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HIGHLIGHTS

e The stable periodic porous shielding materials were prepared by combining the strategies of 3D printing and metamaterial design.

e The relationship between porous material structure and electromagnetic interference shielding efficiency (EMI SE) effectiveness was

deeply explored, revealing the important structural parameters for realizing tunable EMI SE property.

e The optimized design of the periodic porous shielding box achieves effective EMI shielding in a wide wavelength range (over 2.4 GHz).

ABSTRACT The new-generation electronic components require a balance between electromagnetic interference shielding efficiency

and open structure factors such as ventilation and heat dissipation. In addition, real-

izing the tunable shielding of porous shields over a wide range of wavelengths is -\ best

even more challenging. In this study, the well-prepared thermoplastic polyurethane/ N | 10 A C

carbon nanotubes composites were used to fabricate the novel periodic porous flex- i IL Pore geometry 3

ible metamaterials using fused deposition modeling 3D printing. Particularly, the L e

investigation focuses on optimization of pore geometry, size, dislocation configura- FDM 3D 'S;L ‘é

tion and material thickness, thus establishing a clear correlation between structural pri&ﬁ"g ‘ (KL 1,\,{“

parameters and shielding property. Both experimental and simulation results have ) > é %’m‘r

validated the superior shielding performance of hexagon derived honeycomb struc- = Shi;l Gt

ture over other designs, and proposed the failure shielding size (D, ~4/8 —4/5) and b

critical inclined angle (6, ~43° —48°), which could be used as new benchmarks for Ultrasonic-NIPS ¢ samole
tunable electromagnetic shielding. In addition, the proper regulation of the material pistio Sichnchs
thickness could remarkably enhance the maximum shielding capability (85 —95 dB) Misaligned

structure

and absorption coefficient A (over 0.83). The final innovative design of the porous
shielding box also exhibits good shielding effectiveness across a broad frequency range (over 2.4 GHz), opening up novel pathways for

individualized and diversified shielding solutions.
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1 Introduction

Since the third revolution of science and technology, the
rapid evolution of communication and microelectronic
equipment based on information technology has significantly
enhanced the efficiency of resource optimization, thus cata-
lyzing the transformation and upgrading of the traditional
industries [1-5]. Concurrently, the electromagnetic (EM)
radiation generated by the working communication and
electronic devices exhibit the strong scattering and penetra-
tion abilities, thus causing the inevitable damages to human
health, the environment, and electronic devices [6-9]. In
addressing these challenges, various countries globally have
been focusing on developing a series of materials with elec-
tromagnetic interference shielding (EMI SE) functions to
mitigate the electromagnetic pollution [10-13]. However,
the current research tends to concentrate on elevating the
values of shielding efficiency, often overlooks the possible
implications and challenges when applying the EMI SE
materials [14—19].

In the practical service of EMI SE parts, due to the pres-
ence of ventilation, heat dissipation, power and various type
of signal interfaces upon installation of equipment, instru-
ments and boxes, there are the unavoidable holes and gaps
occurring, resulting in electromagnetic leakage that critically
impacts the shielding effectiveness of the entire shielding
body [20]. Therefore, the effective management and design
of more efficient pore structures are very crucial in design of
shielding bodies. For sealable seams such as those at instru-
ment and box joints, the conventional treatments include
sanding, adding fasteners, and applying electromagnetic
sealing gaskets [21, 22]. However, for the permanent gaps
like ventilation and heat dissipation holes, it is essential to
design and develop some specialized porous shield compo-
nents with EMI SE properties to overcome the challenges of
these specific types of holes and gaps [23].

Thus far, the most commonly used porous shielding parts
predominantly consist of metal, such as metal mesh, porous
metal plates, and cutoff waveguide vents [22, 24]. Research-
ers like Alessio Tamburrano have leveraged electromag-
netic modeling to assess the shielding efficiency of metal
meshes, finding that they are typically more suitable for low-
frequency than high-frequency sources [22]. Although the
cutoff waveguide vents are suitable for high-frequency field
sources, their considerable length-to-diameter ratios require
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the excessive space. Ener Salinas et. al. simulated and ana-
lyzed the electrical contact between seams during the instal-
lation of the metal mesh [25]. Their studies showed that
even after welding and flange fastening, the metal porous
shields need additional sealing for the complete electrical
continuity, and such the process may heighten the electro-
magnetic leakage risks. Consequently, there is a pressing
requirement for developing flexible porous shields that can
be directly installed in a single step. In addition, with the
study being increasingly deepen, the limitations of metal
porous shielding materials are further demonstrated [26-28].
These shields, designed basically based on high-pass filter
theories for ideal conductors (zero resistance), fall short of
adequately elucidating the relationship between electromag-
netic waves (EMWs) wavelengths and pore sizes, particu-
larly for non-ideal conductors in the periodic porous shield
designs. Consequently, there is an essential need for fur-
ther refinement of these shielding theories and mechanisms
[29, 30]; more specifically, the metal shielding materials
have a high specific gravity and are not corrosion-resistant.
The shielding mechanism is only based on total reflection
[31-34]. In addition, they are usually customized products,
which have problems such as single preparation method,
long preparation cycle and high cost, and do not align with
the current trends toward personalized and diversified prod-
uct development [35, 36]. Therefore, embracing new struc-
tures, technologies and methodologies are crucial for inno-
vating porous EMI SE bodies that cater to personalized and
diverse applications [37-39].

