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Abstract

Numerous papers have proved that using textile-based material with a functional coating is an effective
method for electromagnetic interference (EMI) shielding in real conditions. Comparing with metallized
materials incorporated into woven fabric substrates, nonwoven surface coated fabrics are progressively
gaining extensive application in electromagnetic shielding materials owing to their expeditious
production, cost-effectiveness, flexible thin structure, and facile processing.

However, for surface coated nonwoven fabrics by metal particles, the shielding effectiveness is often
limited due to structural arrangement of fibrous phase. The structural modeling and simulation of
electromagnetic shielding performance remain generally under-researched areas. There is also a lack of
studies for electromagnetic shielding effectiveness prediction by mathematical models. In practical
applications, the contradiction between the wash resistance and breathability of metal particles surface
coated textiles has been a persistent challenge. Many studies that focus on enhancing the wash resistance
of these materials often neglect or unavoidably compromise their breathability. Additionally, the
relatively weak mechanical properties of textiles further limit the application of metal particles surface
coated textiles in electromagnetic shielding under harsh environmental conditions.

This dissertation is in form of a comprehensive commented scientific articles published by me in
impacted journals regarding to solve above problems. Via multilayer structure without altering the type
of metal particles in the coating, the electromagnetic shielding effectiveness of metal particles surface
coated textiles is effectively enhanced more than 88% with 5 layers structure. Through the successful
development of simulation methods and mathematical prediction models, this work provides effective
tools for designing and studying the electromagnetic shielding properties of metal particles surface
coated textiles. Additionally, by encapsulating Parylene-C via chemical vapor deposition techniques, the
encapsulated samples achieve a balance between wash resistance and breathability in metal particles
surface coated textiles.

This PhD work made deeper and systematic research on EMI shielding of metal particles surface coated
textiles. The results not only fill the gap in electromagnetic shielding simulation and shielding
effectiveness prediction models for metal particles surface coated nonwovens but also successfully
resolve the conflict between wash resistance and breathability. Additionally, this work proposes an
effective method for enhancing the electromagnetic shielding performance of metal particles surface
coated textiles through multilayer structures. The results of this doctoral thesis provide more theoretical
research basis for the design and production of high-efficiency electromagnetic shielding textiles,
expand the scope of application environment, and will be of great help in the future, especially for the
application of metal particle plated nonwovens in the field of electromagnetic shielding.

Key words: EMI shielding, metal particles surface coating, geometrical modeling, EMI shielding
simulation, mathematical prediction model, washing durability, breathability



Abstrakt

V mnoha studiich bylo prokazano, Ze pouziti textilnich materialti s funkéni povrchovou upravou je
ucinnym postupem pro stinéni elektromagnetického ruseni (EMI) v realnych podminkach. Ve srovnani
s metalizovanymi materidly zaclenénymi do tkanych textilnich substrati ziskavaji netkané textilie
s povrchovym nanosem kovil stale §ir$i uplatnéni v elektromagnetickych stinicich materidlech diky
jejich rychlé vyrobé, nakladové efektivité, flexibilni tenké struktufe a snadnému zpracovani.

U netkanych textilii s povrchovou tpravou kovovymi ¢asticemi je ucinnost elektromagnetického stinéni
Casto omezena diky strukturnimu uspofadani vladkenné faze. Strukturdlni modelovani a simulace
elektromagnetickych stinicich vlastnosti zlistavaji obecné malo prozkoumanymi oblastmi. Rovnéz
chybéji studie pro predpoveéd ucinnosti elektromagnetického stinéni pomoci matematickych modeld.
V praktickych aplikacich pfedstavuje rozpor mezi odolnosti proti prani a prodySnosti textilii
s povrchovou upravou kovovymi Casticemi trvalou vyzvu. Mnoho studii zaméfenych na zvySeni
odolnosti téchto materidlti proti prani Casto zanedbavad nebo nevyhnutelné snizuje jejich prodySnost.
Navic relativné nizka troven mechanickych vlastnosti textilii s povrchovou upravou kovovymi
Casticemi dale omezuji jejich pouziti pro elektromagnetickém stinéni za narocnych environmentalnich
podminek.

Tato diserta¢ni prace ma formu souhrnnych komentovanych védeckych ¢lankd, které jsem publikoval
v impaktovanych Casopisech za ucelem feSeni vyse uvedenych problémi. Pouzitim vicevrstvé struktury
je ucinnost elektromagnetického stinéni textilii s povrchovou Upravou kovovymi ¢asticemi ucinné
zvySena o vice nez 88 % prii péti vrstvach, aniz by se ménil typ kovovych ¢astic v povrchovém nanosu.
Na zaklad¢ vyrazného vyvoje simula¢nich metod a matematickych predikénich modelti byly v této praci
vytvoreny efektivni nastroje pro navrhovani a studium elektromagnetickych stinicich vlastnosti textilii
s povrchovou tupravou kovovymi ¢asticemi. Navic povlakem pomoci technik chemické depozice
Parylenu-C z plynné faze bylo dosazeno jak zvysené odolnosti proti prani, tak i prodysnosti u textilii
s povrchovou upravou kovovymi ¢asticemi.

V této disertacni praci je proveden hlubsi a systematicky vyzkum EMI stinéni textilii s povrchovou
upravou kovovymi ¢asticemi. Ziskané vysledky nejen odstranuji nedostatky v simulacich a modelovani
elektromagnetického stinéni pro pfedpovédi ucinnosti stinéni pro netkané textilie s povrchovou tpravou
kovovymi ¢asticemi, ale také uspésné fesi problémy s odolnosti proti prani a prodysnosti. Tato prace
rovnéz navrhuje efektivni metodu pro zvySeni elektromagnetickych stinicich vlastnosti textilii
s povrchovou tpravou kovovymi ¢asticemi pomoci vicevrstvych struktur. Vysledky této disertacni prace
poskytuji hlubsi teoreticky zaklad pro navrh a vyrobu vysoce ucinnych textilii pro elektromagnetické
stinéni, roz§ifuji rozsah pouzitelnosti a budou vyuZitelné, zejména pro aplikaci netkanych textilii
pokovenych kovovymi ¢asticemi v riiznych oblastech elektromagnetického stinéni.

Kli¢ova slova: EMI stinéni, povrchovy nanos kovovych ¢astic, geometrické modelovani, simulace EMI
stinéni, matematicky predikéni model, odolnost v prani, prodys$nost
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1. Introduction

With the increasing demands for electronic devices and the rapid development of telecom technology,
the excessive electromagnetic wave could increase the health risks for worker or pregnant women who
prolonged exposed in the massive electromagnetic radiation environment[1-3], and the extra
electromagnetic interference (EMI) could damage the equipment which is sensitive to strong
electromagnetic filed[4—7]. Numerous research and production have proved that using textile-based
material with a functional coating is an effective method for EMI shielding in daily life[8]. The main
advantage of textile-based EMI shielding material similar to polymer matrix EMI composites is its
lightweight and multifunction compatibility for EMI shielding application[9]. The utilization of EMI
shielding technical clothing as a means to impede extraneous electromagnetic radiation has been
endorsed as an effective method for EMI shielding. This approach demonstrates proficiency in
attenuating the propagation of electromagnetic radiation through efficient mechanisms such as reflection,
absorption, and multi-reflection within the material(Figure 1) [10-12]. Among these, the conductive
textiles constructed by incorporating metal particle coatings onto fabrics through mass-producible
methods such as electroless or electroplating, emerge as prototypical representations. The prevalence of
these metalized textiles is notable, particularly in their application as materials for EMI shielding
clothing.[13-16].

Technical clothing for protection worker & 'k
under extra EM radiation A

Incident EMW

A Shickiing Material

Reflectio

asemsEr,

EMI shielding
mechanism

Multi-reflection

Military application for EMI shielding /
electromagnetic signal stealth &,

Figure 1 (a) Main application of EMI shielding textiles and the mechanism of EMI shielding from
metalized fabrics

This metalized textile has excellent wearing properties which is contributed from the textile fiber such

as soft texture, good water vapor and air permeability, washing durability. Regarding the metalized

textiles for EMI shielding application, the main research aspects are focused on the following points:

1) New conductive material, especially MXene-based composite fabric for EMI shielding application

2) Novel structure design for enhancing the EMI shielding property

3) Material finishing and surface treatment for improve the mechanical property or other wearing
comfort properties aiming of technical clothing application.

4) Modeling and mechanism study of metalized textile for EMI shielding application.

From the scope of the main research aspects regarding to metalized textiles for EMI shielding, it’s

clearly to see that the development trend of textile-based EMI shielding material is developing
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lightweight design, suitable for more complex external environments and improves wearing comfort
when used in technical clothing EMI shielding textiles. Considering in the military application, the use
of chemical fiber metal bending processing technology and textile processing technology to manufacture
left-handed materials is an important topic worthy of research. When an object is enclosed by a negative
refractive index material, the electromagnetic wave (or light wave) bends and detours on the surface of
the enclosure and does not carry the information of the enclosure and the internal object, so the detector
(or observer) cannot detect the target, thus achieving the purpose of stealth.

After reviewing all the research aspects to metalized textiles for EMI shielding, the limitations of
metallization were clearly presented.

The main realization method of metallized textiles including metallic fiber blending, electroplating and
electroless plating, vacuum magnetron sputtering. Metal fiber blended textiles are not the first choice
for electromagnetic shielding protective clothing due to their hardness and processing difficulty. For
other methods of metallizing textiles, the combination of metal atoms and textile macromolecules has
always been a problem that needs to be considered. The strength of the bonding ability directly affects
the service life of metallized textiles.

