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ARTICLE INFO ABSTRACT
Keywords: In light of the rapid advancements within the electronic industry, the urgent need for the
EMI shielding development and implementation of advanced electromagnetic interference (EMI) shielding

Silver nanowires

3D printing
Thermoplastics
Honeycomb structures

materials has become paramount. Herein a novel approach is presented for developing of light-
weight honeycomb structures using 3D printing technology, combined with subsequent
conductive spray coating, containing Silver Nanowires (AgNWs), to achieve effective EMI
shielding as well as air vent functionality for thermal cooling.

Using polyol method, AgNWs were synthesized having high aspect ratio and crystallinity for to
be used as conductive coating on 3D printed structures. The EMI shielding results in X-band
demonstrated that the developed structures exhibit promising EMI shielding properties, up to 35
dB attenuation with 2 mm honeycomb cell size, making them suitable for applications requiring
EMI protection along with air venting. More importantly in all samples major contribution of the
shielding efficiency comes from the absorption of the EM waves (up to 75 %) inside the structures
which is helpful to reduce reflected EM noise.

Effort was to effectively addresses the inherent limitations of conventional processing tech-
nology, by using additive manufacturing and material science to create structures for EMI
shielding applications, bridging the gap between existing materials and desired components.

1. Introduction

Electromagnetic Interference (EMI) has become a pervasive issue in modern electronic systems, leading to performance degra-
dation and malfunctions [1-3]. As the demand for more compact and fast electronic devices continues to rise, the need for effective
EMI shielding solutions becomes increasingly critical [1,4,5]. Traditional approaches to EMI shielding, such as metal enclosures
(Faraday cages) offer good shielding efficiency in broad range of frequencies but on the other hand often suffer from limitations in
weight, weather resistance, flexibility, and manufacturing complexity [6-8]. Therefore, there is a growing interest in exploring
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alternative methods and materials to achieve efficient EMI shielding [9-12].

Another situation arises when both EMI shielding and thermal cooling are necessary for an electronic component [13-18]. In such
cases, a lightweight EMI shielding material with integrated vents for air circulation becomes essential [19,20]. However, it is
important to note that introducing slots/aperture in a shield can result in a decline in its shielding effectiveness [21]. The extent of this
decline is influenced by the size of the holes or slots and the wavelength of the electromagnetic waves being shielded [22-24].
Therefore, it is crucial to determine an optimal vent size that allows for sufficient air circulation to enable effective cooling of the
component while providing reliable EMI shielding [25,26]. This dual-functionality makes them particularly suitable for miniaturized
and densely packed electronic devices, where traditional EMI shielding methods may be impractical [27].

In recent years, additive manufacturing techniques, particularly 3D printing, have emerged as promising tools for fabricating
complex and customizable structures [28-30]. Thanks to the unique additive manufacturing process, 3D printing possesses great
advantages in constructing arbitrarily customized geometries via a layer-by-layer stacking manner [31-33]. Utilizing its unique
manufacturing methods, 3D printing offers significant potential for creating a wide range of components that are challenging or
impossible to produce using conventional processing techniques [34,35]. Numerous innovative structures have been successfully
fabricated through 3D printing with customized internal feature [36,37]. Typically in the domain of EMI shielding, when electro-
magnetic waves (EMWs) penetrate into the interior of the structure they encounter continuous reflection and scattering on the
framework of the porous units [38]. This phenomenon leads to the trapping of EMWSs within the structure until their energy is absorbed
and dissipated as in the form of electromagnetic dipoles relaxation and/or eddy currents losses [27,39,40].

One such structure that has gained attention is the honeycomb lattice, known for its excellent mechanical properties and light-
weight nature [41]. Honeycomb structures have been widely utilized in various applications, including aerospace, automotive, and
packaging industries, due to their high strength-to-weight ratio and energy absorption capabilities [42]. Harnessing these unique
characteristics, researchers have begun exploring the use of 3D printed honeycomb structures for EMI shielding applications [43].