3D printing is an additive manufacturing technology
based on the principle of dimensional reduction manufac-
turing [40]. While saving materials, it can realize design and
rapid fabrication of various complex structures, including
development of porous EMI SE components [41]. Jing et al.
prepared LLDPE/GNPs porous EMI SE parts by combining
FDM 3D printing with microwave sintering to enhance the
part interface. The obtained products showed the excellent
mechanical properties and EMI SE performance, achieving
the shielding efficiency of up to 32.4 dB in the X-band range
[10]. Shi et al. combined FDM 3D printing with the filler
local enrichment strategy to prepare the porous components
of PLA/GNPs composites based on exploring the printing
flow behavior, and the EMI SE efficiency of the printed
porous products could reach up to 34.7 dB at different layer
thickness [42]. After literature survey, it is easily found that
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most of the current studies involving porous EMI SE com-
posites mainly focus on improving the shielding efficiency
of the composites by considering the content of fillers, the
network structure construction, and the morphology control,
but seldom carefully explore the relationship between the
printing porous structure parameters and the corresponding
EMI SE performance.

In order to delve into the influence of holes and seams
on EMI SE efficiency and explore effective electromagnetic
shielding structures in shielding bodies, in this work we
intended to design and fabricate the personalized and mul-
tifaceted periodic porous shielding metamaterials through
using 3D printing strategy. Firstly, the thermoplastic pol-
yurethane/carbon nanotubes (TPU/CNTs) nanocompos-
ites with uniform dispersion and stable performance were
prepared by adopting an innovative method of combining
nonsolvent-induced phase separation (NIPS) and ultrasound.
Furthermore, fully leveraging the advantages of fused depo-
sition modeling (FDM) 3D printing technology in compli-
cated structure fabrication and personalized manufacturing
[43-47], we also innovatively designed and printed the
periodic porous flexible shielding metamaterials with mul-
tiple shapes, structures and scales. Through simulation and
experimental verification, the intrinsic correlations between
its structure (pore geometry, pore size, material thickness
and pore dislocation configuration) and the overall shield-
ing mechanisms and effectiveness were thoroughly explored
and analyzed. More surprisingly, by adjusting structure, the
tunable shielding of EMWs at different frequency can be
effectively realized. Finally, directed by the above findings, a
porous shielding box was accordingly designed and printed,
which could effectively realize the wide-frequency range of
shielding function. This pioneering investigation could pro-
vide novel perspectives and methodologies for designing and
developing the porous flexible shielding metamaterials.

2 Experimental Section

2.1 Materials

Thermoplastic polyurethane (TPU, Desmopan 365) with a
density of 1.230 g cm™3, a shore hardness about 65HD (15 ),
was provided by Covestro (Germany). Carbon nanotubes

(CNTs, NC7000) with a surface area of 250 ~300 m? g~!
and a volume resistivity of 107 Q cm were obtained from
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Nanocyl S.A., Belgium. N, N-dimethylformamide (DMF),
polyvinylpyrrolidone K30 (PVP) and deionized water were
purchased from Kelong Chemical Reagent Factory, China.

2.2 Preparation of TPU/CNTs Nanocomposite Filament

The TPU/CNTs nanocomposite filaments were prepared by
using ultrasonic dispersion coupled with nonsolvent-induced
phase separation (NIPS) method. Firstly, a certain amount
of TPU particles were added into 500 mL DMF and stirred
at 25 °C for 4 h to dissolve completely. Then, the calcu-
lated proportion of CNTs and PVP powders were added to
another 500 mL DMF under the effect of combined ultra-
sound (800 W) and mechanical stirring (500 rpm) at 25 °C
for 0.5 h. After the stable CNTs suspension was formed, it
was mixed again with the well-dissolved TPU solution in
DMEF at 25 °C for another 1 h under ultrasound and stirring
S0 as to obtain a stable suspension of TPU/CNTSs mixtures
dispersed in DMF. The resultant TPU/CNTs mixture sus-
pension was added dropwise to a large amount of deion-
ized water for solution exchange. After multiple washes for
removal of PVP-K30 and DMF, the finally obtained mixed
suspension was filtered and dried at 80 °C for 48 h to obtain
the TPU/CNTs composite blocks. After that, the obtained
TPU/CNTs compounds were extruded in a single screw
extruder (RM-200C, Harbin HAPRO Electric Technology
Co., Ltd. China) to prepare the FDM 3D printing filaments
with a diameter of 1.75 +0.05 mm. The extrusion tempera-
ture and extrusion speed were set at 190-230 °C and 20 rpm,
respectively. For convenience, the above prepared TPU/
CNTs nanocomposite sample with n wt% CNTs was named
L-n. Similarly, the pure TPU filaments were also prepared
in the RM-200C extruder at the same extrusion conditions.
The formulations for various samples involved in this paper
are included in Table S1.

