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Equation for Shielding Effectiveness and Power Coefficients 

The shielding due to reflection (SER), shielding due to absorption (SEA), and total shielding effectiveness (SET) of a 

material can be calculated using the following equations.  

                                                                                       
      (Eq. S1) 

                                                                             
       

 

        
       (Eq. S2) 

                                                                                  (Eq. S3) 

where (S11, S22) are the reflection and (S21 and S12) are the transmission scattering parameters. The shielding due to 

multiple internal reflections (SEM) can be counted as a part of SEA when the SEA value exceeds 10 dB [1].  

The power coefficients, R, A, T, and Aeffective, can be calculated from the scattering parameters using the equations. 

           
        (Eq. S4) 

           
        (Eq. S5) 

                                                                                             (Eq. S6) 
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Fig. S1 Four-probe electrical conductivity measurement setup with the PSCC-S0 shielding fabric as the material 

under test. 

 

 

 

Fig. S2 EMI shielding performance and power coefficients of SCC fabric. a Frequency dispersion curves SER, SEA 

and SET of SCC fabric. Inset shows the demonstration of electrical conductivity of SCC fabric. b Power coefficients 

of SCC fabric. 
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Fig. S3 XRD patterns of SCC, PVDF, SFO and PSCC-Sx (x=0-40) fabrics. 

 

 

 

Fig. S4 Electrical conductivity of SCC and PSCC-Sx (x=0-40) fabrics (inset shows the electrical conductivity 

demonstration of PSCC-S40 fabric). 
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Fig. S5 a Surface morphology of weft-warp weaves in SCC fabric and, b SEM image demonstrating thickness of 

SCC fabric (inset shows the thickness of weft and warp). 

 

 

 

Fig. S6 a Fabric model used for the simulation of PSCC-Sx(x=0-40) fabrics in XY plane and, b oblique view of the 

fabric model. 
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Fig. S7 The frequency response of simulated a SER, b SEA, and c SET of SCC and PSCC-Sx (x=0-40) fabrics in the 

K-band region. 
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Fig. S8 Electromagnetic field distribution inside virtual waveguide measurement environment. a Electric field 

intensity distribution inside the waveguide with PSCC-S40 fabric as the electromagnetic shielding test subject. b 

Magnetic field intensity distribution inside the waveguide with PSCC-S40 fabric as the electromagnetic shielding 

test subject. 
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Fig. S9 The frequency response of measured a SER, b SEA, and c SET of SCC and PSCC-Sx (x=0-40) fabrics in the 

K-band region. 
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Fig. S10 The simulated frequency response of a SER, b SEA, and c SET of various layered configurations of PSCC 

shielding structures in the K-band region. 
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Analysis of Shielding Performance of Simulated Homogenous and Heterogeneous Layered 

Structures 

To gain a thorough understanding, let us first analyze the shielding performance of the layered structures in two 

sections, viz., homogenous layering and heterogeneous layering. Among the homogenous layering, the predicted 

SET of the shielding structures is in the order PSCC-S0-3 < PSCC-S10-3 < PSCC-S20-3 < PSCC-S30-3 < PSCC-

S40-3, as per Fig. S10. The SEA of the structures is in the same order, while the SER is in the opposite order. It is 

interesting to recall that the total shielding effectiveness of all the single layers was approximately the same. 

However, when the strategy of multiple-layer arrangement was introduced, the difference in shielding performance 

between PSCC-S0-3 and PSCC-S40-3 was found to be approximately 5 dB, with the increment in SEA being ~ 7 dB 

and reduction in SER being ~2 dB. If we nullify the multiple internal reflections between the layers, which will be 

common in all structures, the enhancement in electromagnetic energy absorption can be attributed to the presence of 

ferrite in each layer of PSCC-S40-3 compared to PSCC-S0-3. The probability of EM waves entering the fabric 

structure will be higher in the case of PSCC-S40 than PSCC-S0 due to its reduced conductivity and increased 

permeability. 

