

Half Milano Rib

e SE - Total
SE - Reflected
e SE - absorbed

1,00E+09 2,00E+09
Frequency [Hz]

Cardigan

3,00E+09

Figure 5. Shielding effectiveness due to absorption and reflection
of set of hybrid knitted fabrics

82



ISSN 2786-5371 print
ISSN 2786-538X online

Texnonozii ma inscunipune, Ne 4(15), 2023

Mamepianoznaecmeo indycmpii moou,

MexXHOoN02ill 6UpPOOHUYMEA MEKCMUTIO, 00A2Y MA 63yMms
Material science in the textile, clothing and

footwear manufacturing industries

The effects of stainless steel wire and weave type on SE values of the hybrid knitting samples
were investigated and the results are demonstrated in Fig. 5. For all knitted structures was found a
general trend that shielding effectiveness has peak values of 23 + 50 dB in the interval from 200 to 900
MHz. This indicates the "excellent™ level of shielding from EMR of the developed knitted fabrics in the
indicated frequency range. All hybrid knitted fabrics are characterized by the predominance of the
absorption mechanism of electromagnetic waves. This is explained by the fact that stainless steel has a
high absorption and low reflection of electromagnetic energy due to its low electrical conductivity

compared to other metals (Table 3).

Table 3

Electrical conductivity of metals

Metals Electrical conductivity (S/cm)
Silver 6.8-10°
Copper 6.4-10°
Aluminium 4.0-10°
Nickel 9.7-10%
Stainless steel 1.8-10*

The absorption and reflection percentages of the hybrid knitted fabrics were illustrated in Fig.
6. The analysis shows that the hybrid knitted fabrics containing stainless steel wire have low reflection
percentage and high absorption percentages in the entire range of frequencies. According this the
hybrid knitted fabrics can be used as electromagnetic wave absorbents.
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Conclusion: The proposed hybrid fabrics have the ability to EMR shielding, namely the
shielding efficiency at low frequencies (up to 0.9 GHz) is higher than 50 dB.

Hybrid knitted fabrics containing stainless steel wire (the stainless-steel wire is fed to the
knitting area together with the cotton yarn) have low reflection percentage and high absorption
percentages in the entire range of frequencies and can be used as electromagnetic wave absorbents.

From the results it is evident that the main factor that determines the shielding ability is the
positioning of the metal components in the hybrid knitted structure. The knitted structure half Milano
rib demonstrates the highest SE due to the arrangement of the structural elements.
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Memoouka. ExcnepumenmanbHi 00CHiOHMCeHHs 0A3VI0MbCA HA OCHOBHUX NOJIONCEHHAX MEeKCMUIbHO20
MamepianosHagcmea. Y pooomi uKopucmani oCHo8U meopii 8'sa3anis, Memoou amanizy ma y3a2anibHeHHs.
ompumanux  pesyromamis.  Epexmugnicmv — eneKmpomacHimHO20 — eKpamyeamHs — 3paskie  6yna
EeKCNEepUMEHMANIbHO  BUMIPAHA 3 BUKOPUCAHHAM NIOCKOI  eleKMpOMAsHIMHOI  Xeuni 3a Memooom
ASTM D 4935-18 ons nnockux mamepianie. B pobomi nasedena epexmusHicmob eKpany8anHs mpuKomadiCHux
nonomen 6 odianasoui yacmom 6i0 0 [Ty 0o 3 ITy 3 mouku 30py OCHOBHUX MeXAHIZMi8 OclableHHs
eNeKMPOMASHIMHO20 BUNPOMIHIOBAHHA. NOSIUHAHHA Ma 8I0OUMMAL.

Pesynomamu. Y pobomi npogedeHo KOMNWIEKCHY OYIHKY XAPAKMEPUCTNUK eNeKMPOMACHIMHO20
EeKPAaHYBAHHS 2IOPUOHUX MPUKOMAXNCHUX noaomen. IIpogioni 2ibpuoni mpuxomagicui noiomua Oyau
BUSOMOBTIEHI 3 BUKOPUCMAHHAM 6AB0BHAHOI Npaxci ma Opomy 3 Hepaasilouoi cmaii 4 munie nepenjiemenus
(nacmux 1+1, nanieminancoxuti racmux, nanisgane i gpane) 0 USHAUEHHS eeKMUSHOCMI eKPAHY8AHHS.
eNeKMPOMACHIMHO20 BUNPOMIHIOBAHHS, A caMe, 3HAYeHb NO2TUHAHHA ma ei0bumms 6 dianazoui yacmom (0—
31Ty /[na ecix 3paskie 2iOpuOHUX MPUKOMANCHUX NOJOMEH CHOCMEPI2AEMbCs 3a2albHA MeHOeHYIA, AKa
NoJAs2a€E 8 MOMY, WO eBEeKMUBHICMb eKPAHYB8AHHSA Mae nikosi 3navenns 23+50 0B ¢ inmepesani 6io 200 0o
900 MI'y. Lle ceiduumsv npo «BIOMIHHULY piGeHb eKPAHYBAHHS 6i0 eNeKMPOMASHIMHO20 GURPOMIHIOBAHHSL
PO3POONIeHUX 2IOPUOHUX MPUKONANCHUX NOJIOMEH ) 3A3HAYEHOMY Oiana3oni Yacmom.

Haykoea nosusna. Ocnosnum paxmopom, akuil 6USHAYAc eKpanyiody 30amHicms, € po3mauLy8anHs
Memanegoi KOMNOHeHmU Y CIMPYKIMYpi mpuxomanicho2o noiomua. Hailikpawyy eghexmugnicms expamy@amms.
0eMOHCMPYE MPUKOMANCHE NOJOMHO NepenjiemenHs HANIBMITAHCLKUNL TACTUK, 3A80AKU PO3IMAULYE8AHHIO
CMPYKMYPHUX eJleMeHmi8, a came nemens i CMOBNYUKIS.

Ilpakmuuna 3uauumicms. [IOpuOHi MpuKOMAadtCHi NOJOMHA, WO MICMAMb OPIM 3 HEPHCABIIOYOT
cmani (Opim 3 Hepcagitowoi cmani NOOAEMbC 8 30HY 8 SA3AHHA pA30M 3 OABOBHAHON NPANCEID), MAIOMb
HU3bKULL 8I0COMOK GIOOUMMS MA BUCOKULL 8I0COMOK NO2AUHAHHA Y 8CbOMY OIANA30HI YACMOM i MOXCYMb
BUKOPUCIOBYBAMUCA SIK NOIUHAYT eNeKMPOMASHIMHUX X8UILb.

Knrouoei cnosa: mpuxomaoic; Hepoicasgiooua cmaib,  eleKMpOMASHIMHe  SUNPOMIHIOBAHHS,
ehexmusHicmb eKpany8aHHs, NO2IUHAHHA, 8i00umms, bazamopaszose i0OUMMS.
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