2.3 FDM 3D Printing of TPU/CNTs Nanocomposite

The designed model was digitally sliced using Simplify 3D
software, and the resultant G-Code file was imported into the
printer (German RepRap X350pro, Feldkirchen, Germany)
for printing to produce the corresponding 3D printed TPU/
CNTs functional parts. The detailed printing parameters are
listed in Table S2.

@ Springer
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2.4 Characterization

Ultraviolet—visible near-infrared spectrophotometer
(UV-Vis-NIR) spectra were measured by the SHIMADZU
UV-3600 (Japan) with a wavelength of 200—1200 nm and
a resolution of 0.1 nm. The zeta-potential and nanoparti-
cle size of the suspensions were tested using a nanopar-
ticle size potential analyzer (Zetasier Nano-ZS, Malvern,
UK). Scanning electron microscope (SEM) images were
observed by FEI INSPECT F (USA) with an acceler-
ated voltage of 5-20 kV. The rheological properties were
assessed using a rotational rheometer (AR2000ex, TA
Instruments, USA) with a frequency range of 0.01-100 Hz
and at a fixed strain of 1%. Mechanical properties were
tested using Instron 5576 (INSTRON, USA) on five sam-
ples in each group, and results were averaged, where the
compression strength test is performed at a rate of 10 mm/
min under 70% strain, and the test of compression per-
manent deformation rate is conducted by being kept at
23 °C under 25% strain for 72 h. Electrical conductiv-
ity tests were performed using a four-probe instrument
(FT-331, Guangzhou Four-Point Probe Technology Co.,
Ltd, China). The infrared thermal imaging photographs
of the 3D printed samples were captured by a Testo
infrared thermal imager (Testo 870-2). Electromagnetic
intensity was tested using an electromagnetic field tester
(LZT-6200, China). The EMI SE performance (S-param-
eter, including S71, $21, S12 and S22) were character-
ized by a vector network analyzer (VNA, Agilent N5230,
USA) with length x width dimension of 22.9 x 10.2 mm?
(8.2-12.4 GHz) and 15.8 7.9 mm? (11.9-18.0 GHz), and
0.0~ 10.0 mm thickness. The electromagnetic parameters
(including TT, R, A, SE, SEg, SE, and SE)) were calcu-
lated using the following equations [48-51]:

R=|8,[\ T=1S] (1
A=1-R-T 2)
SEg = —10log (1 = R) 3)
SE, = —10log(T/(1 — R)) 4)
SE; = SE, + SEg + SE,, )

where T is the transmission coefficient, R is the reflection
coefficient, A is the absorption coefficient, SE; is the total

© The authors

EMI SE, SEj is the reflection of EMWSs, SE, is the absorp-
tion of EMWs, and SE_, is the multiple internal reflection
of EMWs. Generally, SE, can be ignored if SE+>10 dB.