The thickness of the shield should also be considered when comparing the EMI shielding properties of materials. In 

the case of PSCC-S40 and PSCC-S0 with respective thicknesses of 0.25 and 0.21 mm, the thickness difference 

arises from the ferrite-PVDF layer as the base material (SCC) is the same. This layer is a non-conducting coating 

layer with magnetic properties. Here, the difference in thickness between PSCC-S0-3 and PSCC-S40-3 is 0.12 mm, 

which entirely corresponds to ferrite-PVDF coating layers. However, the observations from the literature suggest 

that hexaferrite-PVDF layers with even 0.5 mm thickness and comparable EM properties to that of the SFO-PVDF 

layer exhibit very poor EMI shielding performance [2]. Thus, we can deduce that the mere thickness enhancement 

does not contribute to the enhanced shielding of the PSCC-S40-3 structure. It is the amalgamation of the improved 

impedance matching mechanism provided by the ferrite, along with the conductivity of the base material, which 

leads to the shielding enhancement. At each interface of the layers, the enhanced impedance matching provided by 

the ferrite reduces the reflection and allows the EM wave to pass through the layer. Then, the EM wave will undergo 

attenuation due to various mechanisms, such as the multiple internal reflections at the ferrite-PVDF-SCC layer 

interfaces, magnetic losses, dielectric losses and conductive losses. This process repeats three times as the wave 

passes through the three-layered PSCC-S40-3 structure, endowing the structure with enhanced EM wave absorption 

ability. In the case of the PSCC-S0-3 structure, at the primary interface, the reflections will reduce the probability of 

admission of EM waves into the material, and the absence of magnetic losses, along with the lower dielectric losses, 

reduce its wave absorption capability as well. Hence, in the case of the PSCC-S0-3 layer, the amount of primary 

reflection will always be higher. As we examine the EMI shielding performance of various homogenous PSCC-Sx 

(x=0-40) structures based on SEA and SER, we can see that there is a progressive enhancement in SEA and a 

reduction in SER as we move from PSCC-S0-3 to PSCC-S40-3, validating the effect of improved impedance 

matching in the structures.  
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In the case of heterogeneous layered structures, the simulated SET of PSCC-S0,S20,S40, PSCC-S40,S20,S0, PSCC-

S0,S40,S0 and PSCC-S40,S0,S40 is comparable, with the best one being PSCC-S40,S0,S40. The only variation that 

can be observed in the EMI shielding performance of these structures is the difference between SER and SEA. In the 

case of SER, the heterogeneous layered structures take the order of PSCC-S0,S20,S40 ≈ PSCC-S0,S40,S0 > PSCC-

S40,S0,S40 ≈ PSCC-S40,S20,S0 and SEA takes the reverse order. However, the enhancement in SEA or the 

reduction in SER between these structures is rather low (<2 dB), which indicates that the shielding properties of 

structures could not be enhanced to a large extent when the conductivities of the layer are within the same range 

(same order of magnitude). This observation is very relevant since the literature suggests that heterogeneous 

multiple-layer arrangement positively enhances the shielding performance of shielding structures, which is not 

observed in this study. However, it can be noted that the conductivity of the magnetic and conductive layers 

discussed in those studies were at least two orders of magnitude apart [2-4]. Here, there is no drastic distinction 

between the conducting-magnetic-conducting (CMC) arrangement (PSCC-S0,S40,S0) and magnetic-conducting-

magnetic (MCM) arrangement (PSCC-S40,S0,S40) in terms of conductivity, which leads to similar shielding 

properties. The presence of the magnetic PSCC-S40 layer is the reason for the mere rise or dip of SER and SEA, 

respectively. For example, in the case of PSCC-S0,S40,S0 (or PSCC-S0,S20,S40), the first layer is devoid of any 

magnetic enhancement, which will give rise to an increased SER and decreased SEA as primary reflection of EM 

radiation will be higher in these structures, whereas in the case of PSCC-S40, S0, S40 (or PSCC-S40, S20, S0) the 

first layer is the one with the highest permeability among all the other shielding structures, which will lead to higher 

impedance matching and reduced primary reflections. Now, let's compare the shielding properties of the 

heterogeneous and homogenous multilayered PSCC structures. From Fig. S10, it is evident that the homogenous 

structures with higher ferrite content exhibited the highest SET. This enhancement is simply due to the higher 

attenuation of EM radiation at each layer due to the increased permeability-derived impedance matching and 

additional losses stemming from the magnetic properties of the ferrite. 



Advanced Composites and Hybrid Materials 

 
 

S11 

 

 

Fig. S11 The measured frequency response of a SER, b SEA, and c SET of various layered configurations of PSCC 

shielding structures in the K-band region. Inset of Fig. S11a demonstrates the flexibility of PSCC-S40-3 fabric. 
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Fig. S12 Representation of Aeffective of SCC, PSCC-Sx (x=0-40) and layered PSCC fabrics in the K-band region, in 

percentage. 