Improving the conductivity of materials can effectively enhance the electromagnetic shielding
effectiveness of materials, but the practice of simply using high-conductivity precious metals to improve
electromagnetic shielding effectiveness is very limited. For example, through literature review, using
silver particles to metallize textiles for electromagnetic shielding is a common method. However, the
synthesis cost of nanosilver particles is very high, and the electromagnetic shielding effectiveness of the
product is not significantly improved compared to electromagnetic shielding textiles metallized with
copper particles.

Considering the application scenarios of electromagnetic shielding fabrics in clothing, washability is
very important. However, for most metallized textiles, their washability is poor, because the binding
force between metal atoms and textile fiber macromolecules is weak. Therefore, the washability of
metallized textiles is an issue that needs to be solved.

As an important type of textile, nonwoven fabrics are increasingly used in electromagnetic shielding
textiles due to their advantages such as high production rate and low cost. Major obstacle is dimensional
instability which can be solved by using special type of nonwovens having dense network of binding
points. Nonwoven fabrics can be used to create textiles with larger porosity compared to woven fabrics
and knitted fabrics. Larger porosity means high air permeability which has positive influence on the
wearing comfort. However, the corresponding research on the electromagnetic shielding effect of
metallized nonwoven fabrics, modeling research and mathematical model research are not very in-depth.

In response to the limitations of metallized textiles discussed above and the research gaps in metal
particles surface coated nonwovens in electromagnetic shielding simulation and modeling, this
dissertation, through systematic research, achieved the metal particles surface coated nonwovens
through the chemical plating method with excellent EMI shielding property. In A1, I published the paper
with the novelty of enhancing the EMI shielding effectiveness via multilayer structure. By using the
optimized nonwoven model in the constructed wave guide environment, the EMI shielding simulation
for metal particles surface coated nonwoven fabrics were successfully developed, which described in
my published paper A3. After conducting a systematic exploration of the model research of metal



particles surface coated nonwovens, the geometrical model and mathematical EMSE prediction model
were successfully developed regarding to my published paper A2 and A4, which filled the blank of
modeling research for EMI shielding application. To solve the poor washing durability of metalized
textiles for EMI shielding, the Parylene encapsulation method was applied which solved the conflict of
washing resistance coating and air permeability of metalized EMI shielding textiles, a detailed
discussion in given about this topic in the appendix A5. The motivation and novelty of the whole thesis
was presented in the Figure 2.

Novelty

- Enhanced EMI shielding property via
multilayer structure with excellent air
permeability

Limited SE performance of
metalized nonwovens

Lack of research on EMI
shielding simulation for
metalized nonwoven textiles

- Novel solution of parametric geometrical
model for thin nonwoven textiles

| I
| |
| |
| I
| |
I |
| |
| |
| |
| |
| |
| |
| Lack of research on |
[l geometrical modeling of thin :
| nonwoven fabrics |
| - Developed novel EMI shielding simulation
| | solution and SE prediction mathematical
| There is no mathematical : model for metalized nonwovens
| prediction modeling for
| calculating SE of nonwoven :
| fabrics |
| |
| |
| |
| |
| |
| I
| |
I |
|

- Parylene-C encapsulation solution
implemented to enhance washing durability
with elegant air permeability

Poor washing ability of metalized
textiles for EMI shielding
Poor anti-abrasion ,acid and
alkali resistance property

Figure 2 Summary of problems solved in this paper and new results in this thesis

2. State of art

2.1 Development on metallization of textiles and its application

The modern realization of metallized textiles commenced in the 1930s with fabrics coated in gold and
silver[17]. Since that time, advancements in materials engineering have significantly transformed the
appearance and functionality of these textiles. Today, metallized textiles are extensively utilized in both
apparel and technical textiles due to their distinctive aesthetics and functional properties[18]. The
contemporary integration of metallized materials into textiles can be categorized into two primary
technologies: metal material integration and textile metallization [19]. Metal material integration entails
the direct application of metallic elements, including metal filaments, metallic foils, or sheet metals,
onto fabrics to achieve specific design outcomes. Textile metallization, on the other hand, is achieved
by coating textile surfaces with metallic particles to create a fine metal layer.

In the context of metal material integration, metal fibers are predominantly employed. Over the past two
decades, metal fiber and its products have emerged as new industrial materials, characterized by high
technological sophistication and added value [20].These fibers not only possess the softness of chemical
and synthetic fibers but also exhibit the excellent thermal conductivity, electrical conductivity, corrosion
resistance, and high-temperature resistance inherent to metals. Blending metal staple fibers with other
textile staple fibers is an effective method for creating metallized textiles[21]. Metal fibers, such as silver

and stainless steel with fineness in the tens of microns, can be produced through various metal wire
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production processes or obtained via metal plating methods. Common textile processing techniques for
producing metallized textiles include blending, interweaving, and paralleling these fibers. Mature and
cost-effective methods for preparing metal-integrated fabrics include core-spun techniques, embroidery,
and non-woven processes [22]. Among these, stainless steel fiber is the most widely used and studied.
The preparation methods for surface-metallized functional textiles vary according to their intended use.
Currently, the commonly employed methods for the mass production of surface-metallized functional
textiles include electroless plating, coating, vacuum plating, and electroplating[23].

Metallic textiles possess a wide range of applications in industries requiring properties such as
reflectivity, electrical conductivity, and thermal resistance. Historically, in the past century, metallized
textiles were primarily utilized for decorative purposes or as protective armor. However, the rapid
advancements in the electrical and telecommunication industries have transformed metallized textiles
into advanced materials for diverse applications. By integrating the comfort characteristics of greige
textile materials with the superior electrical properties of metals, metallized textiles have emerged as
wearable conductive materials. Conductive clothing made from these textiles is capable of providing
electromagnetic interference (EMI) shielding, offering protection to individuals sensitive to
electromagnetic radiation. Additionally, conductive textiles find applications in the aviation and
automotive industries[24]. The inherent antimicrobial properties of metals such as silver or copper
enable metal-integrated textiles to excel as antimicrobial materials, which is particularly beneficial for
medical textiles. In the rapidly evolving field of smart textiles, metallized textiles facilitate the
transmission of bioelectric signals via conductive yarn to monitors, enabling the collection of movement
or other physical activity data [25].

Despite recent advancements in metallized textiles, several challenges persist. For instance, washing
durability remains a critical issue for most metallized textiles designed for technical clothing
applications [23]. Additionally, the poor mechanical properties of metallized textiles can limit their
longevity. Moreover, recycling metallized textiles presents a significant challenge for waste processing
[26].

2.2 EMI shielding performance of metalized textiles

Applying conductive material into textile structure is one of the effective methods to realize the function
of EMI shielding. Research on metal-coated textiles has demonstrated their effectiveness in EMI
shielding across various applications. Compared to other EMI shielding materials such as metals,
carbon-polymer composites, and nanofibrils, conductive textiles exhibit not only excellent EMI
shielding performance due to their textile-based structure but also superior wearable properties,
including air permeability and thermal characteristics. In this condition, the conductive fibers or particles
should have even and continuous distribution.

A common method for preparing electromagnetic shielding textiles involves blending, interweaving,
and arranging metal fibers or metallized fibers parallel with ordinary fibers. These textiles possess
excellent wearable properties, such as a soft texture, good moisture absorption, air permeability, and
resistance to washing. For instance, Xinjin Liu et al. tested fabrics made from various proportions of
blended stainless-steel fiber and polyester fiber yarns for EMI shielding properties. They found that
within the frequency range of 300 kHz to 3 GHz, the shielding effectiveness ranged from 20 dB to 40
dB, indicating a good electromagnetic shielding effect[27]. Additionally, Das et al. discovered that
fabrics made entirely of stainless-steel fiber exhibited superior shielding performance compared to those

4



made from a blend of stainless steel fiber and polyester yarn[28]. Conductive polymer fibers are also
widely utilized in protective textiles. For example, Munan Qiu et al. prepared polyaniline (PANI)
nanofiber, which achieved an electromagnetic shielding effect of 20.7 dB with a sample thickness of
only 0.35 mm[29]. Furthermore, the polythiophene/polyethylene terephthalate (PTh/PET) fiber
prepared by Erdogan et al. demonstrated a shielding effect of 21 dB in the frequency range of 0-100
MHz [30].

