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Abstract
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Multifunctional flexible conductive materials have generated significant interest in developing future portable elec-
tronic systems, including wearable electronics, implantable devices, and many more. Producing wearable electronics
materials that are dependable in all-weather situations and provide high-performance electromagnetic interference
(EMI) shielding remains challenging. "electromagnetic textile materials" refers to these wearable EMI shielding gar-
ments. One key material that can address the EMI problem facing systems such as wearable/flexible circuit working
environments and human health is conductive polymeric nonwoven (NW) textile materials. In this review, our focus
is primarily limited to the polymeric NW textile and their composites family as effective EMI shielding materials. The
study provides the fundamentals of NW-based EMI shielding mechanisms, mechanisms to mitigate EM reflection,
and fabrication techniques of EMI shielding NW materials. Also, the standard for future researchers to select the ideal
material combination for effectively mitigating EMI waves as shields/filters is presented. Review articles exist on EMI
shielding textiles in general, but no single article is dedicated to NW textile-based EMI shields. Again, no review article
exists presenting the approaches employed towards mitigating EM wave reflection in NW -based EMI shield design
and fabrication. In addition, the challenges encountered with the fabrication and/or application of NW-based EMI
shielding materials are presented in this paper. The question of why NW selection is the primary structure for EMI
shield fabrication is presented herewith for the first time in this article.

Keywords Nonwoven textiles, Electromagnetic interference shielding, Fibers, Nonwoven technology, Needle

Introduction

The increasing concern for the prevention of ecocide
from high-frequency EM radiation has caused grow-
ing attention towards the development of conductive
polymeric NW textile materials and their composites.
It is easy for one to be exposed to EM radiation and get
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affected since the EM radiation spectrum covers a whole
range of wave sources and applications, as shown in Fig. 1
[1, 2]. Most, if not all, electronic devices generate EM
radiation waves, which could be transmitted through the
air, space, and any other substance from one electronic
device to another, thus EMI [3, 4]. The advancement of
technology and day-to-day wireless communication
usage has increased the highest degree of EMI or electro-
magnetic (EM) pollution. In certain industries and appli-
cations, the flow of EM waves and interference can affect
the running of electronic devices, creating unwanted
responses and operational breakdown, and pose a safety
and health risk [5, 6]. Industries that are more vulnerable
to EMI include the automotive, consumer electronics,
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Fig. 1 Electromagnetic spectrum, sources, and applications.

Reproduced with permission from Safdar et al. [1], Copyright 2022, SAGE Publications

military and security, aerospace, 5G telecommunication,
large medical equipment, wearable electronics, and intel-
ligent packaging applications [7]. Security sectors store
the confidential data which is being transmitted through
computer appliances. EMI shielding active polymeric
NW textile materials can be placed on this article to pre-
vent the possible skimming of the data. Interesting appli-
cations are also in wearable electronics for human health
information monitoring, such as heart rate, body tem-
perature, and blood glucose. Such characteristics can be
used in innovative packaging applications as an indicator.
Hence, future portable electronic systems such as
wearable electronics, implantable devices, and many
more have drawn much interest thanks to multifunc-
tional, flexible, conductive materials. However, producing
durable wearable electronics materials with high-per-
formance electromagnetic interference (EMI) shielding
and dependable exploitation in all weather conditions
is still difficult. These wearable EMI shielding clothing’s
are referred to as EM textile materials (ETMs). A novel
class of functional textile materials known as ETMs are
made from fibers or yarns that have good electrical and
magnetic properties by the use of textile processing tech-
niques or by fusing functional micro/nanoparticles such
as inorganic, organic, and/or metallic materials with con-
ventional textile materials. In the meantime, EM textile
materials combine a distinctive textile material structure
with EM metal material capabilities. Traditional textiles
are crucial electrical insulation materials because they
are primarily dielectric. Electrical conductivity, electro-
static, dielectric, and magnetic properties are only a few
examples of the expected textile’s EM characteristics.
One key material that can address the EMI prob-
lem facing the current circuit working environment
and human health is conductive polymeric NW textile
materials. These materials are fabrics commonly fab-
ricated from a set of short and long fibers connected
through physical entanglement, local thermal fusion, or

chemical binders form of binding mechanism. Gener-
ally, the manufacturing techniques include well-known
polymer processing methods such as melt blowing, melt
spinning, and electrospinning [4, 8—10]. A typical appli-
cation of this kind of material includes not only ballistic
protection, thermal insulation, liquid-absorbing textiles,
fireproof layers, and geotextiles for soil reinforcement but
also EMI shielding application [10]. Conductive polymer
composites and their NW textile materials show growing
demand towards the field of EM shielding due to their
low density, lightweight, corrosion resistance, tunable,
excellent flexibility, cost-effective and easy processabil-
ity [1, 11]. Moreover, materials with 2D, 3D, and porous
structures, such as foamed polymer composites and NW
textile surfaces, provide ultra-high shielding effectiveness
due to their multiple internal reflection sites of EM radia-
tions [1, 11]. However, natural conductive polymeric-
based materials give less EMI shielding than carbon,
graphene, Mxene, graphdiynes, and metals-based. There-
fore, to achieve effective or ideal EMI shielding proper-
ties (more than 30 dB), polymeric materials are filled
with high loading (~5 to 30 wt.%) of functional conduc-
tive/magnetic fillers until the percolation threshold is
achieved [3, 4,9, 11-13].

The above-stated has driven many researchers to exam-
ine the impacts of the morphology structure, size, and
filler loading on the polymer composites and their NW
textile materials towards EMI shielding application. For
instance, Zhang et al. [13] fabricated (~5wt.%) 1.8 vol%
graphene-filled polymethyl methacrylate nanocomposite
foamed by subcritical carbon dioxide, which exhibited an
EMI shielding of 13—19 dB at a density of 0.79 g/cm® and
frequencies of 8—12 GHz. There are new developments in
EMI shielding studies.

More importantly, an EMI active polymeric NW
materials composed of nylon spacer fabric/carbon-
fiber/low-melting-point polyester NW fabric and car-
bon-fiber/low-melting-point  polyester/nylon  spacer



Orasugh et al. Functional Composite Materials (2024) 5:5

fabric respectively demonstrated EMI shielding of -45
and -65 dB with variations in stacking layers [14]. In
summary, the polymeric composite or their NW -based
materials used for EMI shielding are commonly made
out of the following: a combination of metallic materi-
als, laminated carbon fiber (CF) materials, high-loading
incorporation, and coating (dipping or spraying) a mix-
ture of carbon-based and metallic ions over the poly-
meric composites’ materials.

In this rational, we have focused majorly on polymeric
NW textile and their composites family as efficient EMI
shielding materials. The study provides the fundamen-
tals of the EMI shielding mechanism, EM reflection
mitigation mechanism, and production techniques of
EMI shielding NW materials. Moreover, the standard
for future researchers to choose the ideal combinational
material for effectively mitigating EMI waves as shields is
presented.

Key aspects of the review

Review articles exist on EMI shielding textiles in general
[1, 15], but no single article is dedicated to NW textile-
based EMI shields. Again, no review article exists pre-
senting the approaches employed towards mitigating
EM wave reflection in NW -based EMI shield design
and fabrication. Also, the challenges encountered with
the manufacture and/or use of NW -based EMI shield-
ing materials are presented in this paper for the first
time. The question of why NWs selection as the primary
structure for EMI shield fabrication is presented here-
with in this article for the first time. We focus in par-
ticular on (a)Comprehensive coverage: One key aspect
of this review is its comprehensive coverage of the latest
developments in NW textile materials adoption for EM
wave shielding. Again, the review of existing research,
recent breakthroughs, emerging materials, and innova-
tive techniques in NW EMI shields is discussed; (b)New
and innovation materials: Highlights of new and innova-
tive NW materials (including materials with enhanced
performance, durability, or versatility) that show prom-
ise in EMI shielding as novel contributions are also con-
versed as per available literature. The vital aspects of
textile-based EMI shields are also discussed for the first
time in a dedicated review paper; (c)Multi-frequency
band shielding: A few instances of materials that provide
effective shielding across a wide range of EM frequencies
are discussed. This is particularly important as the use of
different frequency bands for communication and tech-
nology continues to expand; (d) The Need for NW EMI
shields: The daring need to adopt NW EMI shield is for
the first time elaborated in a dedicated review article; (e)
Integration with wearable technology: As wearable tech-
nology and intelligent textiles gain prominence, instances
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involving novel materials suitable for integrating N'W
EMI shields into clothing or accessories for personal
EMI shielding discussed; (f) Cross-disciplinary insights:
This article has presented information capable of draw-
ing insights from other fields, such as materials science,
nanotechnology, or electronics, and applying them to the
development of functional NW textiles for EMI shield-
ing. Also, the approaches adopted towards the develop-
ment of novel NW EMI shields, especially the mitigation
of EM wave reflection, are discussed; (g) Applications:
Diverse instances of NW EMI shield applications beyond
traditional uses, such as in aerospace, healthcare, and
military contexts, are discussed for the first time; and (h)
Challenges and future directions: The challenges faced by
researchers within the niche of NW EMI shield fabrica-
tion and application are presented. Also, speculations on
future trends in this field and potential research direc-
tions, which are valuable for researchers, policymakers,
and industrialists, are discussed for the first time in a
dedicated review paper.

By offering a comprehensive review of the fundamen-
tal principles of the development of conductive polymer
NW textile materials and the complexities of related
research, this paper is expected to pave the way for future
advances in the development of innovative functional
polymer NW textile materials and their EMI shielding
applications.

Why nonwovens and their composites/hybrids as EMI
shields

Traditionally, EMI shielding applications require mate-
rials with excellent electrical and magnetic conductive
properties; for this reason, EMI shielding materials are
majorly known to be metals, conductive polymers, EM
materials, and carbon-based materials. Under this back-
ground, the metallic materials have inherent excellent
electrical conductivity and some drawbacks of being
rigid, easily oxidized and corroded, poor absorption
of EM waves, and having a heavyweight and high cost
[14, 16]. Furthermore, metals demonstrate EMI shield-
ing effectively, primarily by reflection mechanism which
is not desirable in advanced EMI shielding systems. At
the same time, the pristine conductive polymers are not
favorable due to their poor conductivity relative to met-
als and poor mechanical properties, which are equally
crucial as electrical conductivity towards EMI shielding
application at large [16]. The EMI shielding properties of
conductive polymers make them nothing compared to
their metals-based counterparts. The intrinsically non-
EMI shielding behavior of polymers informs that tex-
tiles-based materials are not naturally designed for EMI
application. However, the development of NW mate-
rial systems as EMI shielding material is drawing much
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attention owing to their merits of facile processability,
lightweight, low cost, softness, breathability, ultra-high
compressibility phenomenon or structural manipulation
and multifunction compatibility for EMI shielding appli-
cation [17-20]. To further reduce the weight and improve
the EMI efficiency to meet the ultra-low-density and high
EMI shielding requirement for some particular fields,
novel porous structure networks (holes) or foam’s struc-
ture and incorporation of conducting filler material have
been innovatively fabricated through different processes.
The increasing EMI pollution and concern about health
associated with radiation exposure makes textile-based
materials highly considered for EM shielding applications
since they can be integrated into wearable electronics
devices.

The reason that the fiber network has numerous inter-
faces capable of reflecting radiation multiple times; so
NW fabrics are becoming attractive substrates to man-
ufacture flexible and wearable high-performance EM
shielding materials. For instance, considering the fact
that cotton fibers’ low density as a matrix overcomes the
lack of heavy metal, metal-wrapping of cotton fiber net-
works with high dielectric loss can receive more atten-
tion and be used more extensively instead of bulk metal
[21]. It has been suggested that employing Ag wet elec-
troless depositing on the surface of NW cotton fibers can
produce flexible, high-performance NW fabrics that are
effective at EMI shielding. Because of the cell-like topol-
ogies, which are porous structures in the non-woven
textiles and voids in Ag layers, the EMI shielding perfor-
mance of the Ag-coated NW fabrics was claimed to be
outstanding [21].

In this rationale, incorporating carbon-based material
has enormous potential to channel the polymeric NW
textile materials for EMI shielding application. Moreover,
the carbon-filled polymer nanocomposites display good
mechanical strength, excellent flexibility, and ultra-thin
thickness, as well as remarkable electrical properties,
which are critical for the EMI shielding application [22].
Hence, carbon-filled polymer nanocomposites hold great
promise for future EMI shielding materials. However,
the main drawback lies with the high filler loading strat-
egy to achieve the ideal electrical conductivity threshold
required for the intrinsic EMI shielding domain, thus
hampering the processability [16]. For instance, a NW
composite based on 40 wt.% carbon fibers-filled propyl-
ene/polyethylene composition exhibited EMI shielding as
high as 30.29 dB [22]. Contextually, the porous structure
of NW materials or foamed materials has a few advan-
tages, including critical lower density, critical higher
flexibility, and compressibility effects. The stronger
microwave-absorbing ability is ideal for eliminating the
secondary pollution brought by EM reflection, thus a

Page 4 of 46

complex EMI shielding mechanism which adds value to
the efficiency.

Furthermore, the critical lower density can reduce
the weight and cost of EMI shielding materials. At the
same time, the critically higher flexibility can widen
their application in electronic packing compared to their
solid-based materials. Therefore, to develop a topnotch
neat polymers and their composites NW textiles as EMI
shielding materials, conductivity, free-moving electrons,
or holes are the prerequisites for the shielding material
efficiency [23]. Thus, the polymers and their composites
NW textiles are emerging as EMI shielding materials.

Current status of nonwovens utilized as EMI shields
EMI shielding is a rapidly growing technology; the novel
strategy involved in the design and fabrication of these
systems is the use of carbon-based materials, especially
graphene [19], Mxene [24], carbon black [25], discon-
tinuous carbon fibers [4, 8, 9], CNTs [26, 27], and oth-
ers. A unique aspect of carbon-based fibers or polymeric
NW textile utilization as EMI shielding materials is their
complex shielding mechanism, which includes reflection
loss, multiple internal reflections, and absorption loss to
accomplish high-quality EMI shielding properties. Con-
ductive fillers such as carbon-based materials have paved
the opportunity to integrate multiple functions into poly-
meric textiles to form electronic textiles for novel wear-
able electronics that can monitor human health and
display EMI shielding properties. Kashi and co-workers
[28] demonstrated that the composites containing CdS
nanocrystals-CNTs can be efficient microwave absorb-
ers at elevated temperatures or harsh environments. For
high-quality EMI shielding properties, critical technical
approaches have been extensively considered to modify
the electrical conductivity of the plastic/polymer-based
materials by applying three modification strategies.
Applying conductive coating on plastics/polymers, incor-
porating conductive fillers through compounding, and
utilizing intrinsically conductive polymers with a criti-
cal processing strategy (core—shell fiber construction
and NW development) is an attractive approach [29].
Moreover, by taking advantage of polymers’ remarkable
compressibility, the shielding performance of the poly-
mer-based foamed materials could be adjusted through
a simple mechanical compression, showing promise for
adjustable EMI shielding [30]. This rational, layer-by-
layer construction of light-weight polymeric NW fabrics
could demonstrate a similar compression mechanism
to that of foamed material and display adjustable EMI
shielding properties.

To date, polymeric, NW textile materials contain-
ing conductive particles such as carbon-based parti-
cles have been explored intensively as potential EMI
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shielding materials. The incorporation or coating of
rGO [19], Mxene [24], carbon black [25], carbon fiber
(CF) [14, 26] and CNTs [26, 27] into different poly-
meric-based matrices have exhibited suitable EMI
shielding performance. Within recent decades, gra-
phene and its derivatives have also been demonstrated
to be effective fillers for preparing conductive poly-
meric composite materials with good EMI shielding
performance [19, 31]. Pakdel et al. [32] developed car-
bon fiber/polyamide 6 (CF/PA6) NW fabric with out-
standing EMI shielding performances from 80% waste
material. The 80%CF/20%PA6 NW s provided an out-
standing EMI shielding performance of about 85 dB,
attributed to the high content of CF and the thickness
of NW fabric. The lightweight and flexible polymeric
NW textile materials also have potential EMI shielding
applications in the power electronic industry due to the
electronic industry equipment expansion towards space
and their extensive use in communication [33].

For this reason, a sophisticated technique is needed
to tailor polymeric NW textiles for EMI shielding appli-
cation between the electronic receiving device on the
ground and the novel space-based energy generation. If
this is not taken care of in the initial research & develop-
ment of space-based energy generation system, humans
health and wireless communication will be compromised
at large. Further advances in the field of EMI shielding
by polymeric NW textile materials are required whereby
a fundamental understanding of the necessary steps
involved is gained.

The current research informs the use of polymeric NW
textile and their composites/hybrids as high-quality EMI
shielding materials. Hence, it is acceptable and novel to
set carbon-based filled polymeric NW textile materials as
a benchmark for future EMI shielding research [28]. The
strong push is mainly driven by good mechanical, supe-
rior electrical conductivity, lightweight, large specific
areas, and thermal properties of carbon-based material
and their ability to follow complex shielding mechanisms
in NW EMI shields [19, 28]. In addition, the potential
of extensively using polymeric NW textile materials is
supported by numerous advantages such as processabil-
ity, flexibility, lightweight, porosity and compressibility
and complex morphology structure. The critical surface
functionalization of porous polymeric NW textile mate-
rials by conducting fillers such as carbon-based mate-
rial (CNTs, graphene and its derivatives) have shown the
potential for high EMI shielding efficiency.

As per science direct search results (as depicted in
Fig. 2) using the keywords “NW Electromagnetic Inter-
ference Shielding,” we found out that there is a com-
paratively progressive growth in the utilization of NW
textiles materials as EMI shields either as prepared or
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accompanied with additional post-treatments processing
aimed at achieving excellent EMI shielding performance.