 

 

Fig. S13 Dielectric properties and associated parameter analysis of PSCC-S0-3 fabric over the K-band region. a 

Frequency dependence of complex permittivity. b Frequency dependence of dielectric loss tangent. c Two-

dimensional representation of the Cole-Cole plot. 

. 

 



Advanced Composites and Hybrid Materials 

 
 

S13 

 

 

Fig. S14 Cole-Cole plot of PSCC-S40-3 fabric over the K-band region. 

 

 

Fig. S15 The comparison of EMI SE of PSSC-S40-3 fabric with recently reported ferrite incorporated shielding 

fabrics [5-13]. 
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Hydrophobicity of the Shielding Fabrics 

 

 

Fig. S16 Hydrophobicity demonstration of shielding fabrics. Contact angle for a SCC fabric, b PSCC-S0 fabric c 

PSCC-S40 fabric, d PSCC-S0-3, e PSCC-S40,S0,S40 and f PSCC-S40-3 

Hydrophobicity is an essential property for a shielding material from a practical application standpoint. In light of 

this, the surface wettability of selected SCC, PSCC-Sx and layered PSCC fabrics were investigated to understand 

how polymer and ferrite incorporation modulated wettability. Fig. S16(a-f) exhibits the contact angle (CA) of SCC 

and PSCC-Sx (x=0 and 40) fabrics and layered fabrics. It can be learnt from the Fig. S16a that the SCC fabric shows 

a hydrophobic nature with a CA of 121º. However, some spreading of the water droplet can be observed from the 

image. Compared to scoured cotton, which displayed a hydrophilic nature due to the abundance of functional 

groups, SCC has very low functional groups, and the small spreading might be due to the residual functional groups 

present in the fabric even after carbonization. The CA was found to be improved to 135º (Fig. S16b) when PVDF 

coating was applied to the fabric (PSCC-S0), which is due to the hydrophobic nature of PVDF with low surface 

energy [14]. It is interesting to note that the hydrophobicity of the fabric appreciably improved on ferrite 

incorporation, with the CA of PSCC-S40 reaching up to 152º (Fig. S16c), making the fabric superhydrophobic. The 

superhydrophobicity of the PSCC-S40 fabric can be attributed to the microscale roughness introduced by the ferrite 

and the low surface energy of the PVDF [15]. Further, PSCC-S0-3, PSCC-S40,S0,S40 and PSCC-S40-3 displayed a 

CA of 133º, 155º and 154º, respectively, which is in accordance with the CA of the respective top-most layer of the 

layered PSCC fabrics (Fig. S16d-f). The superhydrophobic nature of the PSSC-S40-3 fabric with exceptional 

shielding performance makes it highly desirable for outdoor electronic applications and handheld device 

applications.  

 

(d) (e) (f) 
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Application Demonstration of the Shielding Fabrics 

To demonstrate the application potential of the EMI shielding fabrics, two experiments (Demonstration_1 and 

Demonstration_2) were conducted using the PSCC-S40-3 fabric. In the first experiment (Demonstration_1), an 

antenna designed to operate at 2.4 GHz frequency (antenna 1-A1) is placed in an anechoic chamber as the receiver, 

while a horn antenna covering 800 MHz to 18 GHz (antenna 2-A2) serves as the transmitter. The two antennas were 

connected to the two ports of the VNA and the measurement setup was calibrated to minimize errors. In the 

reference experiment (without the shielding fabric), the S11 parameter indicated that the antenna is perfectly 

radiating near the designed frequency (~2.37 GHz), with S11 at the resonant frequency (fr) around -17 dB. The S21 

parameter, which measures the power received at A2 relative to the input power fed to A1, peaked around the 

resonant frequency of the antenna (~ -25 dB), confirming proper antenna performance. When the antenna was 

covered with the PSCC-S40-3 shielding fabric, the S-parameters changed significantly. S11 became nearly flat and 

S21 dropped to around -42 dB, indicating that the antenna was no longer radiating at the designed frequency and very 

little power was being transmitted between the antennas. This change occurred because the highly conductive 

shielding material interacted with the electromagnetic environment of the antenna and altered its electromagnetic 

properties, thereby detuning the antenna. This experiment demonstrates how conductive shielding fabrics can 

modulate antenna performance by altering the electromagnetic characteristics of the antenna.  