2.3 EMI shielding modeling and simulation solution development

The methodologies of textile geometrical modeling and simulation enable efficient and accurate analysis
of textile structures and prediction of their performance, thereby providing effective tools for the design
and development of new products. The geometrical modeling offers an analytical perspective on the
mechanics of fabrics, contributing to a deeper understanding of how these fabrics behave under various
forces conditions. An outline of the various ways to deal with building the geometry of textiles at the
yarn level via topology knowledge, where the 3D model of the textiles is calculated dependent on data
from intersection points between the yarns is showed by Kyosev[31]. A few textile structures such like
woven, knitting structures and braiding structures are discussed. Regarding the woven fabrics modeling
research, M. Boljen and S. Hiermaier [32] likely discusses a framework for the continuum constitutive
modeling of woven fabrics, providing insights into the mechanical behavior of these materials under
various conditions. This approach would enhance the understanding of fabric properties at a macro-scale,
relevant for applications in composite materials and engineering. By K. Bukenya et al. [33] likely
explores the simulation of weaving processes, offering insights into optimizing manufacturing
techniques for efficiency and material characteristics. This research could contribute to improvements
in textile production workflows and material quality. Z. Deng and Lijing Wang [34] presents
advancements in the visualization techniques of simulated woven fabrics, which is critical for designers
and engineers to accurately predict the aesthetics and functionality of fabric-based products before
prototyping. S. Herath [35]explores the use of Gaussian processes in the multiscale modeling of woven
textiles, presenting a novel method for predicting the behavior and properties of fabrics across different
scales. Similar with the woven structed textile geometrical modeling, for knitted fabrics, efforts to
achieve yarn-level detail in fabric modeling, enhancing the realism of simulations are still deeply studied
by many researchers. S. Ionesi et al.[36] explores methods commonly used in the geometrical modeling
of knitted fabrics, likely focusing on the shape and structural aspects crucial for 3D modeling and
simulation. M. Dimitriyev and Elisabetta A. Matsumoto suggests that geometrical modeling of knitted
fabrics should account for both the geometry and mechanics of the fabric to comprehensively understand
its structure and behavior[37,38]. T. Wada et al. [39] introduces a new physical model for controlling
the deformation of plain knitted fabrics, aiming at automation in the garment industry and improved
machine handling of fabrics

Material geometrical modeling is the first step in simulating the textile performance, including EMI
shielding effectiveness (SE). The material structure significantly impacts the final EMI shielding
performance Many studies find the EMI shielding simulation solution suitable for predicting and
improving textile-based EMI shielding performance.

Utilizing the advanced capabilities of Ansys HFSS software, Rybicki [40] executed a pioneering
simulation to evaluate the electromagnetic interference (EMI) shielding efficacy of woven textile
samples that had been treated with a polymer coating. This innovative research, documented in reference,

marks a significant stride in the understanding of EMI shielding behaviors in treated textiles. Similarly,
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Luis Martins[41] undertook a detailed simulation study on the EMI shielding characteristics of
thermoplastics embedded with short conductive fibers, revealing that these composites exhibit superior
EMI shielding effectiveness compared to traditional steel sheet venting grids, as outlined in reference.
Adding to this body of knowledge, Sima Kashi's[42] simulation work, as reported in reference,
accurately forecasted the effective EMI shielding capabilities of polylactide (PLA) nanocomposites
infused with 15 wt.% graphene nanoplatelets (GNPs) across the entirety of the X-band frequency
spectrum. These studies collectively contribute to the expanding repository of knowledge on EMI
shielding materials and their simulation. A.P. Periyasamy et, al [43] utilizes a neural network model to
study the EMI shielding effectiveness of Ni/Cu-coated polyester fabrics. It was found that a 25%
concentration of Ni/Cu on polyester materials delivers an EMI SE of approximately 26.86 dB at 1.5
GHz, indicating very good EMI shielding capabilities suitable for both general and professional
applications

Despite these advances, a prevailing challenge in the simulation of EMI shielding performance remains
the limited applicability of most existing simulation software, which predominantly accommodates
textiles with simple structures such as plain board and small sample sizes. This limitation is primarily
due to the constraints inherent in the simulation software and the computational capacity available. The
current landscape of simulation technology lacks specialized software capable of accurately modeling
the intricate structures of nonwoven textiles for EMI shielding performance simulations. Nonwoven
textiles, with their complex and detailed structures, present a significant challenge for simulation
approaches traditionally designed for simpler industry objects. The attempt to integrate a complete
mesoscale nonwoven textile geometric model into existing simulation frameworks frequently results in
software malfunctions or prohibitively long simulation times, often exceeding four hours for a single
sample, rendering the process impractical. Consequently, the simulation of EMI shielding properties in
nonwoven textiles with intricate designs, by adjusting critical textile parameters, remains a daunting
task.

2.4 EMI shielding mathematical shielding effectiveness prediction model

To investigate and develop materials with a high electromagnetic shielding effectiveness (EMSE), the
utilization of a proper mathematical model becomes indispensable for the analysis and prediction of
EMI shielding performance. As one of the basic principles for EMI shielding mechanism, the
transmission line theory which developed by Donald R.J White in 1971 has been used as start point for
developing the empirical mathematical model of electromagnetic shielding effectiveness[44]. In the
transmission line theory, the incident electromagnetic wave can be attenuated by reflection loss,
absorption loss and multireflection loss inside the material. Regarding the textile based shielding
material, detailed EMSE mathematical model for metalized textile shields was proposed afterwards by
Arthur R. Henn and Richard M. Cribb in 1992[45]. In their study, the semi-empirical model describing
the SE of metalized both woven and non-woven fabrics was developed. Later in 1995, several correction
values were added to the basic transmission line models after considering the leakage through openings
in metalized textiles, which including the correction coefficient to considering the number of like
discontinuities, the low-frequency correction coefficient considering the skin depth, the correction
coefficient considering the coupling between adjacent pores[46]. Further complete derivation and
verification of this model and apply the model for metalized woven fabrics was done by Marek Neruda
and Lukas Vojtech [47].



According to the classic transmission line theory of electromagnetic shielding, the shielded
electromagnetic wave is divided into three parts: one is the surface reflection of the shield (SEr), the
other is the absorption of the shield (SEA), and the third is the multiple reflection inside the shield (SEg)
(Fig.2). The total shielding effectiveness for the foil (SEwi) could be expressed in Eq. (1)

SEfoii = SEg + SE, + SEjp (1)
SEp =168.14 + 20 - log( %) )
SE, = 8.6859 % — 3)
(%)
SEB=20-log(1—e s ) 4)
§=— 5)
nfukK

K is the conductivity, t is the thickness of the sample, f is the frequency, U ; is the relative permeability,
Kr is the relative conductivity of metalized textile, o is the skin depth. Except for the blocking
mechanism of EM wave from conductive foil shielding effectiveness (SEi), the pores of the shielding
material also contribute to the shielding performance[48,49]. In this case, the total SE (SEual)
mathematical model has been developed depending on a linear combination of the SE of the foil material
SEri and the blocking effect contributed by the pores SEpor. in the following form.

SEpore = 100 — 20 - log(l - f) + 30+ (6)

SEtotal = e_c.l\/?SEfoil + (1 - e_C.l\/?)SEpore (7)

where 1 is the maximum aperture dimension of the fabric, C is the constant value, the calculation process
please refer to the Appendix 4 (A4).

From the literature review, there is rarely no detailed study to solve the mathematical modeling problem
for nonwoven metalized fabrics, only in the research of Arthur R. Henn and Richard M. Cribb described
the mathematical model for metalized nonwoven fabrics (this model also designed for metalized woven
fabrics) but not suitable anymore for the high porosity thin nonwoven fabrics, the compatibility and
results accuracy from this model is relatively low [45]. One of the primary factors contributing to this
knowledge gap is the intricate nature of nonwoven structures. Unlike woven fabrics, nonwovens exhibit
random fiber distribution, owing to the diverse fabrication methods employed. Consequently, accurately
describing the pore parameters of nonwovens within the electromagnetic shielding model becomes
exceedingly challenging, which cannot easily use these structure parameters for metalized nonwoven
fabrics.

2.5 Washing durable treatment of metalized textiles

Qi-Wei Wang et al. [50] reported that silicon-coated MXene-decorated polyester textiles exhibit
exceptional electromagnetic interference (EMI) shielding properties, achieving approximately 66 dB.
Furthermore, these textiles maintain stable EMI shielding performance (>30 dB) after multiple wash
cycles using commercial detergent solutions. Di Xing et al. [11] developed polyurethane film-covered
carbon fabric embedded with silver particles, demonstrating high conductivity and extremely high
shielding effectiveness (SE) of 102.98 dB. However, the air permeability and washability of this material
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were not evaluated. Lihua Zou et al. [51] reported that polyaniline (PAni)-coated fabric, enhanced with
carbon nanotube (CNT) coating, achieves good SE around 23 dB with a high absorption ratio. After
washing with standard laundry detergent (OMO brand), the average SE of the coated fabric was reduced
to 21.1 dB. Unfortunately, the air permeability of this fabric was also not assessed.

From the reviewed research, it is evident that while a certain degree of wash resistance is assured, the
air permeability of treated fabrics is often significantly compromised, potentially rendering them nearly
airtight. For instance, as referenced by Wang et al. [50], the air permeability of a silicon-coated sample
was approximately 130 mm/s. The choice of coating technology and the material used for the protective
layer significantly impacts the fabric's breathability.

3. Motivation of thesis

The innovations of this doctoral dissertation are mainly concentrated in the following points:

1) The metal particles surface coating of nonwovens realized from chemical plating. The excellent
electromagnetic shielding performance was achieved under relatively high porosity conditions.
Improving electromagnetic shielding performance by simply increasing the conductivity of
conductive particles is very limited. Through the study of the electromagnetic shielding mechanism,
the electromagnetic shielding performance was significantly improved by changing the structure of
the material through a multi-layer structure on the same metalized textile material (Al). This
provides more options and theoretical support for improving the electromagnetic shielding
performance of metallized textiles development in the future.

2) Modeling and simulation of the electromagnetic shielding performance of metal particles surface
coated nonwovens. Due to the random arrangement of fibers, the accurate modeling of nonwovens
has always been a hot issue in textile modeling research. The paper calculated the fiber inclination
and angle through image analysis, conducted a systematic mathematical analysis of these data, and
generated an accurate structural model through program scripts. Based on this model, structural
parameters such as the porosity of the material can be analyzed more accurately (A2).