There are challenges facing this technology, such as
the large-scale manufacture of smart wearable textiles
with EMI shielding properties, fabrication of low-density,
compressible polymeric-based material and the problem
of conductivity percolation threshold towards the shield-
ing mechanism, still faces significant hurdles [22, 30, 34].

Conclusively, NW EMI shielding materials are cur-
rently known to combine conductive and non-con-
ductive fibers or coatings. The conductive elements,
such as metal particles or fibers, help reflect or absorb
EM radiation. NW EMI shields can be found in vari-
ous applications, including electronic devices, automo-
tive components, aerospace equipment, and medical
devices. They protect sensitive electronic components
from interference and ensure compliance with EM com-
patibility (EMC) standards. These materials offer several
advantages, including flexibility, ease of customization,
and cost-effectiveness compared to traditional metal
enclosures. They can be designed to meet specific shield-
ing requirements while minimizing weight and bulk.
EMI shielding technology continues to evolve, and new
materials and methods are being developed to address
emerging challenges related to higher frequencies and
the miniaturization of electronic devices. Researchers are
exploring novel materials and manufacturing techniques
to improve the performance of EMI shields. However,
it is vital to note that NW EMI shields aimed at effec-
tive EMI shields must comply with industry-specific
standards and regulations, such as those set by the Fed-
eral Communications Commission (FCC) in the United
States or the European Union’s EMC Directive. Compli-
ance testing ensures that devices meet EMI emissions
and immunity requirements.

Shielding mechanism of EMI shields in textile
materials

It is expected that a textile-based EMI filter designated,
for instance, to be used in clothing material must be
simple to wear, along with electronic stability under all
usage conditions, and conformal for its implementation
in other textiles. In addition, it needs to also adhere to
hygiene standards related to wearable clothing. The ini-
tial prerequisite for EMI filter textile (EMIFT) is flex-
ibility so that it can sufficiently accept human motion
and different formats of deformation like finger, wrist,
and elbow bending. Its ability to adapt to various envi-
ronmental situations comes second. For instance, it is
crucial to understand how different temperatures and
chemicals might affect it. Thirdly, it must be comfort-
able to wearer, which means it must be soft and breath-
able. The final aspect is its washability, which is one of
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the main difficulties in constructing wearable EMIFTs.
Due to the requirement for conformal contact with
human cells, the EMIFT is susceptible to contamina-
tion by human cells, sweat, oil, and germs. However,
washable EMIFT allows for a large cost reduction while
improving hygienic conditions for those utilizing pro-
tective textiles [35].

Textile materials, such as woven, non-woven, or knit-
ted fabrics, are suitable for shielding due to their capac-
ity to take on the shape of the human body, compatibility,
flexibility, and their ability to have a custom-designed
structure [36]. Particularly, soft, lightweight, and highly
effective EM shielding materials are in considerable
demand. Due to its qualities like softness and breatha-
bility, cotton fabric is one of the most well-known raw
textile materials. Additionally, because of its affordabil-
ity, adaptability, and tailorability [37], it can be used as a
substrate for EM shielding. Figure 3 illustrates the vari-
ous material characteristics for EMI shielding materials
adoption in/as technical textiles.

The natural source of EM waves that we encounter in
everyday life is from the sun. Meanwhile, EM waves also
come from satellites and other electronic devices. The
interference of EM waves from different sources gen-
erally leads to EM pollution(s), which can hamper the
performance of electronic devices and human health sta-
bility. Hence, it is important to understand the sources of
EM waves, the EMI shielding mechanism, and the mate-
rials’ total EMI shielding effectiveness (EMSE). Accord-
ing to Schelkunoft’s theory, the total EMSE is controlled
by the amount of EM waves being reflected (SEy), multi-
ple reflected (SE,,), and absorbed (SE,) (equations i and
ii). Therefore, the EMSE is the sum of SEy+ SE, + SEy, [1,
4, 9, 12]. However, when the SE reaches 15 dB the mul-
tiple reflection mode is normally ignored [1]. EMI shield-
ing materials ordinarily reflect or absorb a portion of EM
waves and transmit the remaining amount of EM waves
[1, 4, 9, 12]. The ideal EMI shielding materials exhibit a
single reflection mode, secondary multi-reflection mode,
and absorption of a more significant portion of EM waves
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as well as transmitting a very small amount of EM waves
(Fig. 4) [16]. Materials with ideal electrical conductiv-
ity employ a reflection mechanism, while materials with
ideal magnetic properties normally employ an absorption
mechanism [14]. According to specific application sce-
narios, textile technology-based materials or foamed pol-
ymer composites are described by the complex EM wave
mechanisms such as normal reflection, absorption, and
multi-internal reflection mechanisms due to their sophis-
ticated morphology structure.

Fig. 4 Typical EM wave transmission mechanism on shielding material
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the amplitude of EM radiation is observed when it travels
through the shield. An absorbing process frequently causes
such exponential degradation: Ohmic losses are caused by
the induced current within the medium. The EM wave’s
ability to penetrate a surface depends on how magnetic and
electric dipoles interact. The absorption rate/contribution
of an EM wave can be calculated using Eq. (3):

A = 8.686t,1/7f 1,0 (3)

Herewith, ¢, denotes the EMI filter thickness, f repre-
sents the frequency of operation, o, stands for the shield
electrical conductivity, while 1, denotes the shield rela-
tive permeability. The formula shown above shows that
the effectiveness of shielding via the absorption mecha-
nism is proportional to \/mfu,0,, where the loss of
absorption rises with frequency. A material’s ability to
successfully absorb EM waves (EMW) depends on its
ability to conduct electricity well and have a high per-
meability. Additionally, adequate thickness is needed for
appropriate skin depth penetration. The absorption loss
is influenced by the shielding filters’ thickness [36].

It is important to note that the definition of EMW
impedance is "the amplitude ratio of the electric to mag-
netic field." The characteristic EM wave impedance in
space is 377 Q, but the impedance of a conductive shield
is substantially lower. This impedance mismatch at the
shield/air interface causes a strong reflection of EM
waves. Therefore, impedance matching requirements
at the shield/air contact must be met for the shield to
achieve dominant absorption and minimized reflection
[38]. A shielding material’s ability to provide efficient
shielding is also influenced by reflection. Reflection gen-
erally results from a mismatch between the incident wave
and the substance (non-woven textile material) acting as
a shield.

Reflection loss (SEg)

Once an incident EM wave encounters the surface of
a shielding material, a part of the EM wave is reflected
because of the impedance mismatch that the EM wave
experiences at the interface of any two media of different
impedances [5, 39]. It is well-known that materials with
inherent electrical conductivity demonstrate a reflection
mechanism; this reflection loss (SER) is inversely propor-
tional to frequency and directly proportional to the elec-
trical conductivity of the shielding material (as in Eq. 4)
[1,4,8,9,12].

o2
SEg = —1010g<16 feur) (4)

The EMI shielding through the reflection mechanism
is practically based on the efficiency of mobile charge
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carriers (electrons or holes) when interacting with the
EM fields in the radiation space. Thus, electrically con-
ducting martials are the most favorable candidates due
to their inherent free electrons phenomenon [40]. Hence,
the reflection mechanism is mostly demonstrated by
metals due to their excellent electrical conductivity prop-
erties. In this regard, Wang et al. [40] fabricated a single
layer of 7.97 wt.% and 18.87 wt.% Mxene-coated NW
fabric for wearable heater materials and found that the
7.97 wt.% Mxene-coated fabric could reach average SE,
SE,, and SE; values of 27.3, 20.0, and 7.3 dB, respectively.
While the 18.87 wt.% Mxene-coated NW fabric reached
average SEp, SE,, and SE; values of 35.7, 27.1, and
8.6 dB), respectively. The improved SE; and SE, values
were attributed to the increased loading and electrical
conductivity of Mxene. Based on the reflection coefficient
(R) and absorption coefficient (A) of 18.87 wt.% Mxene-
coated NW fabric, the R was reportedly nearly 0.86, indi-
cating that the EMI shielding mechanism was primarily
a reflection. More importantly, a high reflection mecha-
nism can trigger other problems by reflecting waves to
the generation source itself and cause undesirable electric
noise [41].

Multiple reflections

Herein, non-absorbed and non-reflected incident EM
wave from the first shielding cycle encounters the inter-
nal surface of a shielding material, then a part of the EM
wave is re-reflected (multiple reflection). However, multi-
ple reflections can be ignored when the SE reaches 15 dB;
thus, SE is determined by reflection and absorption [1, 4, 9,
12]. The fundamental requirement for multiple reflections
includes large specific surface area, large interfacial areas,
and ultra-high porous or foamed material to be in contact
with the EM waves. The other vital requirements are poly-
meric phase separation morphology with a critical network
structure and the incorporation of different kinds of con-
ducting fillers, such as carbon materials and metal nano-
structures. Finally, the processibility and conversion of this
kind of EMI shielding material into polymeric NW textile
material for critical morphology structure and compress-
ibility effects can further improve the EMI shielding perfor-
mance. The requirements mentioned above are important
since a highly (3D) porous/foam composite material affords
a large specific surface area as well as a large interfacial
area. While the different kinds of conductive fillers can
also offer large surface and interfacial areas, electrical con-
ductivity, and magnetic permeability for improved EMI
shielding [23]. This suggests that carbon-based material
with critical morphology network structures like graphene-
filled composites can afford complex shielding mecha-
nisms due to conductive pathways and surface area effects.
Tan and co-workers [11] demonstrated that the use of
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10wt.%PCL/90wt.%PLA/CNTs with sea-island morphol-
ogy exhibited higher EMI shielding relative to the same
components with co-continuous morphology. The high
EMI shielding in the sea-island morphology material was
due to the highly efficient multiple reflection mechanism
due to the confined distribution of CNTs in the PCL phase.
The inherent low viscosity of PCL promotes strong interac-
tion between PCL and CNTs as well as the confined CNTs
distribution into the PCL phase; hence multiple reflection
is noted. Moreover, the small size of the PCL/CNT parti-
cles distribution in the PLA matrix promotes high-efficient
microwave scattering at the PCL/CNT particles; again, this
signifies the role of incorporating relatively high conductive
filters. The above findings suggest that for polymeric NW
textile material, porous or foamed material can be inte-
grated inside the core—shell structure of the individual fib-
ers that make the NW textile material (Fig. 5).

Absorption loss (SE,)

The term "shielding effectiveness” or "total shielding effec-
tiveness (SE)." refers to the power loss caused by shield-
ing, which is represented in decibels (dB) This loss’s
absorption component is referred to as the absorption loss
(SE ). This loss’s reflection-related portion is referred to as
the reflection loss (SER). The following definitions of these
numbers are mathematical. The scattering parameters,
often known as S-parameters, define how a network with N
ports responds to signals that are incident on one or more
ports. The first number in the subscript of the S-parame-
ters abbreviation designates the responding port, whereas
the second designates the incident port. Consequently, the
output at port 2 as a result of a signal at port 1 is referred
to as So;. Through the equations, the variables SE, SEg, as
well as SE 4 are derived from the S-parameters thus [42].

SE = —log(T) = —log|Sx |* (5)

SEp = —log(1 — R) = —10log(1 — |S11|%) (6)
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SEq =SE7T —SEr — SEj (7)

The terms T (transmission coefficient) and R (reflection
coefficient) in these equations denote the proportions of
the input power transmitted into and reflected from the
sample interior, respectively. T and R must be reported
as fractions or percentages rather than in decibels (dB).
SE is used in Eq. (7) to describe the shielding caused by
multiple reflections inside the sample.

If the total shielding SE7 reaches 15 dB, SEy; is often
insignificant in real-world applications. Equation (7)
changes in this scenario.

SEA = SET — SER = —lOg( ) (8)

T
1-R
The ratio of SE4 to SET is referred to as the absorption
contribution (A). According to the equation(s) below, EM
theory predicts that the SE4 rises with increasing fre-
quency. [42];

SE4 = 131.4t+\/orirf 9)
SE, = 1314z, | L7 (10)
(rmoocu)

SE4 = 8.68t\/nfuo

where ¢ is the specimen’s thickness in meters, f is the
frequency in hertz, wu, is the material’s relative mag-
netic permeability in relation to copper, o, is its electri-
cal conductivity in relation to copper, o is its electrical
conductivity, and p is its magnetic permeability, with
W= [irio, o = 4 x 1077 H /m. Equations (9, 10, and
11) are applicable in the context of conductive materials.
In the event that 4, and o, do not decrease with increased
frequency, it suggests that SE4 grows. Furthermore, it
shows that SE4 at a particular frequency rises with both
permeability but also conductivity.

(11)

Fig.5 Typical 3D-phase morphology or porous core—shell nano fibers morphology with possible multiple reflections mechanism index
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Herein, once a non-reflected incident EM wave
encounters the internal surface of a shielding material, a
part of the wave is absorbed and dissipated in the form
of heat. The rest is transmitted through the shielding
medium [43]. Metals are excellent conductors of elec-
tricity; however, they can conduct both electricity as well
as heat. Hence, metals can demonstrate the EMI shield-
ing phenomenon through absorption but also reflection
mechanism, as stated above [29]. Moreover, materials
with magnetic conductivity or a carbon-based apply an
absorption dissipation mechanism. Generally, materials
with excellent absorption loss must own dipole charac-
teristics; this absorption loss can further increase with
increasing the EM wave frequency [1, 23]. For example,
super-permalloy materials such as 20% iron and 80%
nickel have a high magnetic permeability, so this mate-
rial can demonstrate effective EMI shielding through
an absorption mechanism [23]. Naeem and co-workers
[44], developed a porous, NW material containing elec-
trically conductive activated carbon from acrylic fibrous
waste material. For this process, 1200 °C carbonization
temperature was the optimum regarding surface area
and charge transport mechanism (Fig. 6). They reported
that EMI sheading performance increased with increas-
ing frequency; 63.26 dB, 66.75 dB, and 75.44 dB were
found for respective frequencies of 600 MHz, 1 GHz, and
1.5 GHz. This behavior was attributed to the increased
multiple internal reflections and stronger absorption
mechanism. Shen and coworkers [30], prepared PU/
graphene (PUG) foams material with a density as low
as ~0.027-0.030 g/cm?® for EMI applications. It is worth
noting that the PUG possessed good comprehensive EMI

" YIET A
W N ol M
W Nw wd N
g 7\
- .. ‘f\ - 400-600 °C l Dehydrogenation
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/°“<I/ \,I/ \l/
NN,
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shielding performance through an absorption-dominant
and multiple reflection mechanism. Sano and Akiba
[41], developed a high porosity NW fabric coated with
CNTs. The incorporation of CNTs with excellent elec-
trical conductivity and pours structural network of NW
fabric have been shown to demonstrate the potential for
high performance EM absorbers. It is highly desirable to
design multifunctional polymeric-based materials with
integrated conductivity, ultra-low-density, flexible, and
porous network structure for adjustable compressibility
phenomenon. These combined characteristics could add
value to the efficiency of EMI shielding material through
the shielding mechanism and functionalities of the mate-
rial. Moreover, the addition of 3D conductive-based filler
(such as graphene) network could also enhance the effi-
ciency of EMI shielding material, through loading and
multi shielding mechanism.

Shielding effectiveness (SE)

To maximize the EMI shielding performance of poly-
meric NW textile materials, effective parameters such as
the type of matrix polymer, density of fibers, thickness of
the NW material, porous morphology structure, weight,
and production process, as well as the fabric surface
resistance must be controlled [40]. More porous mor-
phology structure (up to the threshold porosity), high
thickness, and excellent surface resistance are favorable.
It is well known that the EMI shielding performance of
the fabric material is directly proportional to its thick-
ness [45]. Also, the electrical but also thermal conductive
properties, active filler loading, filler alignment/distribu-
tion, dispersion and particle size of the reinforcement

Carbonization furnace

A\

Carbonized structure Activated carbon web

Fig. 6 Schematic of preparation of activated carbon from acrylic fibrous wastes.

Reproduced with permission from Naeem et al. [44], Copyright 2016, Elsevier Science Ltd
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material become crucial [46]. For instance, Wang et al.
[40], fabricated a Mxene-Coated NW fabric for wearable
heater materials, where EMI shielding properties are nec-
essary—a single layer of 7.97 wt.% MXene-coated NW
fabric with a sheet resistance of 30.21 Q/sq (excellent
electrical resistance) exhibited EMI shielding of about
27.3 dB. While single layers of 10.14 wt.%, and 18.87
wt.% MXene-coated NW fabric with decreased sheet
resistance to about 15.07 Q/sq and 4.36 Q/sq exhibited
the corresponding EMI shielding of 31.9 dB and 35.7 dB,
respectively. On the other hand, the EMI shielding effi-
ciency of a double layer of the 7.97 wt.% 1, 10.14wt.%, and
18.87 wt.% MXene-coated NW fabric is 46.3 dB, 51.7 dB,
and 62.9 dB, respectively. Liu et al. [45], also fabricated
flexible and multifunctional silk textiles with biomimetic
leaf-like MXene/silver nanowire nanostructures for EMI
shielding applications. The EMI shielding efficiency of
the flexible and multifunctional textile, with a low sheet
resistance of 0.8 Q)/sq, exhibited excellent EMI shielding
efficiency of 54 dB at a small thickness of 120 pum.

The creation of NW textiles-based materials for EMI
shielding depends critically on our understanding of how
they interact with the magnetic as well as electric fields
within the radiation. Due to the interaction between the
magnetic dipoles in the material and the magnetic field
in the radiation, the magnetic property enhances radia-
tion absorption. The magnetic dipole friction, magnetic
susceptibility, dipole—dipole interaction, as well as mag-
netic continuity are important features of the magnetic
character. These factors depend on the size and mobility
of the magnetic domain boundaries: they increase with
frequency. Due to the interaction between the electric
dipoles in the material and the electric field in the radia-
tion, the NW shielding material’s electric polarizability
also facilitates its absorption property. Electric dipole
friction (which rises with frequency), dielectric con-
nectivity, dipole—dipole interaction, as well as electric
susceptibility are all important aspects of the dielectric
character.