An additional experiment (Demonstration_2) was conducted using two smartphones (4G) to further demonstrate the 

practical applicability of the shielding fabric. Initially, a phone call was successfully established between the two 

phones without any obstructions, confirming normal operation. Then, one of the phones is covered with aluminum 

foil, leaving an opening at the back of the phone. A second call was then made, and despite having the aluminum 

foil coverage, the call went through, indicating the phone could still receive the signal through the exposed portion. 

Next, the PSCC-S40-3 EMI shielding fabric was placed over the opening in the aluminum foil coverage, and a third 

call was made. This time the call was not connected, indicating that the EMI shielding fabric effectively blocked the 

microwave radiation and cellular signal reception. This experiment highlights the ability of the EMI shielding fabric 

to block microwave radiations effectively, showcasing its potential application in shielding mobile phone signals.  
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Fig. S17 IR images of PSCC-S40-3 fabric placed above scoured cotton fabric exposed to 1000 W radiation from the 

solar simulator at a 5 mins, b 10 mins, c 15 mins, d 20 mins, e 25 mins, and f 30 mins and the temperature of 

scoured cotton after g 5 mins and h 30 mins and i optical image of PSCC-S40-3 fabric placed on top of the cotton 

fabric under the solar simulator source. 
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Figure S18. Temperature profiles of a SCC, b PSCC-S10, c PSCC-S40, d PSCC-S0-3, e PSCC-S40,S0,S40 and f 

PSCC-S40-3 fabrics, respectively, placed on top of a heating plate kept at ~100 ºC.  

 

Table S1. Input parameters used for simulation. 

 

 

 

 

 

 

 

 

 

Composition εr tan δε μr tan δμ 
Conductivity 

(S/m) 

Thickness 

(mm) 

SCC 79.20 0.150 1 0 795 0.180 

PS-0 3.02 0.065 1 0 0.011 0.030 

PS-10 3.37 0.072 1.15 0.045 0.013 0.040 

PS-20 3.42 0.074 1.17 0.068 0.014 0.048 

PS-30 3.69 0.082 1.23 0.074 0.016 0.062 

PS-40 4.07 0.094 1.34 0.133 0.021 0.070 
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Table S2. A comparison of multifunctionality and EMI shielding capabilities of various multifunctional 

flexible EMI shields. 

Flexible EMI 

shield 

Thickness 

(mm) 

EMI SE 

(dB) 

Frequency 

band 
Multifunctionality References 

PVDF film with 

alternating oriented 

graphene/Ni 

nanochains 

0.7 51.4 K band 
Thermal management 

ability 
[16] 

Silicone-coated 

MXene/ 

cellulose nanofiber 

aerogel films 

0.54 39.5 X band 

Photothermal and 

Joule heating 

capability 

[17] 

Ag NWs/ 

PDMS-MPI-HDI 

composites 

0.5 32 X band 
Self-healing ability 

and tear resistance 
[18] 

PEDOT:PSS-

Fe3O4/PVA 

hydrogel 

1.0 > 46 X band Strain sensing [19] 

TPU/SiAPP/ 

SCF/Ti3C2Tx 

MXene composites 

1.02 50.5 X band Fire-resistance [20] 

AgNWs-

MXene/PDA 

polyester fabric 

0.6 44 X band 

Electrothermal 

conversion ability 

and 

strain/temperature 

sensing 

[21] 

CNTs-

MXene/PDA-TPU 

fabric 

0.6 43 X band 

Strain sensing and 

Joule heating 

capability 

[22] 

Multiwalled carbon 

nanotube/ 

PTFE membranes 

0.52 42.2 X band 
Electrothermal 

conversion ability 
[23] 

Carbon fiber 

felt@nickel 

composite films 

0.4 80 X band 

Joule heating 

capability and 

thermal management 

[24] 

High graphene 

nanoplates-loaded 

polyurethane 

(GNP/PU) 

composites 

0.4 67.6 X band 
Thermal management 

ability 
[25] 

Graphene 

nanoplatelets 

incorporated 

LLDPE laminated 

Al- Ni foil 

composite tapes 

0.337 45 X band Tensile strength  [26]  

SrFe12O19 

incorporated 

multilayered 

carbonized cotton 

fabric 

(PSCC-S40-3) 

0.75 55.67 K band 

Joule heating 

capability, thermal 

management and 

photothermal 

performance 

This work 
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