3 Results and Discussion

3.1 Preparation and Characterization of TPU/CNTs
(L-n) Nanocomposites and Filaments

As shown in Fig. 1a, the TPU/CNTs nanocomposite fila-
ments were prepared by using ultrasonic dispersion cou-
pled with nonsolvent-induced phase separation (NIPS)
method. The good dispersion of the filler can bring more
uniform and stable performance for the composite mate-
rial, which can provide accuracy and reproducibility for
revealing the relationship between pore structure and
EMWs [42, 52]. Therefore, ensuring effective dispersion
of CNTs is critical throughout the all phases of fabricat-
ing TPU/CNTs nanocomposite materials (including ultra-
sonic dispersion stage, solvent exchange stage, and com-
posite material forming stage). As shown in Fig. 1b, c,
the Zeta potential and particle size analyses indicate that
the Zeta potentials of CNTs and TPU/CNTs suspensions
were impressively high, which are at 25.7 and 21.6 mV,
respectively, and they both possess the particle size below
1200 nm. This confirms the absence of large particles or
agglomerates, signifying an efficient dispersion of CNTs.
Additionally, the UV—visible near-infrared spectroscopy
used to assess the stability of CNTs suspension demon-
strates that the absorbance of TPU and PVP in the range
of 200-1200 nm wavelength does not interfere with that of
CNTs (Fig. 1d). Therefore, the absorbance at 500 nm was
selected for the stability evaluation (Fig. 1e). The results
revealed that the absorbance of CNTs decreases margin-
ally (only by 5%) after seven days standing, showing the
remarkable stability of the CNTs suspension. In addition,
the excellent dispersion and stability of CNTs in the TPU
matrix were also demonstrated by various tests such as
filler settlement experiment, and fractured cross-section
morphology observation (Figs. S1-S3). Obviously, the
approach by combining the ultrasonic dispersion with the
NIPS strategies could effectively overcome the challenges
of filler agglomeration and sedimentation, which is often
encountered in the directly melt compounding and conven-
tional solution evaporation methods.

https://doi.org/10.1007/s40820-024-01502-5
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Fig. 1 a Schematic diagram for preparation of TPU/CNTs printing filaments and the 3D printing process. The characterization of CNTs and
TPU/CNTs suspension, including b Zeta potential, ¢ particle size distribution and d UV-Vis-NIR spectrum; e CNTs stability characterization
by using UV-Vis-NIR spectrum at 500 nm wavelength; f EMI SE of TPU/CNTSs composite filament, g compressive strength versus strain curves
and h the compression deformation rate of L-n composites with different CNTs content

The TPU/CNTs compounds were extruded in a single
screw extruder to prepare TPU/CNTs composite filaments.
The SEM images of the appearance and fracture cross sec-
tion of the TPU/CNTs filament (Figs. S4 and S5) indicate

SHANGHAI JIAO TONG UNIVERSITY PRESS
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that the prepared filaments are smooth and have uniform
diameter (1.75 mm), which is crucial for ensuring stable
extrusion of the filament during the printing process. In
addition, the rheological and electrical conductivity data
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show a uniform distribution of fillers within the composite
and also a continuous improvement in the conductive net-
work formation (Figs. S6 and S7). The excellent conduc-
tivity would generally result in excellent EMI SE proper-
ties for materials [29, 53, 54], and therefore the shielding
efficiency of the L-n samples (thickness of 2 mm) was
determined. The results are shown in Fig. 1f. As can be
seen, an increase in CNT content also leads to a corre-
sponding increase in shielding effectiveness. In particular,
L-3 sample achieves a shielding effectiveness of 20 dB,
thus meeting the commercial EMI SE standard. Further-
more, the shielding effectiveness of the L-6 and L-10 sam-
ple impressively reached 35 and 46 dB, respectively, which
can effectively block more than 99.9% of EMWs.

As shown in Fig. 1g, h, the compressive strength and
compressive deformation of the L-n material and pure
TPU were further measured. The compressive modulus
was found to increase with rise in the content of CNTs.
At a 70% strain, the compressive stress for L-6 and L-10
sample reaches 57.5 and 59.9 MPa, which represents a
remarkable enhancement of 105% and 114%, respectively,
compared to 28 MPa compressive stress of pure TPU
(Fig. 1g). The superior compressive strength is attributed
to the rigidity imparted by the CNTs, which could restrict
the molecular chain movements to a certain degree and
hence improves the mechanical strength of materials.
Additionally, the compressive deformation rate C can be
calculated using the following formula [55]:

= ©)
where ¢, is the original height, #; is the height after recovery,
and ¢, is the height after compression.

After calculation, the permanent compression defor-
mation rate of pure TPU is found to be 24%. In the case
of the L-n samples, this deformation rate demonstrates a
firstly slight decrease and then a small increase tendency
with increase in CNT content, culminating in L-10 sample
with the maximum deformation rate of 27%. The above
results show that L-10 and pure TPU have a very close
deformation rate (only 3% difference), indicating that the
deformation rate of the prepared TPU material is relatively
low. Obviously, the prepared TPU/CNTs L-10 filaments
have an outstanding comprehensive performance, includ-
ing excellent EMI SE, good mechanical property and
relatively low deformation rate, and thus lay a good basis
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for preparation of the high-performance electromagnetic
shielding parts with complicated shapes and structures by
using FDM 3D printing technology.