The Kramers—Kronig relationship connects the
conduction behavior to the dielectric behavior: for
instance, the conductivity but also the real as well as
imaginary components of the permittivity all rise with
increasing heat-treatment temperature (that is, with
increasing levels of crystallographic structure) among
carbon materials generated by heat treatment at dif-
ferent temperatures [47]. The imaginary part of the
complex permittivity, which represents the conduction
behavior, indicates that conduction behavior also con-
tributes to the dielectric loss. It describes the energy
lost during heating a dielectric substance in a fluctuat-
ing electric field. The frequency, as well as the dielec-
tric material, are often the key determinants. The Loss
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of Tangent, often known as tan delta (tané), is used to
calculate the dielectric loss (tand).

The phenomenon of dielectric polarization is thought
to provide dielectric materials with their capacity to
hold electrical charge despite their poor electrical con-
ductivity. Dielectric loss is the amount of energy lost
during heating an electrically conductive substance in
various electric domains. In an alternating-current cir-
cuit, for instance, a capacitor is barely charged and dis-
charged once every half cycle. Most crucially, dielectric
losses are typically determined by the dielectric mate-
rial and frequency. The Loss of Tangent, or tan delta,
is used to measure dielectric loss (tan delta). Tan delta
is the angle formed by the alternating field vector and
the material’s loss component or put another way; it is
the tangent of that angle. Therefore, the value of Dielec-
tric Loss should be significantly higher than that of tan
delta. The drying of timber and other fibrous materi-
als, the heating of thermosetting glues, the quick jelling
and drying of foam rubber, and the preheating of poly-
mers before molding are all common industrial appli-
cations for heating by dielectric losses. Numbers that
help describe the permittivity of a dielectric substance
include the dielectric constant and the loss tangent.

The Greek letter "¢" denotes the permittivity of
dielectric substance. The electric field in a vacuum
divided by the electric field in the dielectric material,
or E = Eo, is the formula for the dielectric constant,
which strongly relates to the material’s polarizability.
Dielectric Loss is the energy lost during the heating of
a dielectric substance in a fluctuating electric field. It
typically depends mainly on the frequency and the die-
lectric material. Dielectric loss is calculated using the
Loss of Tangent, also known as tan 8. The probability
of having a large dielectric loss increases with the value
of tan delta. Describe a loss tangent. Loss Tangent is a
dimensionless quantity, often known as tan 8. Due to
the fundamental EM energy dissipation in electronic
equipment like the printed circuit board, it frequently
calculates the predicted Loss of signal.

LossTangent = tand = cotf = 1/(27TRPCP) (12)

The symbol §, 0, f, Rp, and Cp denote the Loss angle,
phase angle, frequency, equivalent parallel resistance,
and equivalent parallel capacitance. Loss Tangent plays
a crucial role in determining the signal attenuation for
analog transmissions at extremely high frequencies
exceeding 1 GHz.

In extremely high frequencies, or frequencies above
1 GHz, the Loss Tangent plays a crucial role and fre-
quently matched signals to determine their transmis-
sion loss.
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It is also crucial to consider the elements that lead to
dielectric loss in dielectric materials like EMI shields and
energy storage systems. With the least amount of energy
lost as heat, a coherent dielectric can accommodate a
range of charges. In a dielectric, energy can be lost by
one of two main types of loss. A charge passage through
a material causes energy dissipation during conduction
loss. The dielectric loss tangent is the energy lost by the
displacement of charges in a replacement EM field as
polarization changes directions. In addition, dielectric
losses are particularly large near polarization processes’
resonance or relaxation frequencies. The polarization
delays the applied field, which causes an interaction
between the field and the polarization of the dielectric
that heats the material. A dielectric loss is more likely
to occur in materials with higher dielectric constants.
Employing these materials in practical applications has
this significant disadvantage. For instance, dielectric loss
is used in microwave ovens to heat meals. Nearly the
same frequency as the relaxation frequency of the orien-
tational polarization mechanism in water is used in the
microwave. This implies that any water present absorbs
a significant amount of energy, which is then released
as heat. To prevent the microwave from becoming com-
pletely engulfed by the first layer of water they encoun-
ter and prevent improper heating of the food, the specific
frequency used is slightly off from the frequency at which
maximum Dielectric Loss occurs in water. An effective
dielectric often supports a range of charges while mini-
mizing energy loss in the form of heat. Two main forms
of losses can cause energy to be lost within a dielectric.
One is conduction loss, which happens when a charge
passes through a substance and energy is lost. The other
type of energy loss is called dielectric loss, and it happens
when polarization changes the direction of a magnetic
field, causing charges to flow in that field and dissipate
energy. Around the resonance or relaxation frequencies
of the polarization mechanisms, the second type of loss
is particularly prone to be high. This is mostly due to the
fact that the applied field interacts with the polarization
of the dielectric, which in turn causes heating as a result
of the dielectric’s polarization trailing behind it. The one
disadvantage of using dielectric materials in real-world
applications is that materials with higher dielectric con-
stants suffer from more dielectric loss.

Dielectric additional factors that affect the loss of
dielectric materials are thus: After being added to the
test cell, insulating oils’ D.C conductivity and dielectric
losses decrease over time, except for electric stress and
room temperature. The Loss of tangent and D.C con-
ductivity increase to their maximum when the cell is
heated immediately after filling. However, they decrease
over time as the temperature remains constant to a
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considerably lower value. Basic characteristics of the
thermal capacity and form of the cell include the maxi-
mum value, the rate of increase to that value, and the
subsequent reduction over time. It is used to clean the
oil’s cell, temperature, and oxygen content. Despite the
possibility that ions may be confined at this surface, the
following drop-in Dielectric Loss is taken into account
due to the catalytic oxidation of most elements in the
oil at the metal-electrode surface. A low-viscosity cable
infusion, transformer oil, and a synthetic hydrocarbon
are employed to detect the effects. These materials are
both widely contaminated and underused. The effect’s
imputations are further studied in relation to routine
oil testing, an analysis of the impacts of contamination
on oils, and work on oil-infused paper. The use of plas-
tic-coated electrodes could eliminate the impact com-
pletely or partially.

Insulating oils’ D.C conductivity and dielectric loss tend
to decrease over time after being applied to the test cell.
However, the ambient temperature and the electric stress
are absent in this scenario. As soon as the cell is heated
after filling, the tan delta and D.C conductivity tend to
increase to their maximum levels. But they fall to a much
lower value over time and at a constant temperature. The
maximum value, the rate of increase to that value, and
the subsequent reduction over time are some of the fun-
damental properties of the cell’s shape in addition to its
thermal capacity. This procedure cleans the cell, the tem-
perature, and the oil’'s oxygen component. Even though
ions may merely limit the metal-electrode surface, the
following drop-in Dielectric Loss is taken into account
because most of the elements are catalytically oxidized
at the metal-electrode surface in the oil. In addition, in
relation to the standard testing of oils, the imputations
of the aforementioned effect are carefully evaluated for
an analysis of the impacts of contamination in oils, as
well as to work on paper that has been infused with the
oil itself. Using electrodes with a plastic coating could
partially or completely eliminate the effect, depending
on the situation. Dielectric refers to a material with low
electrical conductivity that can store an electrical charge
due to dielectric polarization. Therefore, it only exhibits
displacement current, which makes it ideal for building
a capacitor, which can store and release electrical energy.
You need to grasp what dielectric loss is and other related
ideas in order to comprehend the subject matter better.

High conductivity among non-magnetic materials
is frequently regarded in the industry as the primary
factor in achieving high shielding. This focus on con-
ductivity is partly due to how simple it is to measure
conductivity. However, high conductivity is not always
the main requirement for shielding among non-magnetic
materials.
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A contributing component has to do with the shielding
material’s surface area or interface area. Due to the Skin
Effect, a high specific surface/interface area (i.e., area per
unit volume) encourages the volume of the specimen’s
radiation-interacting portion, increasing the shield-
ing efficiency. The term "interface" refers to the bound-
ary between a material’s shielding (such as a filler) and
non-shielding (such as the matrix/binder) components.
Due to the low level of interaction with the radiation,
the non-shielding component is essentially transparent
to it. A smaller feature size of the porous microstructure
results in a higher specific surface area for a given poros-
ity in a porous material, which increases shielding effi-
ciency. A smaller unit size of the filler produces a higher
specific interface area for a given filler volume fraction in
a composite, which encourages shielding. This contrib-
utes to the appeal of nanofillers for composite shielding
materials.

Another component is the electrical connection, which
enhances shielding since the material’s electric field lines
are continuous. Additionally, this continuity permits the
flow of eddy current generated by the magnetic field,
which encourages magnetic power loss. Electrical per-
colation (electrical connection) in a composite with a
conductive filler and a nonconductive matrix is, there-
fore, advantageous for shielding. When the filler’s aspect
ratio is larger, the percolation threshold is lower: The
aspect ratio of a nanofiber is often greater than that of a
microfiber, which is another factor that makes nanofillers
appealing.

Again, the magnetic continuity of the magnetic com-
ponent is required for a magnetic shielding material
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because continuous magnetic field lines are a must. As
a result, magnetic percolation in a composite made of a
non-magnetic matrix and a magnetic filler is crucial for
shielding.

The efficiency of the shielding is influenced by the
magnetic, dielectric, conduction characteristics, and
the particular surface and interface region. Addi-
tionally, the frequency and temperature affect each
behavior. In addition to being useful to applications,
the effects of frequency and temperature also pro-
vide insight into the shielding’s workings. The primary
shielding mechanism may depend on the interaction of
temperature and frequency for a particular material.

It is important for researchers working on tex-
tile materials such as NW-based EMI shields to have
proper knowledge of the dielectric and electrical prop-
erties of commonly used textile fibers: in this regard,
we have presented these property parameters in
Table 1. Cotton and viscose fiber’s ability to regain high
moisture within their structure gives them high dielec-
tric constant. Since water has a relative dielectric con-
stant that is several tens of times greater than that of
dry textile material, the dielectric constant of the fiber
changes depending on how much moisture is present in
the textile material. The materials’ dielectric constant
is additionally affected by frequency, temperature, and
contaminants. Also, it is vital to note that the electrical
conductivity of textile materials is expressed as specific
resistance. There are usually three representations: vol-
ume-specific resistance, mass-specific resistance and
surface-specific resistance, as presented in Table 1 [48].

Table 1 Dielectric and electrical properties of commonly used textile fibers at a relative humidity of 65% and frequency of 1 kHz

Textile fiber(s) Dielectric constant Electrical properties Ref
- Ig om n IlgK

Cotton 18 6.8 114 16.6 [49]
Ramie - 75 123 186 [49]
Silk 55 9.8 17.6 266 [49]
Wool - 84 15.8 26.2 [49]
Washed wool 9.9 14.7 266 [49]
Viscose fiber (Viscose wire) 7.0 11.6 19.6 [49]
Acetate fiber (Acetate staple fiber) 40 (3.5) 1.7 106 20.1 [49]
Acrylic - 8.7 - - [49]
Acrylic (degreasing) (Acrylic staple fiber (de- (2.8) 14 - [49]

oiled))
Polyester - 8.0 - [49]
Polyester (degreasing) - 14 - - [49]
Nylon yarn 40 - [49]
Nylon staple fiber 37 - - - [49]
Polyester staple fiber (de-oiled) 42(23) - - [49]




Orasugh et al. Functional Composite Materials (2024) 5:5

Assessment of EMI shielding materials

Increased electrical conductivity is a tried-and-true strat-
egy to be utilized by researchers to increase the function-
ality of most NW textile materials/composites used as
EMI shields, but significant EM wave reflection has been
reported to be typically produced during the shielding
process as a result of secondary EM pollution [21]. Tex-
tile-based NW environmentally friendly EMI shielding
materials must be created with an actual shielding per-
formance of SE;>20 dB and a low reflectance of R 0.5.
(Or SEg 3 dB).

Assessment methods

SER assessment method

To establish whether a circuit is capable of shielding, an
EMI shielding appraisal is always required, and it consists
of SEp and SE 4 values written as follows:

1 P;
SEp = 10l —— | =101 _
? °g<1—R> °g<(Pi—Pr>> 13)

1-R P, — P
SEq = unog(7,> = unog< ’P ’)
0

where the SER value is unaffected by the correspond-
ing R coefficient, The critical SER value is shown to be
3 dB when R is 0.5 (the critical value for evaluating the
primary shielding system for effective shielding). For EMI
shields with effective shielding (SET >20 dB), the related
R-value is lower than 0.5 when SER 3 dB, suggesting low
reflection and high absorption. In general, low reflectivity
environmentally friendly EMI-shielding materials imply
that the shields have a low EM reflection of R 0.5 (or SER
3 dB) under effective EMI shielding of SET > 20 dB.

The R-value methodology is simpler to understand,
but both methods can be used to evaluate environmen-
tally acceptable EMI shields with low reflectivity. Because
the R-A measurements unambiguously show the power
ratio of reflected and absorbed EM waves for the shields,
comparing A and R readings supports the predominant
shielding mechanism. However, the method of SE;-value
assessment has limitations because it cannot identify the
R-A coefficients that are utilized to calculate the SE;-SE ,
values and the dominant shielding system by comparing
the SE and SE, values.

(14)

R-A assessment methods

The ratio of incident EM power to that which is absorbed
and reflected can be calculated intuitively using EMI
shields. According to the previously mentioned shielding
method, incident transmitted signals that penetrate the
EMI shields could be reduced through EM absorption
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and reflection (caused by a difference in electrical resist-
ance between the material surface and the air) (produced
from the dielectric loss, magnetic loss, and multiple
reflections). According to Egs. (2) and (3), it is straight-
forward to evaluate the subjugated shielding mecha-
nism by evaluating the A and R coefficients of the EMI
shields. This is because these coefficients may be utilized
to determine the ratio of incident EM power to absorbed
and reflected EM power. If A >R, the majority of incident
EM waves were absorbed by the material. On the other
hand, an increased R coefficient shows that most incident
EM waves were reflected, leading to fewer penetrating
waves being absorbed. Consider the phrase that follows
as well:

A=1-R-T (15)

T <« A&R~1—R (16)

If the T value is sufficiently low, which is always true
under effective shielding when the SE value is greater
than 20 dB (T <0.01), the reference of A or R coeffi-
cients with the crucial threshold of 0.5 could be used in
the assessment approach of conducting polymer nano-
cellulose fibers nanocomposite EMI shields with low
reflectivity.

Mechanisms to mitigate EM reflection of non-woven
fabrics

The design and fabrication of EMI shields having excel-
lent characteristics is of paramount importance to
research and the industrial sector: this has led to a mas-
sive search for approaches and mechanisms aimed at
mitigating EM reflection, which is not desirable, espe-
cially in military applications. Researchers have reported
some approaches of techniques for mitigating EM waves
reflection, such as coating [19, 21], electrospinning [50],
electroless coating, sandwiching, etc., as depicted in
Fig. 7 below: with reference to Table 2, which is obtained
as per literature, we found out that the approaches
adopted for the processing and/or enhancement of non-
woven-based EMI shields performance are thus: nee-
dle punching: 27 to 112 dB>coating: 14 to 110 dB>ES:
22 to 100.9 dB>others: 10 to 81 dB>vacuum-assisted
filtration: 14 to 75 dB>in situ polymerization: 20 to
67 dB >sandwiching: 20.42 to 63.1 dB. Surprisingly, sand-
wiching which for other materials have been shown to
give extremely high EMI SE, is at the bottom here with
respect to non-woven EMI shields. This may be largely
due to the high permeableness of the NW shield to EM
waves, leading to extremely high multiple internal reflec-
tion, which results in reflection loss. Also, where the
non-woven is impacted with excellent magnetic and
conductive properties, their shielding effect is expected
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Fig. 7 Novel process adopted for mitigating EM reflection to obtain high SE in non-woven EMI shields

to be even higher. Our findings as per literature are not
exhaustive but inclusive with regard to currently available
literature. We must remember that researchers must look
out for advances in this niche as per their period of work/
investigation(s).

With regards to non-woven textile fabric-based EMI
shields, researchers have presented interesting findings
as presented in Table 2 above. These systems fall within
one, or two classes of EMI shielding data for textiles as
can be confirmed with the aid of Table 3 [72].

The electrical conductivity and permeability have the
biggest impact on the SE; and SE, values, according to
Egs. (1) and (2), for a material with constant thickness,
and the associated correlations are presented as follows:

o
SEp=Z

m (17)
SEqs=op (18)

wherein contextual SE; and SE, improve with increas-
ing electrical conductivity, indicating that electrical con-
ductivity positively impacts both EM reflection and EM
absorption. However, increasing permeability would
result in a lower SE; score and a higher SE,, suggesting
that greater magnetism may help to reduce EM reflection
while enhancing EM absorption.

In essence, I" value intuitively reveals the shield’s capa-
bility to reflect EM waves, and the commensurate equa-
tions are as follows:

r=%"

20 [ z420) (19)

Forl' =0; Z = Z (20)

where Z and Z, stand for the sample and air imped-
ances, respectively. The electrical resistance related to
the sample and the air is identical when I' = 0, attaining
electrical resistance matching, which is controlled by the
associated permeability as well as permittivity. Incident
EM waves entirely flow through the material without
being reflected [99]:

Equation (21), when combined, yields the following
expression:

(21)

— = (22)

Both the relative permeability and permittivity of a
material must be equal in order for the incident EM
waves to penetrate the material for absorption rather
than being reflected on the outside. In contrast, a smaller
difference between a material’s relative permeability
and permittivity may lead to a significant improvement
in the electrical resistance match between the material
surface and the air, resulting in less reflection and more
absorptivity.