3) The electromagnetic shielding effectiveness simulation of metal particles surface coated nonwovens.
The paper effectively converts the nonwoven model into an equivalent simulation model to adapt to
the simulation environment of the waveguide. Compared with the results of actual tests, it is verified
that the newly created simulation method is suitable for metal particles surface coated nonwovens
(A3). Based on this simulation method, a mathematical model for predicting the electromagnetic
shielding effectiveness of metallized nonwovens is also proposed in this paper, filling the gap in the
electromagnetic shielding prediction model for metallized textiles (A4).

4) TImproving the poor washability after metallization, and the poor mechanical properties-which limits
their application scenarios for electromagnetic shielding. This paper effectively solves the
washability and breathability of metallized textiles through the application of Parylene-C chemical
deposition method. After being compounded with carbon fiber, the composite material has not only
been significantly enhanced in electromagnetic shielding, but also has greatly improved mechanical
properties (AS).

5) Parylene packaging technology solves the human body's allergic reaction to direct contact with
metal particles, and also limits the pollution caused by the shedding of copper particles from textiles
in a humid and frictional environment. On this basis, the application of copper-plated textiles in the
field of hyperthermia has been expanded.



4. Metal particles coated nonwovens with enhanced EMI shielding performance
In this paper, there are two groups of metalized nonwovens used in this research.

One group is made from lab by electroless plating method realizing different coating amount of copper
particles. The lab-made copper coated special nonwovens MILIFE (JX Nippon ANCI Corporation.)
were renamed as PETCu series for briefly. Milife materials are supplied in a planar weight of 5-60 g/m?
a thickness of 0.05—0.17 mm, and a strength of 20—300 N per 5 cm of width. Composite nonwoven
fabrics (combination of machine direction and cross-direction-oriented nonwoven layers) from
polyethylene terephthalate and polyethylene isophthalate copolymer with 10 g/m? were used. The
PETCu series samples were used for EMI shielding mechanism research and EMI shielding simulation
solution development (Table 1).

Considering the requested size of sample and ensure the better homogeneity of the material, in this study,
another group of copper-coated nonwoven fabric, commercial named “MEFTEX.” was purchased from
Bochemie a.s, Czech Republic. Meftex was produced via a patent pended technological process based
on subsequent chemical and continuous electroplating processes. The Meftex series samples were
renamed CuPET series for brevity in this paper and used for mathematical modeling, washing durability
and composites material development study.

4.1 Fabrication of metalized thin nonwovens

MILIFE is nonwoven fabric constructed from aligned warp PET/PEI monofilaments and weft PET/PEI
monofilaments via a thermal bonding method. The irregular orientation of the fibers, which deviates
from a regular net structure, is primarily due to inaccuracies in industrial fabrication. This fiber
orientation and structure cannot be altered due to the solid bonding spots; thus, the actual structure
reflects a deviation from the ideal net configuration. The basic information of the greige nonwoven
fabric, as provided in the technical sheet of MILIFE, is listed in Table 2.

The electroless deposition method was utilized to deposit copper particles onto polyester nonwoven
fabrics (PETCu) (Figure 3). This experimental process comprised three steps. The first step involved
surface treatment, where the nonwoven polyester fabric was treated with 2.5% NaOH at 40°C for 10
minutes. The specimens were then rinsed in deionized water and dried in an oven at 60°C for 20 minutes.
The second step was activation, which involved immersing the samples in a tin (II) chloride solution
followed by a palladium (II) chloride solution for 10 minutes at room temperature. The samples were
rinsed in deionized water again and then immersed in the electroless copper plating bath at 45°C for 20
minutes, with the pH value maintained at 12.75. The chemical composition of the plating bath is
provided in Table 1.



Table 1 Electroless copper deposit method for MILIFE

Process Chemicals and Processing Parameters
1. Surface 2.5% NaOH 40°C 10min
treatment

2.Activation 1 ¢/100mL SnCl; Room temperature10min
0.059/100mL PdCl; Room temperature 10min

3. Deposition 6.5¢9/500mL CuS0.4.5H,0 Sample- Solution ratio:
10g/500mL EDTA-2Na 5g/500mL, pH 12.75 (NaOH
109/500mL KNaC4sH4064H,O  2.5g) ,45°C 20min
0.049/500mL

K4[F€(CN)5] -3H,0
0.005g/500m 2°-2’-Bipyridine
7.5mL/500mL CH2O

(a) D s @ @ (c)
— i —— — =
W ms| - mE| ~ e
Pre-Treatment Surface activation Electroless copper
g

Figure 3 (a) Microstructure of greige nonwoven fabric (b) Electroless plating process and
structure of copper coated fabric PETCul. (c) Optical porosity calculation method via IMAGE ] for
sample PETCul, First capture the original microscope picture from SEM, then convert the original
picture into a binary picture. At last, adjusting the threshold until clearly identify the pores and
calculating the area ratio
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4.2 Morphological characteristics of copper particle deposited nonwovens

The geometrical characterization of copper-coated nonwoven and the purchased Meftex sample are
listed in Table .2

Table 2 Geometrical characterization of Cu coated nonwoven PET and the purchased copper coated
polyester nonwoven sample (Meftex)

Sample Component Usage GSM Mass of Thickness Porosity
(g/m?  Cu per unit (mm) (%)
area(g/m?)
PET Polyester 10 0 0.068 82.31
(MILIFE)  nonwovens o +0.002
1) EMI shielding
PETCul . 12.72 2.72 0.07 81.62
Copper mechanisem study
o +0.012
coated 2)EMI shielding
PETCu2 i . 15.95 5.95 0.072 79.33
polyester simulation
e +0.004
nonwoven verrification
PETCu3 . 17.02 7.03 0.074 78.25
fabric
+0.001
CuPET10 1) Mathmatical 11.84 1.8 0.042 79.57
model verrification +0.003
CuPET20 2) Washing 24.01 4.01 0.1£0.002 77.5
_ Purchased o
CuPET30 . durabiltiy 41.67 11.67 0.13 75.9
commercial .
enhancement via +0.004
Cu coated
Parylene-C
PETnonwoven
q treatment
3) Composites
material

development

The structure of Cu-coated PET nonwoven fabric PETCul can be observed in Figure 4(a). The fabric's
fiber distribution is randomly displayed in vertical and horizontal directions. The greige fabric (MILIFE)
is produced from the perpendicular arrangement of layers from theoretically parallel filaments with
stable joining by point spots created by local melting. Different orientation (not regular net) is mainly
due to inaccuracies of industrial fabrication. This structure and orientation of fibrous elements cannot
be changed because of solid spots. The cross-section view can identify the coated copper particles
covering the fiber. With the EDX analysis, the distribution of copper is presented in Figure 4(b). The
relative weight ratio of Cu occupies value is increased with more copper content for the three samples
(Fig. 4b). From the Cu distribution image, it was presented significantly that the deposited Cu was on
the surface of the fibers.
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PETCul

| PETCul

Figure 4. Morphological characterization of copper-coated PET nonwoven fabric of sample
PETCul (a) Fabric structure of the fabric from the top view and cross-section direction obtained
from SEM pictures. (b) Surface element analysis from Energy-dispersive X-ray spectroscopy of
samples PETCul

5. EMI shielding performance of copper-coated nonwovens and results analysis

The EMI shielding test results of the PETCu sample are presented in Figure 5(a). In the frequency range
from 30 MHz to 3 GHz, it is evident that the SE performance of PETCu3 is the highest compared to the
other two samples, with an average performance of 40.1 dB across the tested frequency band. To
understand this result, several parameters influencing the EMI shielding performance of metallized
textiles were studied based on related literature. Generally, three main factors determine the EMI
shielding properties of a material: 1) Material conductivity and magnetic permeability, 2) Material
porosity and pore shape, and 3) Material thickness.

For the PETCu sample, the variation in the amount of plated copper particles resulted in changes in
porosity and conductivity. It is important to note that the sample's thickness also varied, which in turn
affected conductivity. In this case, the synchronous changes in thickness and conductivity were caused
by different amounts of plated copper particles. Figure 5(b) and 5(c) illustrate the relationship between
optical porosity, the relative weight of copper in the samples, and EMI shielding effectiveness at 1.5
GHz. The results show that a decrease in optical porosity significantly enhances EMI shielding
effectiveness, and an increase in the mass of copper particles also improves SE. This conclusion is
consistent with the findings of other studies on the electromagnetic shielding effectiveness of metallized
textiles[52,53].

For different applications of EMI shielding materials, the weight of the electromagnetic shield material
is also significant. In these cases, the specific electromagnetic shielding effectiveness based on planar
density, SEG [dB-m?%/g], can be calculated using the following equation (8).
SE
SEG == ®)
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where w [g/m?] is the planar density.