3.2 3D Printing Periodic Porous Structure to Tailor
EMI SE Efficiency

3.2.1 Effect of Pore Shape on EMI SE Efficiency

EMWs leakage is influenced by a spectrum of factors includ-
ing the attributes of the electromagnetic irradiation source,
the frequency of the electromagnetic field, and the spatial
relationship and dimensional characteristics of apertures
or gaps relative to the shielding body and the source [22,
56]. Considering the consistent nature of EMWs sources
in specific devices and their established distances from
these sources, the strategies for mitigating EMWs leak-
age was predominantly performed to modify the geometry
and dimension of the aperture or gap. Within the realm of
two-dimensional geometry, generally the triangular, square
and hexagonal unit cell can easily constitute a plane using
a simple repeating method. In light of the above geomet-
ric principle, in this study, we integrated different periodic
porous structure unit (including linear (seam), triangular,
square and honeycomb (hexagon) configuration), and further
employed the FDM 3D printing strategy to realize prepara-
tion of porous EMI SE metamaterials with various array
patterns, as shown in Fig. 2a—c. These periodic porous struc-
tures can easily and naturally partition a two-dimensional
plane as required, and the printed periodic porous structures
also exhibit high accuracy and smoothness. As indicated in
Fig. 2, the D,, used here represents the inscribed circle diam-
eter of different unit pore structure printed (the diameter of
the inner circle). For the linear unit pore structure, the D;,
is the distance between the two neighboring parallel lines.
The determination of D, size of the designed different unit
pore structure is schematically illustrated in Fig. 2b. In order
to scientifically characterize the dimension of the different
unit pore structure, the equivalent diameter (D), as well as
the circumscribed circle diameter (D,,,,) (the diameter of the
outer circle), is used. The determination of D" and D, is
explained in Sect. 3.2.2 in this paper.

Figure 3a-d presents a comparative study of the EMI
SE efficiency across four different periodic structure unit
cells in the range of size D;,=0.2-3 mm within the X-band

https://doi.org/10.1007/s40820-024-01502-5



Nano-Micro Lett. (2024) 16:279

Page 70f20 279

b Structural units

D;,/(mm) 0.2 04

=

T 00068656

AVAVAVAYA
\YAVAVAYAYA
AVAVAVAVA'

VAVAVAVAY

~UVAVAY

Fig. 2 a FDM printing models and the optical images of printed parts (dimensions of 22.9x10.2x2.0 mm?®) with different periodic pore units;
b Optimal images of the printed different periodic pore structure units (assembled in circular porous part with diameter 12 mm and thickness

2 mm) with different inscribed circle diameter (D;,

frequency range. It becomes apparent that the increase in
the pore dimension (D;,) would proportionally increase the
EMWs leakage, thus negatively affecting the EMI SE effi-
ciency of the corresponding structure. Here, it should be
noted that in Fig. 3d, the shielding effectiveness of honey-
comb pore structure becomes very close when the D;, size
is in the range of 0.2—0.6 mm. The reason for this could
be possibly explained by the used honeycomb pore struc-
ture itself, which could much more effectively enhance the
EMI SE performance of the printed part than the involved
other pore structure, particularly in the large D,, size
range. However, for the small pore size, the increasing
degree of EMI SE efficiency would be very limited. The

SHANGHAI JIAO TONG UNIVERSITY PRESS

); ¢ SEM images of 0.8 mm D,, size samples with different pore units

involving essential reason requires the further investiga-
tion later. In order to facilitate a more detailed comparison
of shielding efficiency among these structures, the poros-
ity factor c=D,,/D,, (0 <c<1) is introduced, denoting
the ratio between the diameters of the inscribed (D,,) and
circumscribed (D,,,) circles within the structural unit. The
evolution of ¢ value with the different unit pore structure is
shown in Fig. S8 and also the detailed illustrations are also
included in Supplementary Material. Obviously, the shape
of the pore unit is closer to a circular one, and the value
of ¢ more approaches 1. [llustrated from Fig. 3e, there is a
discernible correlation between the porosity factor ¢ and
the shielding performance, i.e., the higher the ¢ value, the

@ Springer
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higher the EMI SE efficiency. Consequently, the honey-
comb structure achieves the highest EMI SE efficiency
(c=0.87,33-43 dB), outperforming the square (c=0.71,
22-38 dB) and triangular (¢ =0.5, 18-33 dB) unit, while
the linear structure shows the lowest one, offering the least
shielding capability (c = 0, 13-23 dB).