Coating/electroless deposition

In materials science and surface engineering, coat-
ing, more especially electroless deposition, is a flexible
and frequently employed technology. Without using an
external electrical current, a chemical reaction is used
to deposit a thin coating of a metal or other material
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Table 3 EM SE value classification for fabrics intended for general use as EMI shields

Category/item or EMI Class | (Professional use) [98] Class Il

shielding parameter (General
use) [98]

SE (dB) SE>60 60>SE>50 50>SE>40 40>SE>30 30>SE>20 SE>30

Categorization Excellent Very good Good Moderate Fair Excellent

EM wave shielding % (%) ES>99.9999% 99.9999%>ES>99.999% 9.999%>ES>99.99% 99.99%>ES>99.9% 99.9%>ES>99.0% ES>99.9%

Grade AAAAA AAAA AAA AA A AAAAA

onto the surface of a substrate. Chemical deposition or
autocatalytic deposition are other names for electroless
deposition.

In autocatalytic processes, a substrate’s surface cata-
lyzes a chemical reaction that causes the deposition of
a desired substance. This is how electroless deposition
works. Unlike electroplating, which requires an electri-
cal current, this reaction can happen without the use
of an outside power source. The electroless deposition
procedure typically entails the following crucial steps:

Surface preparation: The substrate’s surface is
cleaned and prepared to ensure good adhesion of
the deposited material.

Activation: A catalytic layer is often applied to the
substrate’s surface. Common activation methods
include sensitization and activation baths.
Deposition bath: The substrate is immersed in a
deposition bath containing a solution with the
desired metal ions or other materials to be depos-
ited.

Chemical reaction: Chemical reactions between
the substrate’s surface and the deposition solution
reduce the metal ions, resulting in the formation of
a uniform and adherent coating on the substrate.

The electroless deposition has a wide range of appli-
cations across various industries, including corrosion
protection (coatings can be applied to prevent cor-
rosion of metal substrates), electrical conductivity
(it’s used to deposit conductive materials onto non-
conductive substrates, such as plastics, to create elec-
tronic components), wear and abrasion resistance
(coatings can enhance the wear resistance of compo-
nents, extending their lifespan), decorative finishes
(in industries like automotive and jewelry, electroless
deposition is used for decorative purposes, creating a
shiny and durable finish), printed circuit boards (PCBS)
(electroless copper deposition is a critical step in PCB
manufacturing),

Electroless deposition offers several advantages,
including uniform coating thickness, the ability to coat

complex and irregularly shaped objects, excellent adhe-
sion, and the ability to deposit a wide range of materi-
als, including metals, alloys, and ceramics.

While electroless deposition is a valuable technique, it
also presents challenges, such as controlling the deposi-
tion rate, maintaining bath chemistry, and addressing
waste disposal concerns.

Electroless deposition is a flexible and frequently used
method for depositing thin coatings on various surfaces
for various applications, from corrosion prevention to
electronics fabrication. It is an important tool in surface
engineering and materials research because of its excep-
tional capacity to deposit materials without external elec-
trical currents.

A facile wet electroless coating/deposition approach
has been reported by Tan et al. [21], as depicted in Fig. 8.
Their process was thus: The NW cotton fibers (CFs) were
washed using water and ethanol with the aid of ultrasoni-
cation prior to electroless deposition. To create the nuclei
(Sn.2*) on the surface of the cleaned CFs, they were sub-
merged in a solution of 0.1 M tin(II) chloride (SnCl,) and
0.1 M hydrochloric acid (HCI) for 10 min. Then, as shown
in Fig. 8, the sensitized CFs were immersed in the Tollen’s
reagent and reducing solution with stirring to produce
Ag deposition after being washed with distilled water.
The extra NH;-H,O was added to a 2.0 wt.% AgNO,
solution while stirring to make the Tollen’s reagent. The
reducing solution contained 50 mL of deionized water,
0.5 g of sodium hydroxide, 0.7 g of glucose, and 5.0 g of
potassium sodium tartrate (NaKC,H,O4,H,0). Ag par-
ticle deposition amount and timing were both regulated.
Here, the influence of Ag quantity on the EMI shielding
was investigated using depositing times of 10, 20, 30, 40,
60, 120, and 180 s, which were named Ag@CFs-10, Ag@
CFs-20, Ag@CFs-30, Ag@CFs-40, Ag@CFs-60, Ag@
CFs-120, and Ag@CFs-180 for convenience, respectively
[21]. The extra NH;-H,O was added to a 2.0 wt.% AgNO,
solution while stirring to make the Tollen’s reagent. The
reducing solution contained 50 mL of deionized water,
0.5 g of sodium hydroxide, 0.7 g of glucose, and 5.0 g of
potassium sodium tartrate (NaKC,H,O, 4H,0). Ag par-
ticle deposition amount and timing were both regulated.
Here, the influence of Ag quantity on the EMI shielding
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Fig. 8 The schematic diagram of the processing procedures of Ag@CFs non-woven fabrics.

Reproduced with permission from Tan et al. [21], Copyright 2018, Elsevier Science Ltd

was investigated using depositing times of 10, 20, 30, 40,
60, 120, and 180 s, which were named Ag@CFs-10, Ag@
CFs-20, Ag@CFs-30, Ag@CFs-40, Ag@CFs-60, Ag@CFs-
120, and Ag@CFs-180 for convenience, respectively [21]
Figure 9 shows the morphology of pure non-woven CFs
and Ag@CFs with various coating times. The individual
CFs were discovered to be randomly compacted to cre-
ate non-woven textiles with porous structures, which is
a suitable structure for high-performance EMI shield-
ing via multiple reflections and then absorption attenu-
ation. The surface of CFs was particularly smooth for
the pure NW materials (Fig. 9a). The Ag did, however,
cause the CFs to become rough. Ag particles were firmly

adhered to the CF surface, showing that there was a posi-
tive interfacial interaction between the Ag particles and
cotton fibers. To learn more about how well the Ag clad
layer adheres to the CF substrate, a peel test using tape
was performed. After the tape was taken off the surface,
it was discovered to have little Ag particles and fiber fail-
ure, showing good interfacial interaction between the Ag
particles and CFs. The catalyzer (Sn2+), which exhibits
a high level of contact with fiber hydroxyls, was likely
responsible for the favorable interfacial interaction [21].
Additionally, when the coating period rose, the amount
of Ag particles also increased. The Ag particles for the
Ag@CFs-10 NW textiles were sparsely adherent to the

23

Fig. 9 SEM images for the neat CFs (a), Ag@CFs-10 (b, ¢, and d), Ag@CFs-20 (e and f), and Ag@CFs-180 (g and h) non-woven fabrics.

- e

Reproduced with permission from Tan et al. [21], Copyright 2018, Elsevier Science Ltd



Orasugh et al. Functional Composite Materials (2024) 5:5

CFs (Fig. 9d), but the Ag@CFs-20 non-woven fabrics had
densely adhered Ag particles that came into contact with
one another to form conductive channels (Fig. 9f). The
surface of cotton fibers in the Ag@CFs-180 non-woven
fabrics was entirely covered with Ag particles (Fig. 9h),
indicating excellent conductive routes. Furthermore, even
for samples with 180 s of deposition time, the porous Ag
layer structure that would provide numerous surfaces
to reflect microwaves was well produced throughout
the Ag deposition technique. These authors revealed in
their report, as shown in Fig. 10 that the EMI SE of the
pristine NW fabric was found to be approximately zero
while the EMI SE of the Ag-coated fabric “Ag@ACFs-10
(thickness of 0.5 mm)” was 99.999993% within the 8.2—
12.4 GHz band. This implies that only 0.000007% of the
incident EM wave(s) passed through the shield/filter, [21]
report signifying the enhancement of EMI SE of non-
woven fabric system is the use of ultrafine PET coated
with PPy via in situ polymerization [64]. The authors
reportedly prepared the shield(s) by immersing the PET
fabric(s) into diverse concentrations of ASP solution con-
taining the dopant, followed by immediate exposure of
the immersed fabric to pyrrole vapor and finally drying.
The prepared shield(s) having 10 layers of the PET@PPy
(0.5 mm thick) could successfully absorb 99% of incident
EM waves [64]. The approach reported by these research-
ers, if augmented, can be adopted for the fabrication of
high-performance EMI shields with the inclusion of
functional conductive and magnetic nanoparticles.
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Roll-on-roll coating techniques have also been used
to coat Cu/Ni onto ultrathin non-woven PET fabric
“MEFTEX 20” leading to an increase in the fabric(s)
conductivity and, ultimately, the EMI SE of the shields
[56]. The report showed that the coated non-woven
fabric sample with single and double layers exhibited an
EMI SE of 53 and 73 dB at a frequency of 1.5 GHz. A
vital observation was made by these researchers: they
found that the area per aperture showed a direct rela-
tionship to the EMI SE of the fabricated shields [56].

The adoption of low production cost dip coating or
impregnation of rGO onto the surface of PP NW fabric
by firstly coating the fabric with GO followed by cur-
ing/reduction of GO to rGO at a temperature of 100 °C
for 10 h as depicted schematically in Fig. 11 has been
reported [58].

The double dip coating approach of PMIA NW
fabric(s) has been reportedly reported by Lele et al.,
as depicted in Fig. 12 [59]. The authors first coated the
virgin NW fabric with Ag nanoparticles using dip coat-
ing and subsequently dried the coated material. After-
wards, they again coated the Ag-coated fabric with
PEDOT: poly(styrenesulfonate) by dipping the fabric
into PEDOT:PSS solution, where the blended polymers
were dissolved in a binary solvent made of water and
DMSO. The coated fabric(s) was then dried and ready
for characterization with the inclusion of EMI SE [59].
They fabricated highly flexible hybrid EMI shield hav-
ing a low electrical conductivity of 0.92+0.06 Q sq~?,

120
100 |-
. 80 |-
[24]
s
— 60|
8
° L
‘Lg 40 | —=—pure CFs —0— Ag@CFs-10 —— Ag@CFs-15
— —v— Ag@CFs-20 —¢— Ag@CFs-30 —&— Ag@CFs-40
E [ —— Ag@CFs-60 —¢— Ag@CFs-120 —— Ag@CFs-180
20 |-
0F B e S e Vil
1 1 1 L 1 1 1 ' 1
8 9 10 1" 12
Frequency (GHz)

Fig. 10 EMI SE of the Ag@CFs non-woven fabrics with various Ag depositing times as a function of frequency in the range of 8.2-12.4 GHz (X

band).

Reproduced with permission from Tan et al. [21], Copyright 2018, Elsevier Science Ltd
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and presented an EMI SE of 56.6 dB within the X-band
with [59].

Electrospinning
Electrospinning is an innovative approach adopted for
preparing polymeric NW fabric systems composed of
fibers with diameters within um to nm length scale. The
NW fibrous materials prepared by this system possess
very high porosity at nm to um length scale, which is
vital to the permeability of shields fabricated from them
to EM waves. Upon imparting the polymeric nanofibers
produced via these systems with magnetic and conduc-
tive properties, their EMI SE is enhanced to a very great
extent [9, 76]. In this vein, Chang et al. [76] reportedly
prepared a Cu-coated acetone heat-treated PLLA as well
as the non-treated NW electrospun nanofibrous mem-
brane. They reported that owing to the ability of the fab-
ric to efficiently absorb EM wave(s) with the presentation
of EMI SE of 33.65 dB at a reaction time of 8 h for their
sample, named Cu/PLLA-8 h.

The adoption of the electrospinning process for the
preparation of highly flexible and efficient EMI shields
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has been demonstrated by Wei et al. [85], where the
researchers first of all prepared EVA electrospun mat fol-
lowed by dip-coating and finally, electroless coating of Ag
as shown in Fig. 13.

The results reveal that EVA has no shielding against
EM waves while its hybrid system “EVA@PDA@Ag”
presented SE value of 86.75 dB (SE,, is ignored; SE, is
65.74 dB; and SE; is 21.01 dB) as depicted in Fig. 14a.
They also compared their findings with previously
reported literature and found that, their electrospun
hybrid shield performed better (Fig. 14b): the shielding
mechanism of the hybrid shield was said to be dominated
by absorption (Fig. 14c) due to the excellent permeable-
ness as well as conductivity of the fabric.

Another instance where ES has been utilized for the
preparation of a high-performance EMI shield is in work
reported by Li et al. [86]: the authors firstly prepared, and
electrospun PAN@SiO, mat trailed by in situ electro-
less Ag coating and finally perfluorodecanethiol (PFDT)
to provide the system with hydrophobic properties as
depicted in Fig. 15. The fabricated hybrid/nanocomposite
reported by these researchers presented an outstanding

(

Fig. 13 Schematic demonstration for the preparation of EVA@PDA@Ag fibrous composite.

Reproduced with permission from Wei et al. [85], Copyright 2022, Elsevier Science Ltd
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Electrospinning
Fig. 15 Schematic illustration for preparation of the PAN@SiO2-4 wt%Ag-X-PFDT composite film.
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Reproduced with permission from Li et al. [86], Copyright 2020, Elsevier Science Ltd

EMI SE of 80-82 dB due to multiple internal reflections,
reflection loss, and absorption of the EM waves by the
highly conductive fabric [86].

According to a report by Guo et al. [50], the electro-
spinning process was adopted as a preparation to fab-
ricate TaC/C NW fabrics as depicted in Fig. 16. The

electrospinning solution was made as follows: A specific
amount of PAN powder was mixed with DMF, followed
by the addition of TaCl; powder with varying contents
(the mass fraction of TaCl; and PAN was 0.1, 0.2, 0.4,
and 0.6), to a solution of PAN that was 12 weight percent,
and magnetic stirring was performed for 12 h at room
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Fig. 16 Schematic illustration of the fabrication process of TaC/C electrospun non-woven fabrics.

Reproduced with permission from Guo et al. [50], Copyright 2021, Elsevier Science Ltd

temperature. The PAN used in this work as raw material
for electrospinning has an average M,, of 150,000 g/mol.
In our pre-electrospinning experiments, we discovered
that a PAN concentration of 12 wt.% might achieve a con-
tinuous electrospinning process, and the resulting fibers
have good quality, uniform shape, and beads-free struc-
ture. In their typical ES approach, a stainless-steel nee-
dle was used to transfer the combined solution into the
syringe (10 ml, inner diameter: 14.48 mm). The voltage
source for electrospinning (DW-N303-1ACDFO, Dong
Wen High Voltage Co., Ltd., China) was set to 24—25 kV,
and the syringe thrust speed was set to 1.5 ml/h. TaCl;/
PAN nanofibers were extracted from aluminum foil that
had been wrapped around the roller (JDS02, Chang-
sha Nanoapparatus Co., Limited, China; rotational
speed: 1500 rpm); the distance between the needle and
the collector was 15 cm. It was 25 °C outside, and there
was 50% relative humidity plus 5%. The obtained NW
materials were put in a vacuum oven at 80 °C for four
hours to remove extra solvent. Dry TaCl;/PAN NW fab-
rics were treated to cure nanofibers at 220 °C in the air
with a heating rate of 2 °C min™' for 2 h. The NW fab-
rics were subsequently carbonized at 800 °C for 1 h and
heated to 1200 °C for 1 h. The carbothermal reduction
reaction caused the Ta,O; crystal to develop at pyrolysis
temperatures of 800 °C and change into crystalline TaC
at 1200 °C. These electrospun N'W fabrics are created
by combining 0 wt.%, 10 wt.%, 20 wt.%, 40 wt.%, and 60
wt.% of the materials. TaCl; was given the designations of
CNE, TCNF-1, TCNF-2, TCNE-3, and TCNF-4, accord-
ingly [50].

The utilization of the ES technique has been proven
over and over again as an effective way to fabricate
advanced high-performance EMI shields: the exciting
thing about this approach is that it is scalable for com-
mercial application.

Sandwiching/lamination
Sandwiching is an excellent technique that has reportedly
been proven to enhance the EMI shielding performance
of fabricated EMI filters [24].

In the report by Zhang et al. [24], the authors presented
a novel approach where NW fabrics made of cotton, pol-
yester, and sodium alginate were first coated with MXene
(Ti;C,Ty) on both sides via a spray drying technique fol-
lowed by superimposition of the sprayed fabrics. As per
their approach, the needle-punched N'W fabrics were
coated with 2 mg/ml Mxene solution on either face of the
fabrics until a 20% increment in the sprayed fabric weight
was obtained. The Fabrics were then superimposed via a
layer-by-layer assembly approach to get multilayered EMI
filer fabrics made of cotton/Mxene, polyester/Mxene,
as well as CA/Mxene having 2, 3, and 4 layers, respec-
tively [24]. These authors reported that the SE of the
pristine fabrics having no coating was found to be 0.05,
0.12, but also 0.09 dB for cotton, PET, and CA, respec-
tively; though upon coating plus sandwiching, the elec-
trical conductivities of cotton-coated Mxene PET coated
Mxene, and CA coated Mxene rose from 5.04 S/m, 1.41
S/m and 9.32 S/m to 13.24 S/m, 1.66 S/m and 13.44 S/M
correspondingly [24]. With the enhancement in the EC of
the systems, the SE; which is closely correlated to it, was
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enhanced, though also followed by the absorption of the
EM waves, seeing their obtained EC values were not high
enough. The SE of the spray-coated systems were report-
edly enhanced with increasing layers (from 2 to 4) [24].
In their report, cotton-coated Mxene showed the highest
SSE, (SSE,=2301.95 dB/cm/g) owing to its small cross-
section, lightweight, as well as medium SE, which was
seconded by CA-coated Mxene (SSE,=1735.72 dB/cm/g)
and lastly PET coated Mxene filters (SSE,=891.94 dB/
cm/g).

In another study, a group of researchers have estab-
lished that a practical textile-based NW EMI shield com-
posed of cotton fibers coated with graphene stabilized
chitosan could be fabricated via self-assembly using a
layer-by-layer approach [6]. Their fabricated system, hav-
ing ten layers, presented an outstanding EC of 1.67 x 10
S m~! and showed an EMI SE of 30.04 dB along with
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outstanding heating character even upon the subjection
of the fabric system to several cycles of washing.