Recent trends in this field focus on the utilization of advanced materials and manufacturing techniques to further enhance the EMI
shielding performance of 3D printed honeycomb structures [44-47]. Literature surveys have revealed several studies focusing on the
fabrication and characterization of 3D printed honeycomb structures for EMI shielding application, incorporating electromagnetic
active nanomaterials [40,48,49]. Researchers have explored different methods to enhance the electromagnetic performance of these
structures, including the use of conductive materials and surface treatments [50-52]. One notable trend involves the use of conductive
nanomaterials, such as carbon allotropes, MXenes, and metallic nanostructures, which offer high electrical conductivity while
maintaining the lightweight and flexible nature of the honeycomb lattice [53-56]. These approaches aim to increase the electrical
conductivity of the honeycomb structures, thereby improving their EMI shielding effectiveness [38,57,58]. The incorporation of these
nanomaterials within the 3D printing process or as a post-processing step holds great promise for achieving superior EMI shielding
efficiency [59].

Silver nanostructures, such as nanoparticles, nanowires, and nanosheets, have gained significant attention as promising materials
for electromagnetic interference (EMI) shielding due to their exceptional electrical conductivity and good environmental stability [60,
61]. These nanostructures exhibit superior performance in EMI shielding applications compared to traditional bulk silver due to large
surface area which provides multiple sites for interaction of electromagnetic waves [62,63]. Among these morphologies, nanowires
stand out due to their high aspect ratio, which enables efficient EMI shielding at reduced material thickness [64]. The elongated shape
of nanowires provides enhanced electrical conductivity along the axis and larger surface area for the interaction of electromagnetic
field, resulting in superior shielding effectiveness [65-67]. Additionally, the use of AgNWs as transparent EMI shielding materials has
also been explored [68,69]. The combination of high electrical conductivity and transparency makes AgNWs an ideal candidate for
applications where both EMI shielding and optical transparency are desired, such as touch screens, flexible displays, and solar cells [67,
70]. AgNWs can be applied as coatings on various materials to render their surfaces conductive, enabling effective EMI shielding [71].
The deposition of AgNWs coatings provides a lightweight and flexible solution for enhancing the conductivity of non-conductive
surfaces, such as plastics or glass, while maintaining their transparency and preserving the aesthetic appeal [72,73]. This approach
offers a versatile and efficient method for incorporating EMI shielding capabilities into a wide range of materials and applications,
including electronic enclosures, medical devices, and automotive components.

In light of the above literature surveys, the presented study aims to investigate the development of 3D printed honeycomb structure
as a promising candidate for EMI shielding applications. By merging the utilization of an innovative additive manufacturing technique
with conductive nanomaterials like AgNWs, the presented approach establishes a connection between the realms of material science
and technology. Specifically, we explored the effect of honeycomb cell size on EMI shielding performance while coating of AgNWs was
kept constant. The objective was to create stable lightweight structures that simultaneously facilitate air ventilation and provide
reliable EMI shielding. The findings of this research will contribute to advancing the field of EMI shielding by providing novel insights
into the material selection, design, fabrication, and characterization of 3D printed honeycomb structures with enhanced electro-
magnetic performance.

2. .Experimental details
2.1. Materials
For synthesis of AgNWs, the following analytical grade chemicals were used without any further purifications. All chemicals are

purchased from commercial sources. a) Silver Nitrate (AgNO3 > 99.8 %), b) Glycerol (CsHgO3 > 99 %) c) Poly(vinylpyrrolidone) (PVP
K-90), d) Sodium Chloride (NaCl > 99.5 %), e) Ethanol (CoHsOH >99 %).



R. Abbas et al. Heliyon 10 (2024) e30429

2.2. Synthesis of Ag nanowire (AgNWs)

High aspect AgNWs were synthesized using hydrothermal method [74-76]. Briefly speaking 23 mmol of PVP was completely
dissolved in glycerol by stirring at 100°C. Two other solutions were made by adding 3 mmol of AgNO3 into 10 ml of glycerol at room
temperature and 0.062 mmol of NaCl into 20 ml of glycerol at 70°C. All solutions were stirred magnetically until additives were fully
dissolved and clear transparent solution was obtained. Following that, silver solution and NaCl solution were slowly added to PVP
solution respectively and stirred for 5-10 min. Then the solution was immediately transferred to 200 ml capacity autoclave preheated
at 150°C. For the growth of AgNWs the autoclave was placed in oven at 150°C for 6 h s. After the autoclave was cooled down to room
temperature 100 ml DI water was added to the solution and AgNWs were collected by centrifugation at 6000 rpm for 10 min. AgNWs
were washed several times with DI water and absolute ethanol alternatively to remove undesirable reaction products. Finally, the
obtained AgNWs were dispersed in DI water for further use.