A material with a higher SEG is desirable, as it indicates a lower weight and relatively higher SE. While
increasing the shield's thickness can enhance its shielding ability, the resulting weight increase may
negatively impact the application of this metallized textile for EMI shielding. Researcher S. Palanisamy
compared the EMI shielding performance of 35 different metallized textiles. According to his research,
optimizing both the weight and shielding effectiveness is crucial for the practical application of these
materials.[54]. The SEG of PETCu was also calculated and compared with Palanisamy's results. As
shown in Figure 5(d), the PETCu samples were in a leading position compared to other fabrics in terms
of relative weight electromagnetic shielding performance. The SEG value of PETCu ranged from 2 to
2.52, whereas other metallized or carbon-based textiles had SEG values ranging only from 0.03 to 1.04.
The relatively lower weight and higher SE of the PETCu samples offer greater potential for
electromagnetic shielding applications.
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Figure 5. (a) EMI shielding test results of PETCul, PETCu2, PETCu3 (b) Relationship between
optical porosity and SE at 1.5GHz (c) Relationship between relative copper weight of the sample
and SE at 1.5GHz (d) Relative SE according to planner density performance compared with other
metalized textiles

For the case of multilayer CuPET samples, the SE at 1.5 GHz is all above 40 dB, which is classified as
an excellent category for professional use. The maximum SE at 1.5GHz can be reached at 8§7.14 dB by
five layers of CuPET 20. This performance can be classified as an “excellent” grade[55]. Depending on
the results, from 1 layer to 2 layers, the SE increase rate compared to the previous layer is from 18.91%
to 31.26%, 2 layers to 3 layers are between 3.37% and 15.98%, from 3 layers to 4 layers is 2.67%-
43.64%. However, the increasing rate from the 4th layer to the 5th layer is only 0.37%-2.47%(Figure.6a).

For multilayer structured CuPET, the reflection loss SE is relatively constant compared to a single layer.
When the layer is increasing, the absorbing loss SE4 is increasing due to the change in thickness.
According to the further research results, it can be clearly identified that the multilayer structure
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enhanced the internal multireflection attenuation inside the material. On the other hand, the transmitted
EM wave will decrease due to the decreasing porosity. When the thickness increases from the fourth
layer to the fifth layer, the number of porous which electromagnetic waves can penetrate has been
reduced to a minimal extent. Therefore, when the number of layers increases, the increase rate of the
shielding effectiveness compared to the previous layer will decrease.

A higher mass per unit area fabric (CuPET30) may perform better SE in this research. However, on the
same SE level, the lower mass per unit area fabric (CuPET10) shows better air permeability. Considering
the balance of SE and air permeability for CuPET (Figure 6b). 3-4 layers of CuPET 10 will perform
average SE from 59.79 dB -78.38 dB in the frequency band 30 MHz to 1.5 GHz, and air permeability
from 2942 1/m?/s-3658 1/m?/s.
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Figure 6 (a) EMI shielding effectiveness (EMSE) of increasing layers for CuPET samples (b) the
air permeability changed with increased layer of CuPET

To compare the EMI shielding effectiveness of multilayered CuPET samples with other referenced
sample, the value of shielding effectiveness in unit thickness (dB/mm) was calculated (Figure 7). From
the result, it clearly to see that the CuPET samples were placed in the leading place compared to other
EMI shielding textiles[50,54,56].

1200 ¢ CuPET10

100% Ag-coated PET(Woven)

1000 Ag-plated nylon(Flat knitted)

Nickel/graphene-coated PET(Woven)
800

Carbon fabric 75tex(Woven)

Hybrid 75% SS/PP(Woven)

Hybrid 40% SS/PP(Woven)
MXene-Decorated PET(Cardigan Knit)
Carbon fabric 120tex(Woven)
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SE@1.5GHz/thickness (dB/mm)
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Figure 7 Comparison of the value of SE at 1.5GHz/thickness(dB/mm) from CuPET samples and
referenced metalized EMI shielding textiles
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6. EMI shielding simulation development for metalized thin nonwovens

The simulation environment was established based on the waveguide method, specifically in the TE10
mode. Employing the finite element method (FEM), the ANSYS HFFS software environment was
utilized to generate simulated results of the shielding effectiveness, presented in the form of
transmittance coefficients. The virtual measurement environment was created within Ansys HFSS,
replicating the geometry of the physical measurement setup. The measurement stand consisted of
waveguides that corresponded to the recommended frequency ranges: WR-1500 (500-750 MHz); WR-
975 (750-1150 MHz); WR-650 (1150-1500 MHz)

In Figure 8, the EMI shielding simulation environment was presented. Within the waveguide structure,
an optimized model of the test sample was positioned. The decision to employ an optimized module, as
opposed to the textile's original geometrical model, was primarily driven by the significant time and
computational resources required to run the original textile geometrical model. Importing the complete
mesoscale textile geometry directly into the simulation environment would risk system crashes,
particularly during the meshing process. The intricate and complex nature of textile structures, compared
to other engineering objects, demands substantial computational power to mesh all the fibers or yarns
within a fabric. Consequently, the use of an optimized textile model is crucial for conducting the EMI
simulation.

= Material =
= Porosity =
= Textile Thickness =
#Numbers of holes #
#Surface roughness#

£

Optimized simulation model

@ il \b s _Electromagnetic wave excitations face — e Coated copper layer
R | < Portl i
s Shielding material Electromagnetic wave; | ©PES laver
i ) f | propagation direction |
| Waveguide Type | i< :
| WR650 | e ' .
i a=165.1mm ) ) E|lectromagnetic wave receiving face ]
ib=8255mm KA Port2 L Coated copper layer
i Cutoff frequen .9886!»{2 ! y "
! ; 5 Cross-Section view of
- = e § Optimized simulation model

..................................................................................................................................................................................

Figure 8 Waveguide model building in ANSYS HFSS (a) Optimized textile model for the simulation
environment and cross-section view of this model (b) WR650 Waveguide mode for EMI shielding
simulation
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Figure 9 show the copper-coated samples measured and simulated EMI shielding effectiveness. The
measured results from 0.5GHz to 1.5GHz are constantly exported from the network analyzer. The
simulated result presents inconstantly due to the results were combined three types of the waveguide.
Obviously, with the increased copper content from PETCul to PETCu3, the SE performance is improved
from both measured and simulated results. Due to the limitation of the waveguide model, the simulated
value performs discontinuity at the boundary frequency point. The simulated results perform relatively
good arrangement with the measured value. When the sample's SE is over 35dB, this mode faithfully
represents the measured results in the frequency ranges from 0.5GHz to 1.5GHz. The compatibility is
slightly worse for the sample's SE, around 30dB, but the error does not exceed 5 dB. Due to the limitation
of the waveguide model, the simulated value performs discontinuity at the boundary frequency point.
The simulated results perform relatively good arrangement with the measured value. When the sample's
SE is over 35dB, this mode faithfully represents the measured results in the frequency ranges from
0.5GHz to 1.5GHz. The compatibility is slightly worse for the sample's SE, around 30dB, but the error
does not exceed 5 dB. To evaluate the results of these three samples, the SE obtained at 1.5 GHz
frequency was recommended 33. This frequency was significant because it is close to the frequency
running by many working devices (e.g., cell phones, GPS, and Wi-Fi routers) 33. Figure 6(d) presented
that simulated values are very close to the experiment results at 1.5GHz, especially for PETCu2 and
PETCu3.
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Figure 9 Results of measurements and simulated SE in the tested frequency range from0.5 to 1.5
GHz for textile samples (a) PETCul (b) PETCu2 (c) PETCu3 (d) results of measurements and
simulated SE in the tested frequency 1.5 GHz for textile samples

To evaluate whether the average difference between the simulated and measured result is significant or
caused by random error, a statistical analysis using a two-sample t-test is performed. The significance
level 0=0.05, and each result from the simulated and measured groups on the same frequency point is
compared. The null hypothesis is given as:

Ho: ps=pm
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This hypothesis means the mean value of SE calculated by simulation method s is equal to that of SE
measured by the coaxial transmission line method pm.
The alternative hypothesis is defined as:
Hi: pspim
The p-value of the t-test is listed in Table 3

Table 3 p-value of two-sample t-test for simulated SE value and measured SE value

PETCul PETCu2 PETCu3
The p-value of two-sample t-test 0.001 0.738 0.392

The t-test result presented a significant difference between the mean value of measured and simulated
SE for the sample PETCul, which p-value is less than 0.05. For samples PETCu2 and PETCu3, the t-
test confirms no significant difference between the measured and simulated results, with a p-value of
more than 0.05. This conclusion presented that the simulated results from PETCu2 and PETCu3 perform
better compatibility with experimentally measured results.

Table 4 compared the published solutions of EMI shielding for conductive material. For simulation run,
the level of detail in the model to some extent affects the final simulation results. Considering the textile
structure, the macro scale will process the fabrics as plain board, mesoscale textiles will presenting the
porous structure, the microscale should able to identify to the fiber level of the fabric. From the listed
solutions, there is no solution processing the model into microscale, which is understandable considering
the balance between simulation run time and calculation costs. However, from the listed solutions, there
is no available solution for EMI shielding simulation run for metalized nonwoven fabrics. In these points,
this newly developed method filled the blank for EMI shielding simulation of metalized textiles.

Table 4 Comparison of newly developed solution with existing simulation solutions

EMI shielding simulation solutions Software Scale of Suitable for

Modeling metlaized
nonwoven

Full-Wave modeling of screen printed EMI CST Yarn Not discussed

shield[57]

FSFs with cross-shaped units EMI shielding HFSS Yarn Not suitable

simulation[58]

Simulation analysis for electromagnetic CST Fabric Not suitable

shielding of certain type chassis [59]

EMI shielding for conductive woven HFSS Fabric Not discussed

fabrics[47]

Own solution HFSS Yarn Suitable

7. Geometrical modeling for the fiber irregular oriented thin and porous nonwoven

In this section and following chapters, considering the requested size of sample and ensure the better
homogeneity of the material, in this study, the copper-coated nonwoven fabric, "Meftex" series sample
were chosen as the sample for geometrical modelling, mathematical modeling and further development.
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For development of fiber-level geometrical model of non-woven microstructure, some data about its
orientation and distribution must be known. The structure of CuPET is different compared to other non-
woven fabrics. There are weft-yarn-like horizontal fiber and warp-yarn-like vertical fiber. The fabrics
are constructed from these two systems fibers by hot bending process. Generally, all fiber is straight, but
the degree of inclination of the fiber is random concerning the horizontal and normal, which is the
character of non-woven fabrics. In this case, the geometrical model should be constructed by straight
lines with random slop (the range of random slop is determined by the next step) plus the boundary
conditions defined by the module's width and length.