An increase in the number of layers in non-woven-
based textile EMI shield have been proven to result in
a concurrent improvement in the EM wave(s) absorp-
tion capacity. This concept has been validated by several
studies [24, 72]. However, an interesting report in this
regard is the study carried out by Hu et al. [72], where
the authors reportedly found out that the EMI SE of Cu-
coated PET non-woven fabric shields could be enhanced
by increasing the number of layers even up to 4-layer
but with the addition of the fifth layer, no significant
improvement was observed when compared to the sam-
ple having 4-layers as presented in Fig. 17 below.

Thus, by increasing the number of layers of NW -based
textile EMI shield, researchers have proven that a concur-
rent improvement in the EM wave(s) absorption capacity
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Fig. 17 EMI shielding effectiveness (EMSE) of increasing layers for MEFTEX. a MEFTEX 10 (b) MEFTEX 20 (c) MEFTEX 30.

Reproduced with permission from Hu et al. [72], Copyright 2021, MDPI
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is obtainable: this concept can be adopted even in other
material systems to improve their SE.

Vacuum-assisted filtration/deposition (VAF/D)

Techniques like vacuum deposition use a vacuum filtra-
tion method to target the deposition onto the substrate,
where the force exerted by the focus material sediment
on the support material is used to produce the deposi-
tion. A conductive layer is repeatedly deposited on the
NW fabric surface using vacuum deposition to provide
an effective shielding cover that can block extraneous EM
waves inside the shield. By adjusting the vacuum pressure
or operation time in this method, it is feasible to control
both the quantity and further propagation of the working
media into microporous material. Of course, in practice,
the concentration of the mixture and the material’s per-
meability are the only drawbacks. NW materials offer an
advantage over solid systems in that the working medium
is more closely linked with the material when it is filtered
into the pores instead of accumulating on the surface. In
the end, improving the vacuum deposition procedure is
not difficult.

A good instance where VAF/D has been used is in the
report by Xin et al. [69], where the authors synthesized
an ecofriendly MXene/Ag (nanosilver)@CNFs (cellulose
nanofibers) and MXene/CNFs using VAD/F. The VAF/D
preparation of the NW fabric with the surface covered
with Ag@MXene resulted in enhanced EM wave absorp-
tion (with a SE of 50.7 dB from 0 dB) due to enhanced
permeableness and conductivity of the final fabric. On
the other hand, the VAF/D preparation of the NW fab-
ric with the surface covered with MXene alone resulted
in enhanced EM wave absorption (with a SE of 14.98 dB
from 0 dB) due to enhanced permeableness and conduc-
tivity [69].

Another report by Li and his colleagues [70] on
Ti,C,T, @GO@SiO,/PP where the novel preparation
approach resulted in increased interlayer spacing of
Ti,C,T, and increased porosity of M/DLCNSs HF-10%
successfully enabled numerous EM wave reflection losses
to boost EMI SE. Their outcome demonstrated once
more that electrical conductivity alone is unable to con-
sistently improve the EMI SE for 2D materials [70]: an
astonishing EMI SE of 52.8 dB was obtained even via a
facile VAE/D.

In a particular instance, NW MXene fabric pre-
pared via the VAF/D resulting in an MXene fabric EMI
shield displayed enhanced EM wave absorption due to
enhanced permeableness of the fabric and excellent con-
ductivity of MXene [68].

The VAF/D is a very facile approach that can be
adopted for diverse N'W materials; though used by
researchers for the preparation of high-performance NW
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EMI shields; this process requires too much time, can
be only used to fabricate films of limited thickness and
area, its scalability is limited, the mechanical properties
of the deposit and their influence by control parameters
on residual stress molded thin films as well as highly
porous membranes are also little understood, it is unclear
how the applied pressure of the depositing species affects
interfacial contact, nucleation, and deposit formation.
More work is therefore required from researchers in this
area.

Spray deposition

The spray deposition method is widely used for the depo-
sition of thin-layer metallic layer(s) of functional nano-
particles onto the surface of substrates like traditionally
produced NWs and/or electrospun NFs-based NWs,
where metal (nano)particles are evenly attached to the
exterior portion of the electrospun NFs/substrate. By
employing this technique with a change in their EMI SE,
a limitless impact on the EM wave shielding performance
of NWs sprayed with various NPs has been studied. This
research is limited at the time, but curiosity is expand-
ing [24, 90]. A typical illustration of the spray deposition
technique, which is adaptable for NW EMI shields prepa-
ration, is illustrated in Fig. 18.

The spraying of Ti;C,Tx onto the surface of PET NW
fabric/laminates with the aim of mitigating EM wave
reflection and enhancing its absorption has been shown
to yield a system “PET@Ti;C,T” having a specific shield-
ing effectiveness (SSE) to thickness “SSEt” of 891.94 dB/
cm?/g. In contrast, the virgin PET N'W materials showed
an EMI SE of only 0.12 dB [24]. In the same study, the
authors demonstrated that the EMI SE of non-woven
cotton fabric as well as CA with Ti;C,Ty using the spray
deposition approach where they interestingly obtained
SSE, of 2301.95 dB/cm?/g from SE of 0.05 dB for the cot-
ton coated Ti;C,Ty sample (Cotton@Ti;C,T) and SSE,
of 1735.72 dB/cm?*/g (from SE of 0.09 dB for virgin CA)
for the CA coated Ti;C,Ty samples respectively [24].

In another instance, Zhu et al. [90] Spray deposited
SWNTs/GA-chitosan onto the surface of PET NWs (as
per Fig. 19), leading to enhanced EM waves absorption
in SWNTs/GA-chitosan@PET NW having SE of 29 dB
(from 7 dB for the virgin fabric). The high SE obtained for
the reported shield was due to the fabric’s high conduc-
tivity and permeableness to incident EM waves.

NWs EMI shields modified/prepared vis spray depo-
sition technique (which is merged with other coating
approaches undercoating technique at broader overview)
have reportedly displayed outstanding EMI shielding
performance as discussed above. This approach is fac-
ile and scalable for commercial applications, making it
attractive.
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In situ polymerization

This approach involves the fabrication of NW EMI
shields via an in-situ polymerization reaction where
the non-woven textile material is covered in situ with
another polymerized active polymeric matric with the
aim of enhancing its property performance towards EM
wave sheltering. In situ polymerization as a way of pre-
paring NW-based EMI fabric shields has been utilized
effectively by a handful of researchers [8, 12, 63].

An interesting instance where in situ polymerization
has been utilized for the preparation of EMI shields hav-
ing excellent SE is in the report by Sedighi, Naderi, and
Brycki [63], where the authors polymerized PANI onto
the surface of NW PET fabric(s) as depicted in Fig. 19.
They first deposited Fe;O, on the surface of the non-
woven fabric followed by spray deposition of GO which
was later reduced to rGO. Again, PANI was then polym-
erized in situ on the surface of the Fe;O,@rGO coated
fabric. Finally, Ni-B and NI-P were electroplated onto
the Fe;0,@rGO@PANI coated fabric(s), clearly illus-
trated in Fig. 20 [63]. The fabricated PET/Fe;0,@rGO@
PANI fabric shields the highest EMI SE of 81, 42, and
27 dB for the 3, 2, and 1 layered samples, respectively,
which was largely due to the fabric being endowed with
multi-interfaces and heterojunctions by the NI-P nano-
particles, magnetic and dielectric loss provided by the
Fe;O, nanoparticles as well as enhanced conductivity
provided by PANI and rGO [63].

Another example of the use in-situ polymerization for
the fabrication/enhanced reflection mitigation of a NW
EMI shield is presented in the work by Avloni et al. [65].
The in-situ polymerization of PANI on the surface of PET
NW impacted the PET fabric with enhanced conductiv-
ity, leading to a very low surface resistivity and enhanced
SE of 37 dB. The authors postulated that the EMI shield-
ing mechanism was mainly dominated by multiple inter-
nal reflections of the EM waves along with absorption
and reflection [65].

Needing punching
Another instance of the fabrication of a NW EMI shield
composed is using needle punching directly.

A group of authors have used the needle punching
technique for the realization of non-woven EMI shield(s)
made of PP/CFs directly via the process of blending the
fibers by the adoption of punching technology, which is
an industrially applicable approach for non-woven fab-
rics production [87]. These authors reportedly varied the
wt.% of CFs in the PP non-woven mat using 30, 20, and 10
wt.%, respectively. Their report portrayed the EMI shield-
ing mechanism of the mats to be majorly dominated by
absorption and reflection, though the shield containing
30 wt.% CFs presented a better EMI SE of 42.1 dB, while
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the systems containing 20 and 10 wt.% presented SE of
32.2 and 15.6 dB respectively [87]. The approach reported
herewith can be easily scaled up for commercial produc-
tion of these novel systems for advanced EMI shields
production for real-life applications.

NW technology is interesting in that it is an industrially
proven scalable approach that, if adopted properly, can
be utilized to prepare novel advanced EMI shields and/or
other high-performance materials applicable to diverse
niches.

Others

Some other approaches researchers use to design NW
-based EMI shields with high reflection mitigation are
limited or rare. One of these approaches is wet paper-
making-thermal-bonding, where the authors utilized a
NW textile made of PP/PE (core/sheath) bicomponent
fibers reinforced with 40 wt.% CFs [22].

In an interesting instance, a group of researchers amal-
gamated several approaches (Fig. 21) at the fabricated of
novel WPU@Ag/FeCo@rGO nanohybrid, resulting in a
system with several characteristic advantages which are
beneficial for EMI shielding application(s) [53]. In their
work, the authors, first of all, plated the NWF with Ag
via an electroless plating technique followed by solution
casting of WPU onto the Ag-plated non-woven fabric
and dried properly. Afterwards, a solution of FeCO@
rGO was cast onto the NWF@Ag/WPU fabric to obtain
the final composite, named Ag/NWEF/FeCo@rGO/WPU
[53].

Another instance in this regard is the adoption of a
hybrid processing technique by Gao et al. [91], where the
authors amalgamated in situ polymerization of DA solu-
tion (monomer) on the surface of cotton non-woven fab-
ric to produce Cotton@PDA (PDA@NWCFs) followed
by electroless deposition of Ag to realize Cotton@PDA@
Ag (AgNPs/PDA@NWCEFs) fabric and lastly accompa-
nied by coating of the fabric(s) with PDMS and PI poly-
mers as depicted in Fig. 22. Their fabricated systems,
PI/AgNPs/PDA@NWCFs and PDMS/AgNPs/PDA@
NW(CEFs hybrids presented an EMI SE of ~112 dB owing
to the high conductivity and porous architecture of the
shield(s). The authors also revealed that PI and/or PDMS
coating on the composite fabric did not affect its EMI SE.

The adoption of other approaches for the fabrication
of NW -based EMI shields has also been proven effec-
tive but also is an essential avenue towards impacting the
designed shields with additional properties not just for
NW -based shields but also other structurally designed
systems.

Atomized layered deposition (ALD) is an innova-
tive process that is adaptable for enhancing the prop-
erty performance of NW shields is atomized layered
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Fig. 20 Schematic illustration of the fabrication of the MrGPN-nonwoven fabric.

Reproduced with permission from Sedighi, Naderi, and Brycki [63], Copyright 2023, Elsevier Science Ltd

deposition. The deposition of functional particles Fabrication techniques for nonwoven

(such as aluminum oxide (Al,O;)) upon the surface of and nonwoven EMI shields

virgin NW PET materials via plasma-enhanced atomic ~ Wetlaid, meltblown, airlaid, drylaid, spunlaid, and in a
layer deposition has been shown to enhance the over- few rare cases, ES are the NW production techniques
all property performance of the NW shields [100]. that have generally been successfully employed to create
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NW webs/fabrics. The fibers of webs are joined together
using hydroentanglement, thermal bonding (using cal-
endaring rollers and hot air ovens), needle punching,
and stitch bonding. The bond formation and the tech-
nologies used for web making directly influence the

functional characteristics and price of NW webs/fabrics.
Conventionally, the approaches adopted for NWs aimed
for EMI shield fabrication towards enhanced shielding
performance are in situ polymerization [8, 12, 63], poly-
mer intercalation/film casting [8], melt compounding/
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extrusion [4, 12], Electrospinning [9] coating [9], and oth-
ers, as earlier discussed.

Natural fibers like jute fibers, cellulose-based fibers like
wood pulp and cotton, synthetic fibers like poly (ethylene
terephthalate) (PET), polypropylene (PP), and rayon, and
specialty materials like bi-component fibers and nanofib-
ers are the main raw materials used to make N'Ws fabrics
[101]. Due to the inclusion of wood pulp fibers, airlaid
NWs are isotropic, lofty, high porosity (95-99%), suit-
able for ecofriendly EMI shield fabrication, and are more
sustainable than their synthetic counterparts. They also
have a softer handle, strong resilience, and appropriate
tensile strength for wearable electronics materials fabri-
cation. As a result, some makers of NW fabrics choose
airlaid-thermal bonded materials over carded-spunlaced
ones because they feel softer and have cheaper produc-
tion costs. Contrarily, the web bonding method known
as needle punching involves mechanically aligning and
connecting the fibers of a spun-bonded or carded web.
Hundreds to thousands of sharp felting needles, made of
either natural or synthetic fibers, constantly pass into and
out of the web to create mechanical interlocking [102].

Again, Wetlaid and CoForm are two other web-making
techniques. Using wet formed NW systems, the wet-
laid process is connected to creating the precursor web
for entanglement. Then, fibers are deposited on a screen
after being distributed in water with a very high dilution
[103]. Because of this, wet-forming methods may create
uniform, almost completely isotropic sheet structures
for hydroentangling. Wetlaid NWs have a wide range of
uses: they can be used for many different things, includ-
ing preforms for composite manufacturing for diverse
advanced materials, wet wipes for cleaning, wet wipes for
toilets, dental wipes, disinfection wipes, perfumed wipes,
and more [103, 104]. The use of fine denier polypropyl-
ene spunbond, which has a denier of 1.0 to 1.2, is still on
the rise. Beautiful composites can be created with airlaid
and spunlace. Bicomponent polypropylene/polyethylene
materials are used to create meltblown webs, improving
the N'Ws property performance [105]. For the cover stock
of advanced N'W materials, spunbond fabric is used alone
or in combination with ultra-lightweight meltblown fab-
ric. With a polypropylene core that offers high strength
and mechanical stability and a polyethylene sheath that
adds softness and makes thermal bonding easier, bicom-
ponent meltblown NWs made of both polypropylene
and polyethylene have been developed. Spunbond (SB)/
meltblown (MB), also known as SM, and SB/MB/SB, also
known as SMS composites, are examples of architectures
that are frequently employed [106].

With Kimberly-CoForm Clark’s technology, fluffed
wood pulp is added to a meltblown stream of polypropyl-
ene fibers, resulting in a soft, fairly strong entanglement
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of the two fibers [105]. Medical supplies and feminine
hygiene products both employ these kinds of items.

Thus, we believe that researchers should focus
on adopting conventionally industrially acceptable
approaches or their modified forms for the fabrication
of high-performance NW shields for diverse advanced
applications. Most of the approaches that researchers or
industrialists have adopted for the fabrication of high-
performance NW EMEI shields have been discussed ear-
lier. However, we have discussed the merits and demerits
of these approaches for emerging researchers to channel
their energy towards the most effective approaches(s), as
presented in Table 4 below.

Nonwoven-based EMI shields application
The application of NW EMI shields spans from aero-
space, automobile, electrical/electronics, personnel
wearable devices [58], EMI shielding gaskets, containers,
shielded enclosures, as well as shielding bags; architec-
tural shielding materials, anti-static shields and ground-
ing materials [107]. An industry called “Swift Textile
Metalizing LLC” have shown that breathable NW EMI
shield produced from NW nylon fabrics coated with
Ni-Ag (heavy coat), Ni-Ag (light coat), and Ag alone can
be practically applied in real-life situations. The STM
NW line’s nylon NW fabric coated with Ni-Ag (heavy
coat) is reportedly strong and permeable, providing the
best shielding. An exceptionally good conductivity and
shielding are produced by a heavy-duty, point-bonded
nylon foundation with Silver and Nickel coatings [107].
This functional NW fabric is applicable as an EMI shield,
thus: EMlI/radiofrequency interference (RFI) shield-
ing gaskets; shielded enclosures, containers, and bags;
architectural shield; anti-static and grounding materi-
als. Once more, their Ni-Ag (light coat) product is mar-
keted as a lighter-weight substitute for bulky NW fabric
that maintains durability, conductivity, and shielding. Sil-
ver and Nickel coatings are applied to the point-bonded
nylon foundation: this fabric shield is applicable as EMI/
RFI shielding gaskets; shielded enclosures, containers,
and bags; architectural shield; anti-static and grounding
materials. Their point-bonded, lightweight, and robust
non-woven nylon fabric is utilized as the foundation. It
is coated with Ag. The fabric’s better biocompatibility
is a result of the absence of nickel. In order to optimize
the advantages of silver’s special qualities, it also enables
the silver coating to be exposed. This shield is applica-
ble mainly in the medical field [107]. The EMI SE of the
aforementioned fabrics falls within 75 dB at a frequency
of 1 GHz, along with a maximum resistance of 0.1 Ohms/
sq.