2.3. Characterization of AgNWs

The phase identification and crystallite size measurements were performed using RIGAKU DMAX-IIIA JAPAN, with a scan rate of
0.25°/min " from 30" to 90" utilizing Cu-ka radiation. The morphology of AgNWs was observed using field emission scanning electron
microscope (TESCAN MAIA-3 (FESEM)), and energy dispersive spectrometry (EDS) was used to analyze the elemental composition.

Figure-1(a) shows the XRD pattern of AgNWs, diffraction peaks are observed at 38.510, 44.770, 65.17°. 78.32° and 82.54° which
corresponds to the hkl value of (111), (200), (220), (311) and (222) respectively. These values are in agreement with the standard
JCPDS 04-0783 card of silver. AgNWs have a face centered cubic crystal structure, and it belongs to Fm-3m space group [77].

Figure-1(b) represents the UV-vis absorption spectrum of AgNWs solution in water. The main absorption band is observed at a Amax
of 375 nm, it is associated with the optical signature of AgNWs [78,79]. The peak position of the plasmon resonance in the UV-Vis
spectrum of AgNWs is typically red-shifted (shifted to longer wavelengths) compared to silver nanoparticles of similar size. The
red-shift arises from the anisotropic shape and extended aspect ratio of the nanowires, which enhance the coupling between electrons
and result in a lower resonant frequency [80,81].

SEM and EDS results of AgNWs are shown in Figure-2. A wire like morphology is observed in the SEM images and AgNWs of high
aspect ratio are synthesized with a consistent diameter. The average aspect ratio (length to width ratio) of AgNWs is around 230
(~8um:0.035um). The presence of few clusters was also observed which could be due to the unavailability of PVP molecule at those
sites, resulting in the formation of agglomerates instead of wire. EDS spectrum along with XRD analysis indicate that sample prepared
has a high purity [79].

2.4. 3D printing of honeycomb structures
Honeycomb structures were manufactured using the Fused Deposition Modeling (FDM) technique, which falls under the category

of additive manufacturing. The CAD model of the structures were designed using Blender-2.93.4 software, and the slicing process was
performed using Ultimaker Cura software. For printing the structure, Polylactic Acid (PLA) was selected as the printing material due to
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Fig. 1. XRD (a) and UV-visible absorption (b), spectra of silver nanowires.
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Fig. 2. SEM images of AgNWs at (a) 50kX (b) 100kX (c) 300Kx (d) EDS spectrum of AgNWs.

its lightweight (density~1.2 g/cc), relatively less price and easy availability.

The Prusa MKi3 research printer, equipped with a 0.5 mm nozzle, was employed for 3D printing the honeycomb structures. During
the printing process, the nozzle temperature is set to 220 °C, while the bed temperature is maintained at 50 °C. These temperature
settings ensure proper melting and adhesion of the PLA material to create the desired structure. The physical dimensions of the 3D
printed honeycomb structure, as well as the associated nomenclature, are provided in a table-1 and are visually depicted in a Figure-3.

2.5. Spray coating of AgNWs on honeycomb structures

An aqueous solution containing AgNWs was prepared at a concentration of approximately 10 mg/ml. This solution was then
sprayed onto 3D printed structures using a commercial pneumatic spray gun, operating at 5psi pressure, to form a conductive layer of
AgNWs on the surface. Subsequently, the coated samples were placed in an oven and dried overnight at a temperature of 40 °C. The
coating amount of AgNWs was monitored by measuring the sheet resistance of the samples, which served as an indicator for the
thickness of the AgNWs layer. All samples were coated with same amount of AgNWs to achieve sheet resistance of ~1 Q/square.