The model is implemented as parametric script in Python, so that the length, angle and variations in the
distributions can be parametrically changed. Finally, the python script generated axes are exported into
open csv-based format for 3D visualization with the TexMind Viewer. The generated non-woven fabric
module was compared with the scanning electron microscope picture of the non-woven fabric at the
level of qualitatively and quantitatively (Figure 10a). The comparison of the optical porosity of the
modelled and microscopic picture demonstrates very close results. The optical porosity of the sample’s
SEM picture is 45.01%, and for the model, the optical porosity is 44.55%. The generated model matches

the actual sample structure (Figure 10b).
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Figure 10 (a) Generated 3D geometric module and the cross-section view (b) Optical porosity test
result compare with SEM scanned picture and developed 3D geometrical model

Among the existing modeling methods, including those provided by commercial software, there are not
many parametric modeling options for thin nonwovens. Most existing methods are primarily aimed at
more structurally regular textiles, including woven fabrics, knitted fabrics, and thicker nonwovens. By
using Python scripts in conjunction with Texmind software, it is possible to achieve precise control of
nonwoven parameters that other software cannot provide. The comparison of various methods is shown
in the table below.
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Table 5 Comparison of newly developed software model with other existing textile geometrical
software models

Software Minimal Scale of Suitable for Model Example
Modeling nonwoven
TexGen[60] Yarn Not suitable

WiseTex[61] Yarn Not suitable

. . Suitable but
Solidworks[62] Fiber complex
Texmind[63] Fiber Suitable

8. Mathematical modeling for predicting the SE for metalized nonwoven fabric

The complete modeling methodology and processes were presented in the attached published paper.
After sufficient literature review, the existed EMI shielding mathematical models were most developed
for woven based textile (Equations 1-7). Obviously, by using the existing models to calculate the SE of
nonwoven based EMI shielding material cannot reach correctly result and there was barely any
mathematical model developed for thin metalized nonwoven materials (Figure 11a). The main reason is
that due to the non-uniform pore size distribution of nonwovens, it is very difficult to select the
parameters of the pore size in the model. In this case, the equivalent transformation of nonwoven
structure into woven fabric structure and optimization of the existing model can be used as a basic
method for EMI shielding mathematical modeling of metallized nonwoven. To confirm this hypothesis,
the optimized textile model was imported into simulation environment. The result showed that it’s
possible to predict the EMI shielding performance of nonwoven textiles after converting the nonwoven
structure into woven structure without changing the volume porosity, thickness of the material and
conductivity. As the hypothesis was proved, the finalized mathematical model for nonwoven based EMI
shielding material was proposed after optimizing the existed model (Equations 9-11). The SI units are
used in all formulas, the unit of some key parameters for mathematical model was marked. The newly
developed mathematical prediction model in this paper for prediction the EMI shielding of metalized
nonwoven fabric are presented in the following:

v
l=+2- |Bre 9
\/_ Neal' t ( )
- Ky ‘ (%)
SEgon = 156.78 + 20 -log ( |2 +8.6859 » 1 + 20 log (1-e%))+53283- Kt <) (10)

SEsoi = 156.78 + 20 - log( /%) +8.6859 + — + 5328.3-K (t > ) (11)
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It should be noticed that generally the mathematical model used to predict the SE are empirical model,
not physical model because there is not dimensional homogeneity of the equations. The detailed
derivation of the mathematical model please refer A4.

It’s clearly to see that for sample CuPET20 and CuPET30 the majority part of measured value curve
was in the model predicted field, and the model calculated average SE presented good agreement with
the measured value (Figure 11b). For CuPET10 between S00MHz to 1500MHz the model predict field
can cover the measured value, from 1500MHz to 3000MHz the measured value curve is over prediction
field and close to the upper limit line. For the reason given above, due to the low thickness of CuPET10,
the multireflection effect in the material should be considered. In practice there is a high impact on
multireflection attenuation from thickness, pore morphology and surface area. With this mathematical
mode, it’s very limited consider all these parameters in the multireflection part of calculation, that caused
the inaccurate to predict the attenuation with multireflection case.

By combine the existing models and new developed modes, in Figurel1(c) the comparison of model
calculated and measured values of EMSE for all samples at 1500MHz (1.5GHz). This frequency was
analyzed because this frequency is close to the working frequencies of electric devices, for example
Global System for Mobile Communications (GSM) support the 1800MHz band. The result shows good
agreement from measured and model calculated values, there is no mathematical significant difference
from these two values.
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Figure 11 (a) Comparison between existing SE prediction mathematical model to measured SE of
thin metalized nonwoven (b) Frequency dependence EMI shielding effectiveness of model predict
value and measured value from sample CuPET10, CuPET20, CuPET30 (c) Comparison between
predict SE value and measured value at 1.5GHz for each sample.

To judge whether the average difference between the model calculated and measured result is significant
or caused by random error, the statistical analysis method of two-sample t-test was performed. (The
method description is in chapter 6.)

The p-value of this t-test is listed in Table 6.

Table 6 p-value of two-sample t-test for calculated SE value and measured SE value.

Sample No. p value from two sample t-test
CuPET10 0.0002

CuPET20 0.56

CuPET30 0.66

The t-test result presented a significant difference between the mean value of measured and model
calculated SE for the sample CuPET10, which p-value is less than 0.05. For samples CuPET20 and
CuPET30, the t-test confirms no significant difference between the measured and simulated results, with
a p-value of more than 0.05. This conclusion matches the results from Figure 11(b) that the simulated
results from CuPET20 and CuPET30 perform better compatibility with experimentally measured results.
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9. Washing durability enhancement for metal particles surface coated textiles with
good air permeability

The Parylene CVD processing was performed by the Parylene Deposition System (SCS PDS2010)
located in CEITEC, Czech Republic. The CuPET sample was cut in the size of 13cm*13cm, which
matching the size of the sample holder in SCS PDS2010. After 24 hours of conditioning in room
circumstances, the Cw/PET was placed on a homemade supporting frame made from paper for a
complete and uniform coating. The following Figurel2 presents the deposition process. The addition of
Parylene-C dimer was controlled differently as 2 g, 6 g, 10 g, and 15g for one deposition on the fabric
size of 13 cm*13 cm. For brevity, the final Parylene-C encapsulated copper-coated sample was named
Py2/Cu/PET, Py6/Cu/PET, Py10/Cu/PET, and Py15/Cu/PET according to the amount of Parylene-C
used in this encapsulation process. Due to the size of the CuPET and limited volume, it does not mean
after adding 2 g Parylene-C in the deposition machine then the sample will gain 2 g mass after coating
process. In the size of 13 cm*13 cm sample, the mass is increased only 0.078 g after adding 2g Parylene-
C in the deposition system. Same for the 6 g, 10 g, 15 g samples. The geometrical characterization of
Parylene-C encapsulated sample Py/Cu/PET are listed in Table 7. The optical porosity is based on
selected threshold, specify conditions of its evaluation. Volume porosity is calculated and it is necessary
to briefly specify evaluation of gsm, fiber density and thickness.

(a) & _

| Copper coating Parylene Encapsulation

! Nonwoven polyester fabric Coppercoated nonwoven polyesterfabric  Parylene-C deposited CUPET fabric |
i (PET) (Cu/PET) (Py/Cu/PET) :
g 5 ;EI 3 G ® Copper @.p.nlomcr ‘
(b) : |

cl
Chlorinated Di-para-xylylene
: (Dimer)

Vaporization (150°C)

Figure 12 A schematic illustration of the fabrication process. (a) Py/Cu/PET preparation process
and sample simulation photo. The insert fiber picture displays the feature of different material
layer structures after Parylene encapsulation (b) The Parylene deposition process on Cu/PET.

Table 7 Geometrical characterization of Py/Cu/PET

Sample Sample Optical Volume Calculated
Number thickness (mm)  Porosity (%) Porosity (%) Parylene-C film
thickness(pum)
Py2/Cu/PET 0.0574-0.007 30.846 78.69 15
Py6/Cu/PET 0.0764-0.008 23.192 73.04 34
Py10/Cu/PET 0.0924-0.008 19.386 71.11 50
Py15/Cu/PET 0.1344-0.010 16.262 68.53 90
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The SEM image of the CuPET shows good porosity (Figure 13a). It can be observed that the copper
particles distributed evenly on the surface of the fiber (Figure 13b). During the Parylene encapsulating
process, the gaseous monomers of Parylene-C were evenly distributed into the whole chamber under
vacuum circumstance. Unlike traditional coating technology that blocks the pores of the fabric, the
monomers of Parylene-C were able to penetrate the apertures of the Cu/PET and deposit on the fiber
surface evenly under ubiquitous gas-phase deposition at the molecular level. As a result, the apertures
will not be blocked, which can maintain the good air permeability of the sample (Figure 13c). On the
surface of the fiber, the Parylene-C forms a dense film in 3D structure rather than two simple layers
covering only on the top and bottom of the fabric surfaces. Such hierarchical structure enables the highly
pervasive protection for the copper particles interconnector by Parylene-C (Figure 13d).