Looking at the literature, we can deduce that NWs
designed and fabricated for EMI shielding are more
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Table 4 Merits and demerits of diverse approaches used to fabricate functional NW -based EMI shields

Approach Merit(s) Demerit(s) Ref
Dip-coating Approach is cheap Film surface quality is directly influenced [9]

Melt extrusion/compounding

Electroless deposition

Electrospinning

3D printing

Spray coating/deposition

Vacuum-assisted filtration-
based deposition

Several coating layers can be administered
It is feasible to prepare many layers of various materials
simultaneously

Suitable for processing polymeric composite materials
Solvent free

Scalable

No need for processing downstream

High outlook

Broad application in advanced materials

Limited exposure to oxygen within the extrusion
channel

Itis a continuous process

There are no issues with the current network
Insulators like glass, ceramics, and polymers could

be covered with nanosheets of metals, alloys, as well
as compounds

[tis just a basic deposition tool

Compared to other vacuum deposition techniques,
this method has a low temperature

Itis not necessary to create a vacuum environment
produces homogeneous, high-quality films

cheaper than the standard vacuum deposition, spray
pyrolysis technique

The least amount of energy is required to produce
one unit area of chemically deposited materials, such
as CdS film deposition

Works well with polymeric composite systems
Excellent approach to fabricate nanofibrous non-
woven mats

Scalable approach

Inexpensive process

Bicomponent fibers can be produced using this
approach

Works well with polymeric composite systems
Excellent approach to fabricate microfibrous non-
woven mats

Scalable

[tis simple to obtain a film that covers a sizable area
It can be easily scaled

Spray pyrolysis is a less costly alternative to the con-
ventional vacuum deposition technique

Simple to use

by the annealing temperature, precursor content,
as well as any additives or solvents utilized
Control of coating thickness is challenging

Not suitable for metal-metal composite systems
Degradation of some functional reinforcing fillers may
occur during processing

Raw materials with high flow characteristics are
needed

Energy consuming

Byproducts may react as the solution ages, altering
the fabrication

Owing to contamination or other issues, nontargeted
nucleation and failure to nucleate or develop films

on specific regions solely with the catalyst surface

The process is time-consuming

The rate of deposition is not very high

obtaining a film thickness greater than 1 min a single-
dip deposition is difficult

Not very suitable for metal-metal composites

It is expensive for scaled production

Needle clogging is a great challenge

Low feed rate and production rate

Control of fiber size and morphology can be challeng-
ing

Challenging to process immiscible polymer blends
Not very suitable for metal-metal composites

It is expensive for scaled production

Not suitable for NF production

Solvent recovery is a challenge
Often made to include fibers and whiskers; therefore,
the alternatives for matrix alloys are restricted

Require too much time

It can be only used to fabricate films of limited thick-
ness and area

Its scalability is limited

The mechanical properties of the deposit and their
influence by control parameters on residual stress
molded thin films as well as highly porous membranes
are also little understood

Itis unclear how the energy of the depositing species
affects interfacial contact, nucleation, and deposit
formation

[9

9]

9]

[9, 68]

of a hybrid material, potentially advanced materials
for other technical applications such as sensors, heat-

ing devices, energy storage systems, piezoelectric

generators, and so on. Therefore, researchers work-
ing on/with NWs engineered as EMI shields should
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consider the possibility of expanding the scope of
application(s) possible for their materials.

Approaches towards enhanced nonwoven EMI
shields performance

The enhancement of the EMI shielding performance of
EMI filters is the drive of active researchers globally [4, 9,
12, 21]. The approaches reportedly utilized as per litera-
ture are the use of active fillers [4, 9], design/fabrication
of finer NW materials having high porosity [9], enhance-
ment of skin effect [4, 9], amalgamation of processing
approaches [9, 21], structural control of the concerned
filters [4], etc.

Present obstacles

Though researchers have made great strides in the niches
of polymer-based NW EMI filters, there still exist some
challenges. Conventionally, EM waves absorption, reflec-
tion, and multiple internal reflections occur within the
EMI shield to attenuate the EM radiation. The overall
EMI SE, referred to as SE; is normally considered the
summation of the three attenuations [4, 21]. We know
that the SE value of 30 dB, which signifies attenuation
of incident EM wave by 99.9%, is known to be the cur-
rent commercially acceptable value. The development of
highly effective/efficient flexible NW EMI filters via facile
and commercially acceptable techniques remains a great
challenge, though with the emergence of a novel state-of-
the-art NW fabric processing systems; this challenge can
be overcome through process amalgamation as we have
herewith presented.

Another obstacle in this regard is the development of
a transparent high-performance, NW EMI shield that
meets the market standard. Additionally, it is challenging
to produce durable electronic materials with high-per-
formance EMI shielding and reliable use in all weather
conditions. Though careful design and fabrication of
high-performance NW EMI shields can overcome this
challenge, researchers must look into this.

Also, the control of the structural parameters of NW
fabric materials intended for EMI filters is still not
or rarely considered by researchers because of avail-
able literature: we believe researchers should consider
the structural parameters of NW materials as the main
point of study towards enhancing their EMI SE property
performance.

There still exists the challenge of optimization of the
active filler material distribution within the NW indi-
vidual structure(s), which is of paramount importance,
seeing its optimization directly results in the prepara-
tion of EMI filters having high EM wave attenuation even
with the inclusion of low filler content like in double
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percolation structures [26], segregated structures [108],
as well as sandwiched structures.

The development of NW textile materials for EM wave
shielding is hampered by the fact that it combines the
fields of textile engineering and EM wave propagation.
The main difficulties are listed below:

Effective shielding performance: Achieving high
shielding effectiveness across various EM frequencies
(from radiofrequency to microwave and beyond) is a
significant challenge. Materials must effectively block
or absorb EM waves to protect against various radia-
tion sources, such as Wi-Fi, cellular signals, and even
potentially harmful radiation like X-rays. Research
reports where the fabricated NW-based EMI shield
perform effectively against the aforementioned fre-
quencies is still rare or unavailable.

Frequency range: Different applications require
shielding against different frequency ranges. Design-
ing NW materials covering a broad spectrum of fre-
quencies while maintaining efficiency at each point is
challenging.

Material selection: Identifying and developing suit-
able materials is crucial. Materials need to be light-
weight, flexible, and comfortable to wear or use,
which can be a challenge when optimizing their EM
shielding properties while retaining their lightweight,
flexibility, and comfort to wear or use.

Durability and washability: NW textiles for shield-
ing purposes should be durable enough to withstand
wear and tear over time and maintain their shielding
properties even after multiple wash cycles. Ensuring
that the shielding performance doesn't degrade with
time is vital.

Thickness and comfort: Balancing thickness (which
often correlates with shielding effectiveness) with
user comfort and flexibility is essential. Thicker mate-
rials might offer better shielding, but they can be less
comfortable and limit the range of applications.
Cost-effectiveness: Developing cost-effective manu-
facturing processes for these specialized materials
can be challenging. For widespread adoption, these
materials must be affordable to produce at scale.
Environmental impact: Considering the environmen-
tal impact of manufacturing, using, and disposing
of these materials is increasingly important. Finding
sustainable and eco-friendly solutions is a challenge.
Standards and testing: Establishing standardized test-
ing procedures and metrics for evaluating the shield-
ing performance of NW textiles is crucial for both
manufacturers and consumers. This helps ensure that
claims about shielding effectiveness are accurate and
reliable.
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Integration with other textile properties: Often, NW
textiles need to combine EM shielding properties
with other textile properties such as breathability,
moisture-wicking, or flame resistance. Integrating
these properties without compromising shielding
effectiveness can be challenging.

Customization: Different applications may require
tailored solutions. For instance, shielding require-
ments for medical devices, military equipment, and
consumer electronics may vary significantly. Devel-
oping customizable materials that can meet specific
needs is a challenge.

Regulatory compliance: Meeting regulatory require-
ments and safety standards is essential, especially for
products that come in close contact with the human
body or sensitive electronic equipment.

Research and development: Maintaining advance-
ments in EM wave technology and textile materials
is an ongoing challenge. Staying at the cutting edge
of research and development is necessary to create
materials that meet evolving needs.

Consumer acceptance: Convincing consumers of the
importance of EM wave shielding and its benefits can
be challenging, especially when dealing with intangi-
ble threats like EM radiation.

A multidisciplinary strategy combining skills in mate-
rials science, textile engineering, EM wave physics, and
regulatory compliance is necessary for advancement in
NW textile materials for EM wave shielding. By over-
coming these obstacles, new materials that provide bet-
ter safety in a world that is becoming more linked can be
created.

Challenges and safety considerations nonwoven
textile system as efficient EMI shields

The application of polymer NW textile materials for
effective EMI shielding presents both opportunities and
challenges in various industries, ranging from aerospace
to consumer electronics. While these materials offer
promising solutions for mitigating EMI, several chal-
lenges and safety considerations must be addressed to
ensure their efficacy and reliability.

One of the primary challenges associated with the use
of polymer NW textile materials for EMI shielding is
achieving optimal shielding effectiveness while maintain-
ing mechanical integrity and flexibility at higher filler
content [109]. Polymer N'W textiles are typically light-
weight and flexible, making them ideal for integration
into various electronic devices and components, though
optimizing their EMI shielding performance without
compromising their mechanical properties can be com-
plex [110]. Balancing factors such as material thickness,
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conductivity, and surface treatment is essential to achieve
the desired level of shielding effectiveness while ensuring
the material remains flexible and durable.

Furthermore, the effectiveness of polymer NW textile
materials in EMI shielding can be influenced by various
factors, including frequency range, material composi-
tion, and environmental conditions. Different types of
EM radiation require specific shielding approaches, and
the performance of NW textiles may vary across different
frequency ranges. Additionally, environmental factors
such as temperature, humidity, and exposure to chemi-
cals can impact the long-term stability and effectiveness
of the shielding material. However, they are lacking in
most articles related to NW fabric-based EMI shields.
Therefore, comprehensive testing and characterization
under relevant operating conditions are crucial to assess
the suitability and durability of polymer NW textiles for
EMI shielding applications.

Another significant challenge in the application of
polymer NW textile materials for EMI shielding is ensur-
ing compatibility with existing manufacturing processes
and integration techniques. Industries such as aero-
space and automotive require materials that can be easily
incorporated into existing production processes with-
out significant modifications or disruptions. Therefore,
the development of polymer NW textiles with proper-
ties tailored to specific manufacturing methods, such as
lamination or molding, is essential for widespread adop-
tion in these industries. Additionally, compatibility with
standard joining techniques, such as welding or adhesive
bonding, is critical for ensuring seamless integration into
electronic devices and systems.

Safety considerations also play a vital role in the
application of polymer NW textile materials for EMI
shielding, particularly concerning human health and
environmental impact [111]. Many traditional EMI
shielding materials, such as metal foils and coatings, con-
tain hazardous substances such as heavy metals or vola-
tile organic compounds (VOCs), posing potential risks to
workers and end-users. In contrast, polymer NW textiles
offer a safer alternative due to their non-toxic nature and
reduced environmental footprint. However, the produc-
tion and disposal of polymer-based materials still require
careful consideration to minimize environmental pollu-
tion and ensure worker safety. This calls for the adoption
of biopolymers for the fabrication of these EMI shields.

Moreover, the thermal properties of polymer NW tex-
tiles can affect their suitability for EMI shielding appli-
cations, especially in high-temperature environments.
Some polymers may exhibit limited heat resistance or
thermal stability, which can compromise the integrity
of the shielding material under elevated temperatures.
Therefore, selecting polymers with appropriate thermal
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properties and conducting thorough thermal analysis
is essential to ensure the reliability and safety of EMI
shielding solutions in demanding operating conditions.

Thus, the application of polymer NW textile materi-
als in effective EMI shielding offers numerous benefits,
including lightweight, flexibility, and environmental
safety. However, several challenges and safety consid-
erations must be addressed to maximize their perfor-
mance and reliability in real-world applications. By
addressing these challenges through advanced mate-
rial design, thorough testing, and adherence to safety
regulations, polymer NW textiles have the potential to
revolutionize EMI shielding across various industries,
paving the way for enhanced electronic device perfor-
mance and reliability.

Overall conclusions and future outlook

Conclusion

One area of research and development that shows
promise is the advancement of NW textile materials for
EMW shielding. NW fabrics are well suited for elec-
tromagnetic shielding because of their flexibility, light-
weight, and simplicity of incorporation into numerous
applications. The invention of novel materials and fab-
rication methods, such as metallized NWs, conductive
coatings, and composite structures, which increase
their shielding efficiency, are among the key discov-
eries in this sector. These developments have made it
possible for NW fabrics to be essential in reducing RFI
and electromagnetic interference (EMI) in electronic
devices, communication networks, and even protec-
tive equipment. Overall, there is a lot of promise in
the development of NW textiles for electromagnetic
wave shielding to meet the rising demand for EMI/
RFI protection in our more connected world. Even
more effective and adaptable shielding technologies are
anticipated to be produced through additional research
and development in this field.

We have explicitly discussed the current research sta-
tus with respect to polymeric non-woven EMI shielding
systems as well as their applications. Process-induced
approaches towards enhanced EM wave mitigation
for advanced shielding N'W materials preparation, as
per literature, have also been critically discussed. The
challenges and future prospects with regard to these
materials have been discussed as well with reference to
presently available literature. This piece is of vital impor-
tance to both industries and researchers working within
the niche of EMI shields/filters, as we have discussed not
only NW EMI shields and their application areas but also
process-induced approaches towards enhanced EM wave
mitigation.
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Future outlook

NW textile materials in electromagnetic wave shielding.
However, please note that developments in this field may
have occurred since then, and we recommend checking
more recent sources for the latest information. With that
said, here are some possible future trends and considera-
tions for this area:

Advanced materials: Researchers will likely continue
developing and refining new materials with improved
electromagnetic wave shielding properties. This
could involve the use of novel nanomaterials, meta-
materials, and composites to achieve better shielding
effectiveness while maintaining lightweight and flex-
ible characteristics.

Multi-functional fabrics: Future NW textiles for elec-
tromagnetic wave shielding may incorporate multi-
ple functionalities. For example, they could combine
EM wave shielding with other properties like ther-
mal insulation, moisture-wicking, and antimicrobial
capabilities to create versatile materials suitable for
various applications.

Wearable technology: With the growing demand for
wearable technology and the increasing integration
of electronic devices into clothing, NW textiles with
EM wave shielding properties will become crucial for
protecting users and sensitive electronic components
from electromagnetic interference.

5G and beyond: As the deployment of 5G and future
generations of wireless communication networks
continues, there will be a greater need for effective
EM wave shielding materials to mitigate potential
health concerns and protect sensitive equipment
from interference.

Environmental concerns: Sustainability will likely play
a more significant role in developing NW textiles for
EM wave shielding. Researchers may focus on cre-
ating eco-friendly, recyclable, and energy-efficient
materials in production processes.

Standardization: As the field progresses, there may
be efforts to establish standardized testing methods
and performance criteria for EM wave shielding tex-
tiles. This will help ensure that products meet certain
quality and effectiveness standards.

Integration with IoT and smart fabrics: The integra-
tion of NW textiles with the Internet of Things (IoT)
and smart fabric technologies could create new
opportunities for EM wave shielding. These textiles
may be designed to interact with devices, monitor
EM radiation exposure, and provide real-time feed-
back to users.

Regulatory developments: Governments and regu-
latory bodies may become more involved in setting
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guidelines and safety standards for EM wave shield-
ing textiles, particularly in industries like healthcare,
aerospace, and telecommunications.

Market growth: The market for EM wave shielding
materials is likely to continue growing, driven by
increased awareness of the potential health effects of
EM radiation and the expanding use of wireless tech-
nologies. This growth may attract more investments
and innovation in the field.

In conclusion, NW textile materials for electromag-
netic wave shielding are anticipated to experience
material advances, expanded usefulness, and deeper inte-
gration with newer technologies. The demand for effi-
cient EM wave shielding solutions will stay high as our
reliance on wireless communication and electronic gadg-
ets grows. This will fuel continued research and develop-
ment in this area.

Authors’ contributions

JO, OR and LTT wrote the draft based on the concept jointly formulated under
the supervision of SSR. They also did data analysis. SSR revised, commented
and supervised the whole project.

Funding

The authors would like to acknowledge financial support from the Depart-
ment of Science and Innovation (C6ACH77), the Council for Scientific and
Industrial Research (086ADMIN), and the University of Johannesburg (086310),
South Africa.

Availability of data and materials
This is a review article. Therefore, no new data or materials have been devel-
oped in this work.

Declarations

Competing interests
The authors declare no competing interests.

Received: 12 January 2024 Accepted: 15 March 2024
Published online: 11 April 2024

References

1. F Safdar, M. Ashraf, A. Javid, K. Igbal, Polymeric textile-based electro-
magnetic interference shielding materials, their synthesis, mechanism
and applications—A review. J. Industr. Textiles. 51(5_suppl), 72935-7358S
(2022)

2. J.Yin,W.Ma, Z. Gao, X. Lei, C. Jia, A review of electromagnetic shielding
fabric, wave-absorbing fabric and wave-transparent fabric. Polymers.
14(3), 377 (2022)

3. D.Wanasinghe, F. Aslani, G. Ma, D. Habibi, Review of polymer compos-
ites with diverse nanofillers for electromagnetic interference shielding.
Nanomaterials 10(3), 541 (2020)

4. JT. Orasugh, S.S. Ray, Functional and structural facts of effective electro-
magnetic interference shielding materials: a review. ACS Omega 8(9),
8134-8158 (2023). https://doi.org/10.1021/acsomega.2c05815

5. S.Brzezinski, T. Rybicki, I. Karbownik, G. Malinowska, K. Sledzirska, Textile
materials for electromagnetic field shielding made with the use of
nano-and micro-technology. Open. Phys. 10(5), 1190-1196 (2012)

20.

21.

22.

23.

24.