Table 1
Dimension parameters of 3D printed honeycomb structures.
S-1 S-2 S-3 S-4 S-5
Cell size “w” (mm) 10 8 6 4 2
Height “h”(mm) 3 3 3 3 3
Wall thickness “w2” (mm) 1 1 1 1 1
Weight (gm) ~0.61 ~0.64 ~0.69 ~0.76 ~0.88
1*s (mm) 22.86*10.16 22.86%10.16 22.86*10.16 22.86*10.16 22.86*10.16
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Fig. 3. Honeycomb structure.

3. EMI shielding analysis
3.1. EMI shielding theory

Shielding efficiency of a material is define as decrease in the power of an electromagnetic wave at a point in space after a barrier is
introduced between the source at that point [82]. The total shielding effectiveness (SET) of a material can be determined by ratio of
incident to transmitted power and for convenience is often represented in logarithmic scale due to large dynamic ranges of power, as
given in equation (1). The incident power includes reflected, absorbed and transmitted powers through the shield. The reflected power,
SER, is mainly produced by free charges at the surface (SEg) and by multiple reflections (SEpg) from the associated consecutive layers
inside the material, if the shield has multi-layered structure. Shielding through absorption (SE,) is due to dielectric, magnetic and
conductive losses in the material. Total shielding effectiveness (SE) can be shown as [83,84].

Pou
SE; =10 log (P» ‘) (@)

And can be calculated from S-parameters as follow:

Power transmitted = SEr(dBs) = 10 log (T) = 10 log (S3,)
Power reflected = SEg(dBs) = 10 log (R) = 10 log (S7,)

Power absorbed = SE, (dBs) =10 log(A) =10 log (1 — T — R)=101log (1 — S}, — $3,)

T, R and A are coefficients, showing the ratio of power transmitted, reflected, and absorbed to the power incident respectively and
SE represents respective coefficients converted to decibel scale, and law of conservation of energy requires [24]:

R+T+A=1 (2)

In experimental setup to measure the shielding efficiency of a material, SEpg is discussed as a phenomenon which contributes to
absorption and/or reflection of the EM wave inside the medium and cannot be measured directly by S-parameters.

It is well established fact that EMI shielding performance of the shield is directly related to its electrical conductivity. Theoretically,
SEr of electrically conductive materials can also be expressed in Simon formalism [85].

SE; =50+ 10 log G) + 1.7t<\/0_f)

Where,

o = electrical conductivity

f = frequency of EM waves

t = thickness of the shield.

So it is evident that with increase in electrical conductivity, shielding effectiveness of the material also increases. EMI shielding of
the flat conductive materials are mostly due to the reflection of the EM wave from the surface, but when the structure is specially
engineered to trap or to enhance the multiple reflection of EM waves, then absorption can be a leading contributing factor to SE. In our
case, although the surface of the structures is conductive due to spray coating of AgNWs but the honeycomb structure as well as grid
pattern of AgNWs facilitate the multiple reflection and trapping of EM waves which in turn contribute to the absorption of EM energy.
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3.2. EMI shielding results