The electromagnetic simulations of four different struc-
tures with identical size were conducted, and the near-field
electrical field distributions are shown in Fig. 3f, where
the detailed parameters and the related simulation pro-
cesses are included in the Supplementary Material with
Table S3. There are different changes occurring in the
electrical fields within the XY plane under the shielding
effect. This phenomenon arises from the resistance loss
mechanism inherent being in EMI SE: when EMWs inter-
act with conductive materials, they would induce changes
in carrier currents and eddy currents, which in turn change
the induced electric fields, thus converting electromag-
netic energy into internal energy. The linear, triangular,
and square structures would readily intersect paths of eddy
currents due to their smaller porosity factor ¢ and pro-
nounced angular edges, profoundly disrupting the distribu-
tion of induced electric fields within the shield. According
to electromagnetic field theory [21, 23], if the integrity of
the induced eddy current is compromised, the damaged
region would act as a secondary emitting antenna. This
results in energy being randomly emitted into the shielding
body, thus significantly impairing its shielding effective-
ness. Conversely, the honeycomb structure with a similarly
circular shape allows for a more natural alignment of elec-
trical fields along its filament framework, thus preserving
the stability of induced eddy currents. Furthermore, the
parameter of Power loss density in the simulations serves
to quantify the electromagnetic power dissipated within
lossy materials (illustrated in Fig. 3g). Under a uniform
electromagnetic power distribution, the linear structure,
due to its discontinuous conductive nature, generally strug-
gles to form the effective induced current pathways under
a condition of electromagnetic influence, resulting in the
least electromagnetic loss. The sharp areas of triangular
and square structures would compromise the complete-
ness of current pathways, leading to rise of electromag-
netic losses in these angular zones, and diminished losses
in other smoothing areas. Obviously, the integrated and
smooth closed-loop design of the honeycomb structures
helps maximize the lossy EMWs intensity. These shielding
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mechanisms are schematically illustrated in Fig. 3h. In
order to better understand the influence of different pore
structure (linear, triangular, square and honeycomb struc-
ture) on the induced eddy currents and electrical fields,
and the related mechanism, the detailed explanations and
illustrations are also provided in Supplementary Material
(including Fig. S9).

3.2.2 Effect of Pore Size on EMI SE Efficiency

In order to further evaluate the shielding mechanisms at
various pore dimension, the honeycomb structure was stra-
tegically selected as the fundamental pore structure for
fabrication of porous EMI SE components with an equiva-
lent diameter D" in the range of 0.1 ~9 mm (illustrated in
Figs. 4a-c and S10), where D" is defined as:

D* — Dizn+Dgul (7)

2

where D;, and D, are the inscribed circle diameter and
circumscribed circle diameter, respectively. The Supplemen-
tary Material, Table S4, expounds the relationship between
D" and the respective D,, and D,,,, for the four distinct struc-
tures. Notably, D" emerges as a more accurate indicator of
the true dimensions of an individual honeycomb structure in
comparison with D,,. Figure 4d-e presents the shielding effi-
ciency parameters (SEt, SE, and SEy) and EMI coefficients
(A and R) in the X-band. The trends in these parameters
basically diverge into two distinct phases: at D*<3-5 mm,
SE; slowly diminishes with increasing D, SEy is less than
3 dB, and the maximum absorption coefficient A exceeding
0.85, indicating that the shielding effectiveness is dominated
by absorption loss. In contrast, for D*>3-5 mm, SE; rap-
idly decreases with increasing D", the reflection coefficient
R reaches its minimum near D"~5 mm before experienc-
ing a significant enhancement. After that (D“~5 mm), the
shielding mechanism is mainly controlled by the reflection
loss, and the absorption coefficient A decreases significantly.
This variation could be attributed to the possible interac-
tion between the D" size at the critical point of shielding
effectiveness (3—5 mm) and the wavelength 4 of the EMWs,
which imparts the EMWs different selectivity when passing
through different sized pores.

In order to verify this supposition, the shielding perfor-
mance was further dissected into eight specific regions,
as depicted in Fig. 4f. These regions are segmented into
four sections including /7, [2, I3, and /4 at 8.2 GHz, along
with another four sections including L1, L2, L3, and L4 at
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12.4 GHz. The analysis reveals four distinct interrelations:
(1) When D" is less than 3 mm, // and LI are almost identi-
cal, reflecting a consistent and gradual decline in EMI SE
effectiveness throughout the X-band; (2) At D* of approxi-
mately 3-5 mm, /2 is obviously lower than L2, being featured
with a steep decrease in EMI SE effectiveness, especially
pronounced in the higher frequency range (12.4 GHz); (3)
At D" of approximately 5-6 mm, [3 surpasses L3, indicating
a continuous sharp decline in EMI SE effectiveness with rise
of D", particularly in the lower frequency range (8.2 GHz);
(4) At D" of beyond 6 mm, /4 is equivalent to L4, the EMI
SE effectiveness shows the obvious decrease tendency across
the X-band. This indicates that the pore sizes at the turning
points of EMI SE effectiveness are distinct for different fre-
quency range, with the D" size at the turning point in the
low-frequency domain (5-6 mm) being considerably larger
than in the high-frequency spectrum (3—5 mm). Correlating
the D" size at these inflection points with the corresponding
EMWs wavelengths in the range of 8.2~12.4 GHz (i.e., in
the range of approximately 36 ~24 mm), it becomes appar-
ent that the pore sizes at these points comply with such a
relationship of D"~A/8 — A/5. Hereby, the investigation was
further expanded to several other frequency bands (8.5, 10.0,
12.0, and 15.0 GHz) to substantiate the above finding, as
depicted in Fig. 4g. As can be seen, the inflection zones
of EMI SE effectiveness for these bands (marked in blue)
are consistently located within the /8 — 1/5 region (marked
in red). Consequently, the equivalent size D ~A/8 — /5 in
multi-porous shields is defined as the critical failure shield-
ing size D, Below this threshold D, the EMWs struggle to
directly penetrate the pores, and would undergo the multi-
ple reflections and absorptions within the pores. Also, the
shielding effectiveness gradually decreases with increase in
pore size, primarily being dominated by absorption loss. In
contrast, at or above D, the EMWs can directly pass through
the pores, and only a minimal portion of EMWs is attenuated
by the outer surface of material. The proportion of EMWs
loss within the pores continuously decreases. As such, the
EMI SE value sharply decreases with increasing pore size,
and the shielding mechanism is dominated by reflection loss.
The related shielding mechanisms are well schematically
illustrated in Fig. 4h. In addition, Table S5 presents a com-
parison of EMI SE between this work and the other studies
involving carbon-based functional materials, and exhibiting
the advantage of our work.
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3.2.3 Effect of Porous Part Thickness on EMI SE
Efficiency