Page 43 of 46

M. Tian, M. Du, L. Qu, S. Chen, S. Zhu, G. Han, Electromagnetic interfer-
ence shielding cotton fabrics with high electrical conductivity and
electrical heating behavior via layer-by-layer self-assembly route. RSC.
Adv. 7(68), 42641-42652 (2017)

C-H. Huang, P-W. Hsu, Z-W. Ke, J.-H. Lin, B.-C. Shiu, C-W. Lou, J-H. Lin,
A study on highly effective electromagnetic wave shield textile shell
fabrics made of point polyester/metallic core-spun yarns. Polymers
14(13), 2536 (2022)

A. Gebrekrstos, J.T. Orasugh, T.S. Muzata, S.S. Ray, Cellulose-based
sustainable composites: a review of systems for applications in EMI
shielding and sensors. Macromol. Mat. Engine. 307(9), 2200185 (2022).
https://doi.org/10.1002/mame.202200185.10.1002/mame.202200185
JT. Orasugh, S.S. Ray, Graphene-based electrospun fibrous materi-

als with enhanced EMI shielding: recent developments and future
perspectives. ACS. Omega. 7(38), 33699-33718 (2022). https://doi.org/
10.1021/acsomega.2c03579

A.Ridruejo, C. Gonzélez, J. LLorca, Micromechanisms of deformation
and fracture of polypropylene nonwoven fabrics. Int. J. Solids. Struct.
48(1), 153-162 (2011)

Y-J. Tan, J. Li, X-H.Tang, T-N. Yue, M. Wang, Effect of phase morphol-
ogy and distribution of multi-walled carbon nanotubes on microwave
shielding of poly (L-lactide)/poly (e-caprolactone) composites. Compos.
A Appl. Sci. Manuf. 137, 106008 (2020)

JT. Orasugh, C. Pal, M.S. Ali, D. Chattopadhyay. 8 - Electromagnetic
interference shielding property of polymer-graphene composites.

in Polymer Nanocomposites Containing Graphene. eds. by M. Rahaman, L.
Nayak, .A. Hussein, N.C. Das (Woodhead Publishing, 2022)

H.B. Zhang, Q. Yan, W.G. Zheng, Z. He, Z.Z. Yu, Tough graphene—polymer
microcellular foams for electromagnetic interference shielding. ACS
Appl. Mater. Interfaces 3,918-924 (2011)

J-H. Lin, P-W. Hsu, C.-H. Huang, M.-F. Lai, B.-C. Shiu, C-W. Lou, A Study
on carbon fiber composites with low-melting-point polyester non-
woven fabric reinforcement: a highly effective electromagnetic wave
shield textile material. Polymers 14(6), 1181 (2022)

S. Akram, M. Ashraf, A. Javid, H.A. Abid, S. Ahmad, Y. Nawab, A. Rasheed,
Z. Xue, A. Nosheen, Recent advances in electromagnetic interference
(EMI) shielding textiles: a comprehensive review. Synth. Met. 294,
117305 (2023)

K. Nath, S. Ghosh, SK. Ghosh, P. Das, N.C. Das, Facile preparation of
light-weight biodegradable and electrically conductive polymer based
nanocomposites for superior electromagnetic interference shielding
effectiveness. J. Appl. Polym. Sci. 138(22), 50514 (2021)

R.R. Bonaldi, E. Siores, T. Shah, Characterization of electromagnetic
shielding fabrics obtained from carbon nanotube composite coatings.
Synth. Met. 187, 1-8 (2014). https://doi.org/10.1016/j.synthmet.2013.10.
003

S. Hu, D. Wang, Y. Kyosev, D. Kremenakova, J. Militky, The novel approach
of EMI shielding simulation for metal coated nonwoven textiles with
optimized textile module. Polym. Testing 114, 107706 (2022)

Y. Yuan, W.Yin, M. Yang, F. Xu, X. Zhao, J. Li, Q. Peng, X. He, S. Du, Y. Li,
Lightweight, flexible and strong core-shell non-woven fabrics covered
by reduced graphene oxide for high-performance electromagnetic
interference shielding. Carbon 130, 59-68 (2018)

Z.Fan, R. Liu, X. Cheng, Preparation and characterization of electromag-
netic shielding composites based on graphene-nanosheets-loaded
nonwoven fabric. Coatings 11(4), 424 (2021)

Y-J.Tan, J. Li,Y. Gao, J. Li, S. Guo, M. Wang, A facile approach to fabricat-
ing silver-coated cotton fiber non-woven fabrics for ultrahigh electro-
magnetic interference shielding. Appl. Surf. Sci. 458, 236-244 (2018).
https://doi.org/10.1016/j.apsusc.2018.07.107

L. Ly, D. Xing, K.S. Teh, H. Liu, Y. Xie, X. Liu, Y. Tang, Structural effects in a
composite nonwoven fabric on EMI shielding. Mater. Des. 120, 354-362
(2017)

L. Lyu, J. Liu, H. Liu, C. Liy, Y. Ly, K. Sun, R. Fan, N. Wang, N. Lu, Z. Guo, An
overview of electrically conductive polymer nanocomposites toward
electromagnetic interference shielding. Engine Sci 2(59), 26-42 (2018)
H. Zhang, J. Chen, H. Ji, N.Wang, S. Feng, H. Xiao, Electromagnetic
interference shielding with absorption-dominant performance of
Ti3C2TX MXene/non-woven laminated fabrics. Text. Res. J. 91(21-22),
2448-2458 (2021). https://doi.org/10.1177/00405175211006216(accce
ssed2023/04/11)


https://doi.org/10.1021/acsomega.2c05815
https://doi.org/10.1002/mame.202200185.10.1002/mame.202200185
https://doi.org/10.1021/acsomega.2c03579
https://doi.org/10.1021/acsomega.2c03579
https://doi.org/10.1016/j.synthmet.2013.10.003
https://doi.org/10.1016/j.synthmet.2013.10.003
https://doi.org/10.1016/j.apsusc.2018.07.107
https://doi.org/10.1177/00405175211006216(acccessed2023/04/11)
https://doi.org/10.1177/00405175211006216(acccessed2023/04/11)

Orasugh et al. Functional Composite Materials

25.

26.

27.

28.

29.

30.

32

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

(2024) 5:5

K. Gupta, S. Abbas, A. Abhyankar, Carbon black/polyurethane nanocom-
posite-coated fabric for microwave attenuation in X & Ku-band (8-18
GHz) frequency range. J. Ind. Text. 46(2), 510-529 (2016)

G. Nasti, G. Gentile, P. Cerruti, C. Carfagna, V. Ambrogi, Double percola-
tion of multiwalled carbon nanotubes in polystyrene/polylactic acid
blends. Polymer 99, 193-203 (2016)

Y. Xy, Y. Li, W. Hua, A. Zhang, J. Bao, Light-weight silver plating foam and
carbon nanotube hybridized epoxy composite foams with exceptional
conductivity and electromagnetic shielding property. ACS Appl. Mater.
Interfaces. 8(36), 24131-24142 (2016)

S. Kashi, RK. Gupta, T. Baum, N. Kao, S.N. Bhattacharya, Dielectric
properties and electromagnetic interference shielding effectiveness

of graphene-based biodegradable nanocomposites. Mater. Des. 109,
68-78 (2016)

S. Geetha, K. Satheesh Kumar, C.R. Rao, M. Vijayan, D. Trivedi, EMI
shielding: Methods and materials—a review. J. Appl. Polym. Sci. 112(4),
2073-2086 (2009)

B. Shen, Y. Li, W. Zhai, W. Zheng, Compressible graphene-coated poly-
mer foams with ultralow density for adjustable electromagnetic inter-
ference (EMI) shielding. ACS Appl. Mater. Interfaces. 8(12), 8050-8057
(2016)

Z.Fan, R. Liu, X. Cheng, Nonwoven composite endowed with electro-
magnetic shielding performance by graphene nanosheets adherence. J
Textile. Inst. 113(7), 1411-1417 (2022)

E. Pakdel, S. Kashi, T. Baum, KA.S. Usman, J.M. Razal, R. Varley, X. Wang,
Carbon fibre waste recycling into hybrid nonwovens for electromag-
netic interference shielding and sound absorption. J. Clean. Prod. 315,
128196 (2021)

V. Saféfovd, J. Militky, Lightweight and flexible structures for electro-
magnetic interference shielding—~Present state. In 2075 38th interna-
tional conference on telecommunications and signal processing (TSP).
(IEEE, 2015), p. 257-261

R.Zhang, Q.Tan, S. Bao, J. Deng, Y. Xie, F. Zheng, G. Wu, B. Xu, Spray
drying induced engineering a hierarchical reduced graphene oxide
supported heterogeneous Tin dioxide and Zinc oxide for Lithium-ion
storage. J. Colloid. Interface. Sci. 608, 1758-1768 (2022)

L.C. Jia, KQ. Ding, RJ. Ma, H.L. Wang, W.J. Sun, D.X. Yan, B. Li, ZM. Li,
Highly conductive and machine-washable textiles for efficient elec-
tromagnetic interference shielding. Adv. Mat. Technol. 4(2), 1800503
(2019)

M. Esen, I IIhan, M. Karaaslan, R. Esen, Investigation of electromagnetic
and ultraviolet properties of nano-metal-coated textile surfaces. Appl.
Nanosci. 10, 551-561 (2020)

X.Ding, Y.Wang, R. Xu, Q. Qi, W. Wang, D. Yu, Layered cotton/rGO/NiWP
fabric prepared by electroless plating for excellent electromagnetic
shielding performance. Cellulose 26, 8209-8223 (2019)

S. Gupta, C. Chang, AK. Anbalagan, C-H. Lee, N.-H. Tai, Reduced
graphene oxide/zinc oxide coated wearable electrically conductive cot-
ton textile for high microwave absorption. Compos. Sci. Technol. 188,
107994 (2020)

M. Colombo, M. Colombo, Regularity results for very degenerate elliptic
equations. Flows of Non-smooth Vector Fields and Degenerate Elliptic
Equations: with Applications to the Vlasov-Poisson and Semigeos-
trophic Systems 119-157, (2017)

X.Wang, Z. Lei, X. Ma, G. He, T. Xu, J. Tan, L. Wang, X. Zhang, L. Qu, X.
Zhang, A lightweight MXene-coated nonwoven fabric with excellent
flame retardancy, EMI shielding, and electrothermal/photothermal
conversion for wearable heater. Chem. Eng. J. 430, 132605 (2022)

E. Sano, E. Akiba, Electromagnetic absorbing materials using nonwoven
fabrics coated with multi-walled carbon nanotubes. Carbon 78,
463-468 (2014)

D.D.L. Chung, Materials for electromagnetic interference shielding.
Mater. Chem. Phys. 255, 123587 (2020). https://doi.org/10.1016/j.match
emphys.2020.123587

M. Abdoli, The increasing global use of carbon fibre (CF) in different
industries has resulted in production of significant amounts of waste
in the forms of CF-reinforced composites and dry. CRediT authorship
contribution statement

S.Naeem, V. Baheti, V. Tunakova, J. Militky, D. Karthik, B. Tomkova, Devel-
opment of porous and electrically conductive activated carbon web

45.

46.

47.

48.

49.

50.

51

52.

53.

56.

57.

58.

59.

60.

61.

62.

Page 44 of 46

for effective EMI shielding applications. Carbon 111, 439-447 (2017).
https://doi.org/10.1016/j.carbon.2016.10.026

L.X. Liu, W. Chen, HB. Zhang, QW. Wang, F. Guan, Z.Z. Yu, Flexible and
multifunctional silk textiles with biomimetic leaf-like MXene/silver
nanowire nanostructures for electromagnetic interference shielding,
humidity monitoring, and self-derived hydrophobicity. Adv. Func.
Mater. 29(44), 1905197 (2019)

B.Weng, F. Xu, A. Salinas, K. Lozano, Mass production of carbon nano-
tube reinforced poly (methyl methacrylate) nonwoven nanofiber mats.
Carbon 75, 217-226 (2014)

Y.Du,T. Liy, B. Yu, H. Gao, P. Xu, J. Wang, X. Wang, X. Han, The elec-
tromagnetic properties and microwave absorption of mesoporous
carbon. Mater. Chem. Phys. 135(2-3), 884-891 (2012)

H. Xiao, M. Shi, J. Chen, M. Han, Electromagnetic function textiles. In
Electromagnetic Materials and Devices, IntechOpen, (2019)

X.Hong, S. Meiwu, C. Jianying, Electromagnetic Function Textiles. in
Electromagnetic Materials and Devices, Man-Gui, H. Ed.; IntechOpen,
(2019)

H. Guo, F.Wang, H. Luo, Y. Li, Z. Lou, Y. Ji, X. Liu, B. Shen, Y. Peng, K. Liu

et al, Flexible TaC/C electrospun non-woven fabrics with multiple
spatial-scale conductive frameworks for efficient electromagnetic
interference shielding. Compos. A Appl. Sci. Manuf. 151, 106662 (2021).
https://doi.org/10.1016/j.compositesa.2021.106662

D. Zhang, R.Yin, Y. Zheng, Q. Li, H. Liuy, C. Liu, C. Shen, Multifunctional
MXene/CNTs based flexible electronic textile with excellent strain
sensing, electromagnetic interference shielding and Joule heating per-
formances. Chem. Eng. J. 438, 135587 (2022). https://doi.org/10.1016/].
cej.2022.135587

C-L. Luo, M-L. Huang, C. Sun, K--Y. Zhao, Z. Hu, M. Wang, Achieving high
joule heating and self-cleaning performance in copper-coated fabrics
with excellent microwave shielding. Cellulose 30(9), 5987-6000 (2023).
https://doi.org/10.1007/510570-023-05202-y

W. Ren, H. Zhu, Y.Yang, Y. Chen, H. Duan, G. Zhao, Y. Liu, Flexible and
robust silver coated non-woven fabric reinforced waterborne polyu-
rethane films for ultra-efficient electromagnetic shielding. Compos. B
Eng. 184, 107745 (2020). https://doi.org/10.1016/j.compositesb.2020.
107745

A. Ali, V. Baheti, J. Militky, Z. Khan, G. Zhu, Metal coating on ultrafine
polyester non-woven fabrics and their ageing properties. Fibers

and Polymers 20(7), 1347-1359 (2019). https://doi.org/10.1007/
$12221-019-1078-z

J. Gao, J. Luo, L. Wang, X. Huang, H. Wang, X. Song, M. Huy, L.-C. Tang,

H. Xue, Flexible, superhydrophobic and highly conductive composite
based on non-woven polypropylene fabric for electromagnetic interfer-
ence shielding. Chem. Eng. J. 364, 493-502 (2019). https://doi.org/10.
1016/j.cej.2019.01.190

S. Palanisamy, V. Tunakova, S. Hu, T. Yang, D. Kremenakova, M. Venkatara-
man, M. Petru, J. Militky, Electromagnetic interference shielding of
metal coated ultrathin nonwoven fabrics and their factorial design. In
Polymers 13,484 (2021)

H.C. Chen, K.C. Lee, J.H. Lin, M. Koch, Comparison of electromagnetic
shielding effectiveness properties of diverse conductive textiles via
various measurement techniques. J. Mater. Process. Technol. 192-193,
549-554 (2007). https://doi.org/10.1016/jjmatprotec.2007.04.023
S.Bi, Y. Song, G. Hou, H. Li, N. Yang, Z. Liu, Design and preparation of
flexible graphene/nonwoven composites with simultaneous broad-
band absorption and stable properties. Nanomaterials 13(4), 634 (2023)
L. Li, B. Sun, W. Li, L. Jiang, Y. Zhou, J. Ma, S. Chen, X. Ning, F.L. Zhou, Flex-
ible and highly conductive AgNWSs/PEDOT: PSS functionalized aramid
nonwoven fabric for high-performance electromagnetic interference
shielding and joule heating. Macromol. Mater. Eng. 306(11), 2100365
(2021)

J.Lee, Y. Liy, Y. Liu, S-J. Park, M. Park, H.Y. Kim, Ultrahigh electromagnetic
interference shielding performance of lightweight, flexible, and highly
conductive copper-clad carbon fiber nonwoven fabrics. J Mat Chem C
5(31),7853-7861 (2017)

M. Sonehara, S. Noguchi, T. Kurashina, T. Sato, K. Yamasawa, Y. Miura,
Development of an electromagnetic wave shielding textile by electro-
less Ni-based alloy plating. IEEE Trans. Magn. 45(10), 4173-4175 (2009)
S. Jiang, C. Cui, W. Bai, W.Wang, E. Ren, H. Xiao, M. Zhou, J. Tang, C.
Cheng, R. Guo, Superhydrophobic Ag/Viscose non-woven fabrics with


https://doi.org/10.1016/j.matchemphys.2020.123587
https://doi.org/10.1016/j.matchemphys.2020.123587
https://doi.org/10.1016/j.carbon.2016.10.026
https://doi.org/10.1016/j.compositesa.2021.106662
https://doi.org/10.1016/j.cej.2022.135587
https://doi.org/10.1016/j.cej.2022.135587
https://doi.org/10.1007/s10570-023-05202-y
https://doi.org/10.1016/j.compositesb.2020.107745
https://doi.org/10.1016/j.compositesb.2020.107745
https://doi.org/10.1007/s12221-019-1078-z
https://doi.org/10.1007/s12221-019-1078-z
https://doi.org/10.1016/j.cej.2019.01.190
https://doi.org/10.1016/j.cej.2019.01.190
https://doi.org/10.1016/j.jmatprotec.2007.04.023

Orasugh et al. Functional Composite Materials

63.

64.

65.

66.

67.

68.

69.

70.

71

72.

73.

74.

75.

76.

77.

78.

79.

80.