EMI shielding measurements were conducted using a Vector Network Analyzer (VNA), ZNB 40 (10 MHz-40 GHz), manufactured by
Rohde & Schwarz, employing the waveguide method, as shown in Figure (4). Data is obtained from the machine in the form of S-
parameters which give angle and magnitude of the reflected and transmitted electric fields and then plotted and analyzed in the Origin
software. The shielding assessment of the samples covered a frequency range of 8.2 GHz-12.4 GHz, specifically within the X-band
utilizing WR90 waveguide, at a signal strength of —10 dBm. The prepared samples were sequentially placed in the waveguide’s sample
holder, with S-parameters recorded for each sample. Figure (5) illustrates the transmission (SE7), reflection (SEg), and percentage
absorption values for the samples, all samples show the absorption as the primary phenomenon of shielding of EM waves. Notably, a
reduction in honeycomb size from 10 mm to 2 mm resulted in an increased shielding effectiveness, peaking at 35 dB for sample S-5. All
samples, except for sample S-1, displayed approximately 70 % absorption of the incident wave due to the confinement of electro-
magnetic waves within the honeycomb cell as well as due to AgNWs. It is evident from our study that up to 70 % of the EM waves are
absorbed inside the structures, which may be attributed to two leading causes 1) honeycomb openings with 3 mm height, which act as
traps for incoming EM waves and hence waves undergo multiple reflection inside the walls of the HC, EM energy is absorbed at each
reflection site. 2) AgNWs, which instead of a continuous metallic surface make grid like pattern with microscopic pinholes and
openings. This grid like pattern may also contribute to the absorption of the EM waves due to peculiar reflection sites. The enhanced
shielding performance is due to continuous conductive grid pattern made by AgNWs on the surface of the structures. The SEt results
demonstrated a significant improvement in shielding efficiency when the honeycomb cell size decreased from 10 mm to 8 mm, fol-
lowed by 6 mm, this is attributed to the change in wavelength to cell size ratio (A:w). However, further reduction in cell size to 4 mm
and 2 mm only yielded marginal improvements in shielding efficiency due to fact that 2>w. By increasing the coating layer of AgNWs,
the surface resistivity of the samples can be further reduced below 1 Q/square, which will eventually give rise to.

Shielding performance. Figure (5-b) represents the power reflected from samples in decibels scale, indicating a consistent value for
the reflected power except in the case of sample S-1. For sample S-1, reflected power decreases as frequency increases, and can be
attributed to transmission of almost all incident power through the sample at higher frequencies due to small wavelength to cell size
ratio (<4: w). It is worth noting that the shielding effectiveness decreased across all samples with increase in frequency, which is due to
the diminishing wavelength to cell size ratio (1: w).

— > @ ORIGINALPRUSATS

Fig. 4. Steps involve in the fabrication of honeycomb structure a) 3D design modeling and slicing b) 3D printing c) spray coating of AgNWs d)
measurement of EMI shielding.



R. Abbas et al. Heliyon 10 (2024) e30429

a b
0 0
<] W
101 —S-1
R /\/\’J —s2
8 s — N . N
E —S-4 =~
—S-5 L
» 204 %)
25 /\/\/\/\//
-354
T T T T 1 T T T T
8G 9G 10G 16 12G6 13G 8G 9G 10G 116 12G
Frequency (Hz) Frequency (Hz)
4l d
.\\
304 \0\
e
25
= —
= o
g T 204
[e]
5 &
2 » 15 o
R
10 1
5 -
)
| 0 T T T T T
2 4 6 8 10

T T T
8G 9G 10G 11G 12G

Frequency (Hz) cell size, w (mm)

Fig. 5. EMI shielding results in X-band. a) transmitted power b) reflected power c) percentage of power absorbed inside structures and d) variation
of SEr with honeycomb cell size at 10 GHz.

4. Conclusion

This study presents a novel approach for the development of lightweight 3D printed structures that serve a dual purpose of
providing EMI shielding as well as air ventilation for cooling purpose of electronic components. The technique employed involves
utilizing the Fused Deposition Modeling (FDM) method to fabricate Polylactic Acid (PLA) made honeycomb structures, followed by a
spray coating of a AgNWs solution to create a conductive surface. The incorporation of AgNWs with their high aspect ratio contributes
to achieving an impressive surface conductivity of 1 Q/square. Experimental testing using the VNA waveguide method in the X-band
demonstrates the exceptional EMI shielding capabilities of the developed samples. These samples exhibit efficient EMI shielding,
providing attenuation of up to 35 dB, equivalent to an impressive ~99.97 % reduction in electromagnetic interference. Moreover, the
shielding provided by samples is primarily absorption-based, with up to 75 % absorption of power within the structure.

The findings of this study have promising implications for industries and sectors where simultaneous air venting and EMI shielding
are critical. The combination of 3D printing technology with a conductive silver nanowire spray enables the creation of complex and
customizable structures with efficient EMI shielding capabilities. Future research in this field can explore further advancements in
materials and manufacturing techniques, contributing to the development of innovative solutions for EMI shielding in various sectors,
including electronics, telecommunications, and related applications.

Data availability

Date will be made available on reasonable request.
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