As depicted in Fig. 5a, the fabrication of multi-porous hon-
eycomb EMI SE components with different thicknesses L
(2, 4, 6, 8, and 10 mm) was further performed, followed by
an evaluation of their EMI SE efficiency within the X-band
range, as demonstrated in Fig. Sb—d. It was observed that
the shielding efficiency in each frequency band progres-
sively augments with increasing thickness. Specifically, at
D"=0.8 mm, the mean shielding efficiency at three frequen-
cies (8.5, 10, and 12 GHz) is advanced from 39.6, 45.5, and
49.3 dB at a thickness of L=2 mm, to an impressive 90.7,
93.9, and 97.1 dB at L= 10 mm, respectively. Generally, the
shielding effectiveness of as high as 90 dB, which would
effectively block 99.9999999% of EMWs, significantly sur-
passes the stringent standards required for military appli-
cations (60 dB) and TEMPEST shielding devices (80 dB),
thus rendering the 3D printed composite suitable for use
in shielding chambers or enclosures. The reason for the
above change is that, on one hand, the increase in the thick-
ness of the printed component would lead to the increase
in the number of the total effective shielding pores (also
the total pore size), thus resulting in the enhancement of
the EMI SE performance; on the other hand, the variation
of shielding efficiency with thickness is also correlated to
the involved critical failure size Dy of shielding. With the
continuous increase in thickness, the critical failure size Df
of the shielding effectiveness also gradually increases (shift-
ing toward D~ A/5 from its initial range of D, ~ A/8 — /5,
Fig. 5b—d), thus expanding the effective shielding pore size
of the shielding component (the reason for such the change
is explained in Supplementary Material by combining with
Fig. 4h). Furthermore, as shown in Fig. 5e, for products with
pore size marginally less than Dy, the absorption coefficient
A across different thickness is strikingly high, averaging at
above 0.83, e.g., at a thickness of 10 mm and near the pore
size D=4 mm, the absorption coefficient A could reach an
impressive 0.87 (the A value is greater than 0.5 at pore size
D" <6 mm). The shielding mechanism is dominated by the
absorption loss. This is because when the pores are slightly
smaller than the D;size, apart from a portion of EMWs being
directly lost at the material surface, a significant number of
EMWs would enter the interior of these pores. This would
lead to further loss of EMWs within the pores, thus increas-
ing the overall absorption loss of shielding component. Also,
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shielding mechanism

in the range of less than D size, the increase in pore size
would result in a diminished surface area of the components,
subsequently reducing the reflection loss at the composite
surface. As a result, the absorption coefficient A of the
shielding component is effectively maximized by consider-
ing the above factors. Obviously, the combination Fig. 5f
with Fig. 4h could provide a good explanation for the above
shielding mechanism.