Depending on the Cl element in the molecular structure of Parylene-C, the Cl element can be the identity
of the existing Parylene-C film. By using EDS analysis, the untreated Cu/PET demonstrated that the
copper particles were evenly distributed on the surface of the sample (Figure 13e). After the deposition
process, the EDS map shows the Cl element evenly spread on the treated sample Pyl15/CuPET (Figure
13f). On the focus of fiber level, the element Cl concentrated on the surface of the fiber. Cu element was
evenly distributed on the fiber surface. This EDS map illustrates that after the encapsulating process, the
Parylene-C film coved the copper particles on the CuPET surface perfectly (Figure 13g).

l Cu/PET

Figure 13 Morphology and physical characterization of Cu/PET and Py/Cu/PET (a)SEM scanned
picture of Cu/PET (b)SEM scanned picture of Cu/PET focus on the copper particle on the fiber
surface. (c¢) SEM scanned picture of Py15/Cu/PET (d) SEM scanned picture of Py15/Cu/PET focus
on the Parylene film coated on the fiber surface. (e) EDS mapping of element Cu on the surface of
Cu/PET. (f) EDS mapping of element Cu and element Cl on the surface of Py/Cu/PET. (g) EDS
mapping of element Cu and Cl on the fiber of Py15/Cu/PET

The Parylene-C encapsulated fabric demonstrates enhanced machine-washing durability with the
increased amount used in the deposition process. Using 2 g Parylene-C for deposition was not enough
for ten machine washing cycles. With the increasing used amount of the Parylene-C, the EMI shielding
property was gradually improved from 12.76 dB to 26.6 dB via integrating increased Parylene-C from
6 g to 15 g (Figure 14c). The best machine-washing ability regarding EMI shielding performance
compared to other samples was Py15/Cu/PET. The average SE between frequency band from 30 MHz
to 3 GHz remains 27.5 dB after ten times machine washing cycle (Figure 14c-d). The SE loss at 1.5
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GHz after the machine-washing cycle can be observed in Fig 3g. For Cu/PET, the SE loss at 1.5 GHz
reaches 99.5%. The improvement was significant with processing 15 g Parylene-C, and the SE loss at
1.5 GHz was 35.9%.

For Cu/PET after the hand washing cycle, the SE dropped significantly (Figure 14e). For the first three
hand washing cycle, the SE dropped around 10 dB after one hand washing cycle. After ten hand washing
cycles, the SE at 1.5 GHz was 1.3 dB, which lost 97.19% of EMI shielding property. Similar to the
machine-washing cycle results, the Py/Cu/PET samples perform enhanced hand washing with the
increased amount of Parylene-C implemented in the deposition process. After increasing the
encapsulated amount of the Parylene-C, the SE loss at 1.5 GHz was gradually reduced from 57.5% to
12.9% via integrating increased Parylene-C from 6 g to 15 g(Figure 14f-g). The best hand-washing
ability regarding EMI shielding performance compared to other samples was Py15/Cu/PET. The average
SE between the frequency band from 30 MHz to 3GHz remains 39.93 dB after ten times hand washing
cycles, which dropped around 17.66% compared to the unwashed sample (Figure 14h).
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Figure 14 EMI shielding after machine/hand washing (MWash) cycle (a)EMI shielding
effectiveness of Cu/PET and Py/Cu/PET (b) SE of Cu/PET with ten machine washing cycle (c) SE
of Py15/Cu/PET with ten machine washing cycle (d) SE at 1.5GHz compared with Cu/PET and
Py/Cu/PET after ten machine washing cycle (e) SE of Cu/PET with ten hand washing cycle (f) SE
of Py15/Cu/PET with ten hand washing cycle (g) SE at 1.5GHz compared with Cu/PET and
Py/Cu/PET after ten hand washing cycle (h) SE loss at 1.5GHz for Cu/PET and Py/Cu/PET after
ten hands washing cycle.

Figure 15a presents the air permeability of Cu/PET and Py/Cu/PET before and after the washing cycle.
As referred to in the geometrical structure of Py/Cuw/PET, due to the CVD method, the Parylene-C film
covered the fiber surface without blocking all the fabric apertures, which enabled the fabric to maintain
good air permeability. The Parylene-C film increased the fiber diameter, leading to the pore size decrease.
Such changes affect the air permeability of the fabric to some extent. With the increase of Parylene-C to
15 g, the air permeability was reduced from 3930 mm/s (Cu/PET) to 1043.6mm/s (Py15/Cu/PET). The
reduction of the fabric porosity causes this change. The increasing deposited Parylene-C made the fiber
diameter thicker, which caused the synchronized drop in fabric porosity and air permeability (Figure
15b).

Compare with other metalized textiles and normal clothing used fabrics, the Py/Cu/PET samples
presented excellent air permeability[64—67]. The compared results were showed in Figure 16. From this
result, it’s clearly illustrated that comparing with other metalized textiles or normal clothing used textiles,
the Py/Cu/PET series samples presented good washable durability, at the same time maintained excellent
air permeability. Parylene encapsulation also brings excellent acid and alkali corrosion resistance, anti-
friction performance, the detailed analysis was described in AS5.
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Figure 15 (a) Comparison of air permeability for Cu/PET and Py/Cu/PET before and after the
washing cycle. (b) The relationship between air permeability and optical porosity with different
coated Parylene-C. (c) TG and DTG test results of Cu/PET and Py15/Cu/PET.
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Figure 16 Comparison of the air permeability with other metalized textiles and clothing used
textiles

10. Conclusion

This dissertation serves as a comprehensive summary of my published scientific journal articles, in
which I am the first author related to the PhD thesis topic. All the journals have an impact factor and are
listed in the Journal Citation Reports, with quartile rankings in Q1 or Q2. The research conducted for
my Ph. D work was approached systematically, both theoretically and practically. This work addresses
gaps in several research areas of EMI shielding textiles, with a particular focus on metal particles surface
coated nonwoven textiles. Through the research of this paper, the following issues concerning the
electromagnetic shielding effectiveness of metal particles surface coated textiles were solved:

- Development of copper coated thin nonwoven fabrics. By testing the electromagnetic shielding
effectiveness and other related properties of copper-plated nonwovens, it was found that using a
multi-level structure effectively enhances the attenuation of electromagnetic waves through multi-
layer reflection within the material, thereby improving the overall electromagnetic shielding
effectiveness. Despite the increased thickness reducing breathability, the excellent air permeability
of the greige nonwoven fabrics allows them to maintain superior breathability even after stacking
three layers. This stacking also provides an enhanced EMI shielding effect.

- Creation of physical model and simulation tools for characterization metal particles surface coated
nonwovens. This model was successfully simulated in the waveguide electromagnetic shielding
effectiveness simulation environment of Ansys HFSS. Additionally, based on the concept of
equivalent model conversion within the simulation environment, the mathematical model for
predicting the electromagnetic shielding effectiveness of metal particles surface coated nonwovens
was successfully optimized.

- Enhancing the machine/hand wash resistance and mechanical properties of existing electromagnetic
shielding fabrics wider the potential for using electromagnetic shielding textiles in clothing or other
harsh environments. This work successfully applied a Parylene encapsulation on the surface of metal
particles surface coated fibers through chemical vapor deposition, which significantly enhanced the
water wash resistance of the fabric. Additionally, due to Parylene's excellent chemical corrosion
resistance and wear resistance, the encapsulated electromagnetic shielding textiles exhibit these
superior properties as well.
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Textile Engineering
h-index: 6
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Research Assistant

Department of Material Engineering (KMI), Faculty of Textile Engineering, Technical University of
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Research Intern
Institut fir Textilmaschinen und Textile Hochleistungswerkstofftechnik (ITM), TU Dresden

04.2022-now

Academic User
CEITEC - Central European Institute of Technology
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03.2021-12.2021
Team Leader

SGS-2021-6025, Effect of geometry and concentration of fly ash and laponite on impact and
dynamic mechanical properties of filled epoxy matrix

05.2021-12.2022

Hybrid
CZ.02.1.01/0.0/0.0/16_019/0000843)
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03.2022-12.2022
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Computer skills: Python, MATLAB, MS Office, ERP system operation
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Language: English (C1, IELTS6.5), German (B1), Chinese (Native speaker)
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15. Recommendation of the supervisor

Recommendation of the supervisor on Ph.D. thesis of Shi Hu MSc.

Thesis title: Complex Analysis of EMI Shielding Fabrics

Doctoral student Shi Hu submitted a dissertation for defense in the form of annotated published
scientific articles in high-impact journals. The work is focused on textiles shielding
electromagnetic radiation, which nowadays are increasingly used both in the field of clothing
and technical textiles. Thin (thickness 0.04 to 0.1 mm) thermally bonded, porous polyester non-
woven fabrics with deposition of copper particles (MEFTEX Bochemia s.r.0.) are studied.
Unlike other solutions, these textiles do not have a compact metallized layer on the surface, but
copper particles are fixed on the surface of the fibers, so that porosity and air permeability are
maintained on the one hand and flexibility on the other. At the same time, thanks to the
perpendicular laying of 2 layers of polyester multifilaments on top of each other (similar to
fabrics) and the point thermal bonding, there is low deformability.