(2024) 5:5

excellent electric heating and high-efficient electromagnetic interfer-
ence shielding. Fibers. Polymers. 23(11),3091-3102 (2022). https://doi.
org/10.1007/512221-022-0227-y

A. Sedighi, M. Naderi, B. Brycki, Wearable nonwoven fabric decorated
with Fe304/rGO/PANI/NI-P for efficient electromagnetic interference
shielding. J. Alloy. Compd. 938, 168454 (2023). https://doi.org/10.1016/j.
jallcom.2022.168454

Y. Egami, T. Yamamoto, K. Suzuki, T. Yasuhara, E. Higuchi, H. Inoue,
Stacked polypyrrole-coated non-woven fabric sheets for absorbing
electromagnetic waves with extremely high frequencies. J. Mater. Sci.
47(1), 382-390 (2012). https://doi.org/10.1007/510853-011-5809-9

J. Avloni, R. Lau, M. Ouyang, L. Florio, A.R. Henn, A. Sparavigna,
Polypyrrole-coated nonwovens for electromagnetic shielding. J. Ind.
Text. 38(1), 55-68 (2008)

J. Avloni, L. Florio, A. Henn, R. Lau, M. Ouyang, A. Sparavigna, Electro-
magnetic shielding with polypyrrole-coated fabrics. arXiv preprint
cond-mat/0608664 (2006)

M. Kalkan Erdogan, M. Karakisla, M. Sacak, Polypyrrole and silver
particles coated poly (ethylene terephthalate) nonwoven composite
for electromagnetic interference shielding. J. Compos. Mater. 52(10),
1353-1362 (2018)

J. Xiong, H. Zheng, R. Ding, P. Li, Z. Liu, X. Zhao, F. Xue, Z. Chen, Q. Yan,
Q. Peng et al,, Multifunctional non-woven fabrics based on interfused
MXene fibers. Mater. Des. 223, 111207 (2022). https://doi.org/10.1016/j.
matdes.2022.111207

W. Xin, G-Q. Xi, W-T. Cao, C. Ma, T. Liu, M.-G. Ma, J. Bian, Lightweight
and flexible MXene/CNF/silver composite membranes with a brick-like
structure and high-performance electromagnetic-interference shield-
ing. RSC Adv. 9(51), 29636-29644 (2019)

B.Li, S. Luo, S. Anwer, V. Chan, K. Liao, Heterogeneous films assembled
from Ti3C2Tx MXene and porous double-layered carbon nanosheets for
high-performance electromagnetic interference shielding. Appl. Surf.
Sci. 599, 153944 (2022). https://doi.org/10.1016/j.apsusc.2022.153944
H. Zhu, K. Fu, B.Yang, Y. Li, Nickel-coated nylon sandwich film for combi-
nation of lightning strike protection and electromagnetic interference
shielding of CFRP composite. Compos. Sci. Technol. 207, 108675 (2021).
https://doi.org/10.1016/j.compscitech.2021.108675

S. Hu, D. Wang, A.P. Periyasamy, D. Kremenakova, J. Militky, M. Tunak,
Ultrathin multilayer textile structure with enhanced EMI shielding and
air-permeable properties. Polymers 13(23), 4176 (2021)

W.Tang, L. Ly, D. Xing, H. Fang, Q. Liu, K.S. Teh, A carbon-fabric/polycar-
bonate sandwiched film with high tensile and EMI shielding compre-
hensive properties: an experimental study. Compos. B Eng. 152, 8-16
(2018). https://doi.org/10.1016/j.compositesb.2018.06.026

L. Chen, K. Guo, S-L. Zeng, L. Xu, C-Y. Xing, S. Zhang, B.-J. Li, Cross-stack-
ing aligned non-woven fabrics with automatic self-healing properties
for electromagnetic interference shielding. Carbon 162, 445-454
(2020). https://doi.org/10.1016/j.carbon.2020.02.034

X.Zhang, J.Tang, Y. Zhong, Y. Feng, X. Wei, M. Li, J. Wang, Asymmetric
layered structural design with metal microtube conductive network for
absorption-dominated electromagnetic interference shielding. Colloids
Surf, A 643, 128781 (2022). https://doi.org/10.1016/j.colsurfa.2022.
128781

J. Chang, Study of conductive porous nanofibrous membranes for
electromagnetic interference shielding. The University of Manchester,
(2022)

L. Huang, J. L, Y. L, X. He, Y. Yuan, Lightweight and flexible hybrid

film based on delicate design of electrospun nanofibers for high-
performance electromagnetic interference shielding. Nanoscale 11(17),
8616-8625 (2019)

J.Tahalyani, KK. Rahangdale, R. Aepuru, B. Kandasubramanian, S. Datar,
Dielectric investigation of a conducting fibrous nonwoven porous mat
fabricated by a one-step facile electrospinning process. RSC Adv. 6(43),
36588-36598 (2016)

S. Atir, S.H. Ali, S.S. Nimra, T. Zhao, H.F. Shakir, Z. Rehan, Achieving
enhanced EMI shielding with novel non-woven fabric using nylon fiber
coated with polyaniline via in situ polymerization. Synth. Met. 293,
117250 (2023)

H. Guo, M. Zheng, X. Ma, R. Cao, K. Liu, W. Yang, S. Jian, S. Jiang, G. Duan,
Electrospun TaC/Fe3C-Fe carbon composite fabrics for high efficiency

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

92.

93.

94.

95.

96.

97.

98.

Page 45 of 46

of electromagnetic interference shielding. Comp. Commun. 31, 101130
(2022). https://doi.org/10.1016/j.coc0.2022.101130

H.Wang, D. He, J. Qiu, Y. Ma, J. Wang, Y. Li, J. Chen, C. Wang, PAN/
W18049/Ag nanofibrous membrane for high-efficient and multi-band
electromagnetic-interference shielding with broad temperature toler-
ance and good thermal isolating capacity. Compos. B Eng. 236, 109793
(2022). https://doi.org/10.1016/j.compositesh.2022.109793

B.D.S. Deeraj, G. George, N.R. Dhineshbabu, S. Bose, K. Joseph, Electro-
spun ZrO2@carbon nanofiber mats and their epoxy composites as
effective EMI shields in Ku band. Mater. Res. Bull. 144, 111477 (2021).
https://doi.org/10.1016/j.materresbull.2021.111477

Y. Zhang, H. Wu, S. Guo, Sandwich-structured surface coating of a silver-
decorated Electrospun Thermoplastic Polyurethane fibrous film for
excellent electromagnetic interference shielding with low reflectivity
and favorable durability. ACS Appl. Mater. Interfaces. 14(35), 40351—
40360 (2022). https://doi.org/10.1021/acsami.2c11971

M. Tas, U.G. Musa, I. Ahmed, F. Xu, C. Smartt, X. Hou, Functionalised

SiO2 modified icephobic nanocomposite electrospun membranes for
outdoor electromagnetic shielding applications. Polymer 240, 124499
(2022). https://doi.org/10.1016/j.polymer.2021.124499

W. Wei, P. Zhang, F. Cao, J. Liu, K. Qian, D. Pan, Y. Yao, W. Li, Ultrathin flex-
ible electrospun EVA nanofiber composite with electrothermally-driven
shape memory effect for electromagnetic interference shielding. Chem.
Eng. J. 446, 137135 (2022). https://doi.org/10.1016/j.cej.2022.137135
T-T.Li,Y.Wang, H-K. Peng, X. Zhang, B.-C. Shiu, J.-H. Lin, C-W. Lou,
Lightweight, flexible and superhydrophobic composite nanofiber films
inspired by nacre for highly electromagnetic interference shielding.
Compos. A Appl. Sci. Manuf. 128, 105685 (2020). https://doi.org/10.
1016/j.compositesa.2019.105685

M.S. Ozen, E. Sancak, Investigation of electromagnetic shielding effec-
tiveness of needle punched nonwoven fabrics with staple polypropyl-
ene and carbon fibres. J. Textile. Inst. 107(2), 249-257 (2016)

M.S. Ozen, I. Usta, M. Yuksek, E. Sancak, N. Soin, Investigation of the
electromagnetic shielding effectiveness of needle punched nonwoven
fabrics produced from stainless steel and carbon fibres. Fibres. Textiles.
East. Eur. 1(127), 94-100 (2018)

J. Ziaja, J. Koprowska, J. Janukiewicz, Using plasma metallisation for
manufacture of textile screens against electromagnetic fields. Fibres.
Textiles. East. Eur. 16(5), 64-66 (2008)

S.Zhu, M. Wang, Z. Qiang, J. Song, Y. Wang, Y. Fan, Z.You, Y. Liao, M. Zhu,
C.Ye, Multi-functional and highly conductive textiles with ultra-high
durability through ‘green’fabrication process. Chem. Eng. J. 406, 127140
(2021). https://doi.org/10.1016/j.cej.2020.127140

Y-N. Gao, Y. Wang, T-N. Yue, Y-X. Weng, M. Wang, Multifunctional cotton
non-woven fabrics coated with silver nanoparticles and polymers for
antibacterial, superhydrophobic and high performance microwave
shielding. J. Colloid. Interface. Sci. 582, 112-123 (2021). https://doi.org/
10.1016/jjcis.2020.08.037

M.S. Ozen, E. Sancak, M. Akalin, The effect of needle-punched nonwo-
ven fabric thickness on electromagnetic shielding effectiveness. Text.
Res. J. 85(8), 804-815 (2014). https://doi.org/10.1177/004051751455579
4(acccessed2023/06/18)

T-T.Li, X. Wang, Y. Wang, B-C. Shiu, H-K. Peng, L. Liu, L. Zhang, C-W. Lou,
J-H. Lin, Fe304 and Ag micro/nano coating for high-efficiency flame
retardancy and electromagnetic interference shielding. Prog. Org. Coat.
181, 107563 (2023). https://doi.org/10.1016/j.porgcoat.2023.107563

S. Naeem, V. Baheti, J. Militky, V. Tunakova, S. Gilani, S. Javed, P. Behera,
Impact of carbonization temperature on activated carbon web for EMI
shielding and Ohmic heating. Vlakna. Text. 25(4), 57-62 (2018)

K. Singh, V. Baheti, Structure-property relationship of carbonized
needlepunched nonwovens for electromagnetic interference shield-
ing and ohmic heating applications. Synth. Met. 292, 117220 (2023).
https://doi.org/10.1016/j.synthmet.2022.117220

X.Hong, D.D.L. Chung, Carbon nanofiber mats for electromagnetic
interference shielding. Carbon 111, 529-537 (2017). https://doi.org/10.
1016/j.carbon.2016.10.031

M. Yuksek, Electromagnetic wave shielding and mechanical properties
of vapor-grown carbon nanofiber/polyvinylidene fluoride composite
fibers. J. Eng. Fibers Fabr. 15, 1558925020985959 (2020)

S.Hu, D.Wang, A.P. Periyasamy, D. Kremenakova, J. Militky, M. Tunak,
Ultrathin multilayer textile structure with enhanced EMI shielding and


https://doi.org/10.1007/s12221-022-0227-y
https://doi.org/10.1007/s12221-022-0227-y
https://doi.org/10.1016/j.jallcom.2022.168454
https://doi.org/10.1016/j.jallcom.2022.168454
https://doi.org/10.1007/s10853-011-5809-9
https://doi.org/10.1016/j.matdes.2022.111207
https://doi.org/10.1016/j.matdes.2022.111207
https://doi.org/10.1016/j.apsusc.2022.153944
https://doi.org/10.1016/j.compscitech.2021.108675
https://doi.org/10.1016/j.compositesb.2018.06.026
https://doi.org/10.1016/j.carbon.2020.02.034
https://doi.org/10.1016/j.colsurfa.2022.128781
https://doi.org/10.1016/j.colsurfa.2022.128781
https://doi.org/10.1016/j.coco.2022.101130
https://doi.org/10.1016/j.compositesb.2022.109793
https://doi.org/10.1016/j.materresbull.2021.111477
https://doi.org/10.1021/acsami.2c11971
https://doi.org/10.1016/j.polymer.2021.124499
https://doi.org/10.1016/j.cej.2022.137135
https://doi.org/10.1016/j.compositesa.2019.105685
https://doi.org/10.1016/j.compositesa.2019.105685
https://doi.org/10.1016/j.cej.2020.127140
https://doi.org/10.1016/j.jcis.2020.08.037
https://doi.org/10.1016/j.jcis.2020.08.037
https://doi.org/10.1177/0040517514555794(acccessed2023/06/18)
https://doi.org/10.1177/0040517514555794(acccessed2023/06/18)
https://doi.org/10.1016/j.porgcoat.2023.107563
https://doi.org/10.1016/j.synthmet.2022.117220
https://doi.org/10.1016/j.carbon.2016.10.031
https://doi.org/10.1016/j.carbon.2016.10.031

Orasugh et al. Functional Composite Materials (2024) 5:5

99.

100.

101.

102.

103.

104.

106.

107.

108.

109.

110.

1.

air-permeable properties. Polymers. (Basel) 13(23), 4176 (2021). https://
doi.org/10.3390/polym13234176FromNLM

Y. Li, Y. Xie, H. Zhang, Y. Liu, Q. Wen, W. Ling, The strong non-reciprocity
of metamaterial absorber: characteristic, interpretation and modelling.
J. Phys. D Appl. Phys. 42(9), 095408 (2009)

J. Musschoot, J. Dendooven, D. Deduytsche, J. Haemers, G. Buyle, C.
Detavernier, Conformality of thermal and plasma enhanced atomic
layer deposition on a non-woven fibrous substrate. Surf. Coat. Technol.
206(22), 4511-4517 (2012). https://doi.org/10.1016/j.surfcoat.2012.02.
038

JT. Orasugh, K. Bal, D. Chattopadhyay, S.K. Ghosh, S.S. Ray, Optimization
of Fabric Parameters on the Effectual Properties of Nonwoven Industrial
Wipes Blend using Response Surface Methodology. Indian J. Fibre Text.
Eng. 2(2), 1-9 (2022)

Abed, J-C. D; Limbaugh, M. L; Gelotte, S. D. Bonded layered nonwoven
and method of producing same. Google Patents: 2002.

J. Gersak, The sorption characteristics of different cellulose fibres moni-
tored by tensiometry. TEKSTILEC 43(7/8), 245-250 (2000)

JT. Orasugh, K. Bal, R.B. Hattacharyya, S.K. Ghosh, Polymer fibre-based
nonwoven industrial wipes and applications: a comprehensive review.
Int. J. Innov. Engine. Res. (JIER). 1(2), 01-19 (2022)

Z. Farhana, H. Kamarudin, A. Rahmat, A.M. Al Bakri, The relationship
between water absorption and porosity for geopolymer paste. Mat. Sci.
Forum. Trans. Tech. Publ. 803, 166-172 (2015)

R. Hufenus, Y. Yan, M. Dauner, T. Kikutani, Melt-spun fibers for textile
applications. Materials 13(19), 4298 (2020)

Metalizing’s, S.T. Conductive Non-Woven Fabrics for Breathable Shielding
Applications. Swift Textile Metalizing LLC, 2014. http://www.swift-texti
le.com/conductive-nonwoven-fabric-products.html (accessed 2023
22.06.2023).

M. Wang, K. Zhang, X-X. Dai, Y. Li, J. Guo, H. Liu, G-H. Li, Y-J. Tan, J.-B.
Zeng, Z. Guo, Enhanced electrical conductivity and piezoresistive sens-
ing in multi-wall carbon nanotubes/polydimethylsiloxane nanocom-
posites via the construction of a self-segregated structure. Nanoscale
9(31),11017-11026 (2017)

S.Ghosh, S. Remanan, S. Mondal, S. Ganguly, P. Das, N. Singha, N.C. Das,
An approach to prepare mechanically robust full IPN strengthened
conductive cotton fabric for high strain tolerant electromagnetic
interference shielding. Chem. Eng. J. 344, 138-154 (2018). https://doi.
0rg/10.1016/}.ce}.2018.03.039

S. Maity, A. Chatterjee, Conductive polymer-based electro-conductive
textile composites for electromagnetic interference shielding: a review.
J.Ind. Text. 47(8), 2228-2252 (2016). https://doi.org/10.1177/15280
83716670310(acccessed2024/03/06)

C.Lan, H. Jia, M. Qiy, S. Fu, Ultrathin MXene/Polymer coatings with an
alternating structure on fabrics for enhanced electromagnetic interfer-
ence shielding and fire-resistant protective performances. ACS Appl.
Mater. Interfaces. 13(32), 38761-38772 (2021). https://doi.org/10.1021/
acsami.1c11638

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Page 46 of 46


https://doi.org/10.3390/polym13234176FromNLM
https://doi.org/10.3390/polym13234176FromNLM
https://doi.org/10.1016/j.surfcoat.2012.02.038
https://doi.org/10.1016/j.surfcoat.2012.02.038
http://www.swift-textile.com/conductive-nonwoven-fabric-products.html
http://www.swift-textile.com/conductive-nonwoven-fabric-products.html
https://doi.org/10.1016/j.cej.2018.03.039
https://doi.org/10.1016/j.cej.2018.03.039
https://doi.org/10.1177/1528083716670310(acccessed2024/03/06)
https://doi.org/10.1177/1528083716670310(acccessed2024/03/06)
https://doi.org/10.1021/acsami.1c11638
https://doi.org/10.1021/acsami.1c11638

	Progress in polymer nonwoven textile materials in electromagnetic interference shielding applications
	Abstract 
	Introduction
	Key aspects of the review
	Why nonwovens and their compositeshybrids as EMI shields
	Current status of nonwovens utilized as EMI shields

	Shielding mechanism of EMI shields in textile materials
	Reflection loss (SER)
	Multiple reflections
	Absorption loss (SEA)
	Shielding effectiveness (SE)

	Assessment of EMI shielding materials
	Assessment methods
	SER assessment method
	R-A assessment methods

	Mechanisms to mitigate EM reflection of non-woven fabrics
	Coatingelectroless deposition
	Electrospinning
	Sandwichinglamination
	Vacuum-assisted filtrationdeposition (VAFD)
	Spray deposition
	In situ polymerization
	Needing punching
	Others


	Fabrication techniques for nonwoven and nonwoven EMI shields
	Nonwoven-based EMI shields application
	Approaches towards enhanced nonwoven EMI shields performance
	Present obstacles
	Challenges and safety considerations nonwoven textile system as efficient EMI shields
	Overall conclusions and future outlook
	Conclusion
	Future outlook

	References