The doctoral student observed the influence of the parameters of these simple and layered
textile structures on porosity, air permeability and effectiveness of electromagnetic shielding.
Significant increase in the effectiveness of electromagnetic shielding was achieved through
layering. Furthermore, the student managed to successfully simulate the effectiveness of the
electromagnetic shielding of the mentioned structures using the finite element method in the
ANSYS system, where mostly insignificant, but also significant differences between the
simulated results and real measurements were found. The main problem was the inhomogeneity
in the pore size distribution. The doctoral student successfully proposed a new mathematical
model for predicting the effectiveness of electromagnetic shielding based on the transformation
of the nonwoven fabric structure into a woven fabric structure with the same porosity, thickness
and electrical conductivity.

The general problem of coated textiles is reduced resistance in washing, so the next task was
to improve resistance in washing while maintaining the required effectiveness of
electromagnetic shielding and air permeability. This was achieved by applying chemical vapor
deposition of Parylene-C.

Overall, I evaluate the PhD student's dissertation as comprehensive, dealing with the necessary
problems, making it possible to construct optimal textile structures with increased efficiency
of electromagnetic shielding for various fields of application in practice.

The language proficiency exhibited in the thesis is commendable and satisfies the standards
expected at the doctoral level. His exceptional abilities are evidenced by his publication record
in journals with high-impact factors. Throughout his research tenure at TUL, he has promoted
his findings through the publication of 14 papers in journals with high-impact factors (13
papers Q1, Q2), 5 book chapters, and 18 articles in conference proceedings. Throughout his
academic pursuits, he demonstrated a high level of diligence and competency.

The findings of the dissertation are valuable, innovative, and readily applicable in practical
settings. Thus, it is highly recommended that the thesis be presented for the final doctoral

defense.

37



During the plagiarism check, 5% similarities was found with V. Tunakova's habilitation, which
used the same measurement method, but this information does not affect the original results of
student Shi Hu's dissertation (it is a description of the standard measurement method, citations

from the standard, citations of some publications). The same is the case in other similarities of
2.6% and smaller.

Liberec January 20, 2025 Doc Dr. Ing. Dana Kiemenakova
Supervisor



16. Opponent’s reviews

TECHNICAL UNIVERSITY OF LIBEREC
Faculty of Textile Engineering ¥

Assessment of PhD Thesis

Aspirant: Shi Hu, M.Sc.

Thesis title: Complex Analysis of EMI Shielding Fabrics
Specialization: P0723D270003 Textile Engineering
ISupervisor: doc. Dr. Ing. Dana Kfemenakova
[Reviewer: doc. Ing. Antonin Potésil, CSc.

Topicality of the thesis

Comment:

The topic of the submitted dissertation is topical and respects current and future innovative trends that
are directed towards the use of textile material structures with functional surface treatment oriented to
electromagnetic shielding or interference (EMI) in real conditions. The aim is their subsequent use not
only in consumer but also in industries with demanding environmental conditions.

excellent' X above standard standard substandard weak

* Mark selected with a cross

Meet the objectives of the thesis
Comment:

Although structured in the form of summary scientific articles, the submitted dissertation has a very
well-developed descriptive part and explains the approaches to the preparation and testing of multi-
layered textile material structures with functional treatment with metal particles primarily intended
for electromagnetic shielding.

The thesis has good factual content with an indication of the laboratory experimental technologies
used to enhance the functionality of the textile material structures. After studying the thesis as a
whole, I conclude that the defined aims and objectives of the PhD student have been met.

excellent above standard X standard substandard weak

Methods and solutions
Comment:

A few physical testing methods, procedures and measuring devices were used to characterize the
properties of the textile structures used and prepared by the PhD student The thesis also employed the
method of numerical simulation of electromagnetic phenomena (FEM) using the High Frequency
Module (HFFS) in the ANSYS environment. The thesis shows the independence of the author of the
dissertation to the above experimental and numerical methods and activities.

excellent above standard X standard substandard weak

TECHNICAL UNIVERSITY OF LIBEREC | Faculty of Textile Engineering | Studentska 1402/2 | 46117 Libereca

“£.2

tel: +420 485 353452 | jmeno prijmeni@tul. cz | www. ft.tul.cz | IC: 467 47885 | DIC: CZ 467 47 885

39



TECHNICAL UNIVERSITY OF LIBEREC
Faculty of Textile Engineering E

Results of the Thesis - specific benefits of the student

Comments:

The main contribution of the dissertation is the identification and comparison of the properties of
textile structures oriented to effective electromagnetic shielding under different conditions of their use,
e.g., increased resistance during washing aimed at good air permeability and climatic comfort. The

reported experimental findings are treated statistically and provide useful information for practical
applications.

excellent above standard X standard substandard weak

| Significance for practice and for the development of the scientific branch
Comments:

The work is a good starting point for further research and development activities in the field of the use
of these textile structures in various industrial applications. I recommend that follow-up work should
be oriented more deeply into the theoretical areas of physical properties of composite materials with

respect to downstream processing technologies in product manufacturing as well as to their specific
applications in industrial practice.

excellent X above standard standard substandard weak

Formal layout of the Thesis and its language level
Comments:

The thesis is logically structured, the English text is comprehensible, the Czech version of the
abstract has no editing errors.

excellent X  above standard standard substandard | weak

Comments, questions, recommendations

1. The properties of the tested materials are given in the paper for normal room temperatures. For
the presumably expected applications of these textile materials in composite structures in other
industries (automotive, aerospace, etc.) it is a standard requirement to know the material

properties in the temperature range of ca. -60 to 90°C or more. How could this issue be
approached?

2. For eventual predictive CAE/FEM simulations, composite structures should be considered as
anisotropic or orthotropic material continuum. Using what relations are given in Solid
Continuum Mechanics, in such cases, is the relationship between stress and strain, which is the
consequence or response to the loading conditions of the respective product of manufacture
during its operation, described? Give examples.

Final evaluation of the Thesis

Based on the above review I recommend submitting thesis for defense in front of the scientific
committee for the defense of doctoral thesis.

I recommend after a successful defense of the dissertation grant Ph.D.2 yes #o
7 :
Del}yhere applicable
Place and Date: In Liberec 2.12.2024 Signature: Antonin Poté&sil
TECHNICAL UNIVERSITY OF LIBEREC | Faculty of Textile Engineering | Studentska 1402/2 | 46117 Liberec 1 [ I |
- — — A 8
tel.: 4420 485 353452 | jmeno.prijmeni@tul.cz | www.ft tul.cz | IC: 467 47 885 | DIC: CZ 467 47 885 EEE
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Review to dissertation titled "Complex Analysis of EMI Shielding
Fabrics"

Electromagnetic interference (EMI) shielding has attracted more and more attention by
researchers as well as ordinary people since the excessive electromagnetic wave could
increase the health risks, and damage the equipment. Textiles have been played an
important role in protecting people and equipment from EMI. Therefore, the subject of
this dissertation is both significant and deserving of in-depth study.

This dissertation aims to develop a mathematical model and simulation method for
metalized nonwoven textiles, to improve the washing ability, anti-abrasion property,
acid and alkali resistance of metalized nonwoven textiles, and to fill the gap between
electromagnetic shielding simulation and shielding effectiveness prediction models for
metalized nonwoven textiles.

In the State of the Art section, research on the metallization of textiles, EMI shielding
performance of metalized textiles, EMI shielding modeling and simulation,
mathematical models for EMI shielding, and washing durability treatments of
metalized textiles was introduced, highlighting current challenges and emphasizing the
importance of addressing these issues.

In the Metal Particles Coated Nonwovens section, the sample components, preparation
procedures, and structural parameters were clearly described. The methodology was
appropriate, and the experiments were well-designed and effectively implemented.

In the remainder of the dissertation, the results for analyzing the EMI shielding
performance of metalized nonwovens, developing EMI shielding simulations,
geometrical modeling of nonwovens, mathematical modeling for predicting EMI
shielding effectiveness, and improving the washing durability of metalized nonwovens
with good air permeability were presented concisely. The conclusions of this
dissertation work are supported by the experimental results. And all of these results
were published in SCI journals by the Ph.D. candidate.

Generally speaking, this dissertation was systematically designed and executed. It is
logically written and well-structured, with experiments and results presented concisely;
making a significant contribution to EMI shielding using metalized nonwoven textiles.

During the Ph.D. study, the candidate as the first author has published 6 papers in SCI
journals, 7 international conference papers, and 3 book chapters, which indicates that
the candidate has made strong contribution to the field of EMI shielding by focusing on
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nonwoven fabrics with surface metal coatings. Therefore, I recommend the Ph.D.
dissertation for defence.

While the research offers considerable advancements, a few points for clarification and
improvement are as follows:

¢ The discussion on the real-world applications of multilayer structures remains
limited. Could the Ph.D. candidate elaborate on potential industry adoption and
scalability of these methods?

o The accuracy of the proposed mathematical model is validated against
experimental data. How does this model prediction accuracy compare to other
existing metalized nonwovens and how about in terms of computational
efficiency?

» The washing durability results for coated samples are promising. However,
further exploration into the long-term effects of repeated wash cycles on both
permeability and shielding effectiveness could strengthen the conclusions. Why
the Ph.D. candidate only did 10 times washing cycle? Is there any possibility to
increase the washing cycles?

(
Reviewer: 2024.11.18

Assoc. Prof. Guocheng Zhu
College of Textile Science and Engineering (International institute of silk)

Zhejiang Sci-Tech University
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