© The authors

3.2.4 Effect of Pore Dislocation Configuration on EMI
SE Efficiency

Finally, the related shielding mechanisms of multi-porous
components with dislocation configuration were carefully
investigated and discussed. Figure 6a, b depicts these com-
ponents with different degrees of dislocation, showing the
structure of different samples with partial (0 D", 1/4 D",
and 1/2 D) and full occlusion (1 D, 3/2 D", and 2 D).
Figure 6¢ shows the shielding effectiveness results of these
dislocated multi-porous components across different D”
dimension (2, 4, and 6 mm). The findings reveal that changes
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in the occlusion ratios of the unit pores would also lead to
the significant variations in SE values of the corresponding
samples. Under the partial-occluded conditions (n is in the
range of 0-1), there is an increase trend in SE value with
increasing occlusion ratio. Conversely, in the full-occluded
state (n is in the range of 1-2), although the SE values vary
with different sample of different D" size, the overall varia-
tion in SE remains relatively small. The corresponding SEy
result spectra, as shown in Fig. 6d, exhibit a similar behav-
ior. Under the partial-occluded conditions, the SE; values
show the significant changes, decreasing with increasing
occlusion ratio, while under full-occluded conditions, the
SEj changes are relatively smaller. These variations in SE;
and SEjy suggest the feasibility of tuning EMI SE parameters
through strategic regulation of the occlusion ratio in sce-
narios involving partial-occluded pores. The further inves-
tigation indicates that although there are varying trends in
SEt and SEg, the different dislocation structures can be more
clearly and conveniently represented and analyzed by the
pore inclined angle (Fig. 6e). Accordingly, the inclined angle
6 was introduced, and the electromagnetic parameters (SE;
and SEy) of different inclined angle @ (including 40°, 43°,
46°, 48°, and 50°) was further supplemented, which were
used to investigate the influence of inclined angle 6 (disloca-
tion structure) on the electromagnetic parameters, as shown
in Fig. 6f, g. As can be seen, at this condition, the electro-
magnetic parameters across different D* dimension demon-
strated a consistent change trend. In terms of SE values, for
the printed part with different D" size, an increase tendency
was observed with increasing 6 in the range of 6 <43°~48°.
The effect of @ on SE; is more pronounced for the larger D”
size, e.g., the component of D"=6 mm shows the greatest
influence, displaying a fluctuation as high as 10 dB, and
however, the component of D"=4 and 2 mm exhibits a vari-
ation of around 6 and 4 dB, respectively. When > 43° ~48°,
all components exhibit an inflection point in SEr, and an ini-
tial decrease tendency is revealed. Similarly, SEy also shows
a inflection point around 6 =~ 43°~48°, which decreases with
increase in 6 up to 43°~48°, and then gradually increases
beyond 6 of 43° ~48°. Obviously, the change tendencies of
SE; and SE; imply that there is a critical inclined angle
0, ~43°~48° existing (an inflection point range, marked in
Fig. 6f, g), where the printed component could achieve its
maximum SE; and minimal SEg, resulting in the maximum
absorption loss. Figure S11 shows the electromagnetic coef-
ficients A and R of different dislocation structure, and the
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results show that the dislocation structure could positively
enhance the absorption loss ratio of the material, with the
absorption coefficient A being the largest near the critical
inclined angle 6. For the printed part with D"=2 mm, the
absorption coefficient A is enhanced from 0.60 at =0° to
0.76 at 6 For the printed part with D"=4 mm, the absorp-
tion coefficient A increases from 0.66 at §=0° to 0.83 at
8, also for the printed part with D"=6 mm, the absorption
coefficient A increases from 0.38 at #=0° to 0.52 at ¢ The
schematic diagram presented in Fig. 6h clarifies the under-
lying mechanism: (1) At 0 <6, as 6 measuring the degree
of dislocation in pore increases, it would hinder the direct
transmission of EMWs through these pores, thus effectively
raising the SE|. Concurrently, the enlargement of 8 would
also enhance the multiple reflections and absorptions of
EMWs inside the pores, thus further increasing the electro-
magnetic absorption of the printed part. Moreover, the larger
D" size, the more EMWs penetrated into the pores, rendering
components more efficient of attenuating EMWs entering
the pores. In contrast, for smaller D" sizes, the losses of
EMWs are predominant due to direct reflection and absorp-
tion on the product’s surface, with only a minimal amount
of EMWs entering the pores. This would thereby minimize
the impact of 8 on the product’s shielding effectiveness. (2)
At 0> 0, where the pores are fully occluded, the change in
the degree of dislocation hence has the minimal impact on
the shielding effectiveness. With the continuous increase in
0, the degree of dislocation of the pores also increases, and
the lower layers of pores would be gradually covered by the
upper layers of pores deposited. As a result, in this case, a
large number of EMWs reflected within the pores would
leave the printed component directly, thus greatly weakening
the absorption and reflection loss of EMWs within the pores.
This would surely lead to a rise in SEy value and a decrease
in SE; value. To sum up, such comprehensive exploration of
the relationship between pore geometry, size, part thickness,
and dislocation configuration with shielding effectiveness
can provide the valuable experimental evidence and strategic
guidance for the design and development of multi-porous
EMI SE materials.
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3.3 3D Printing of Highly Shielded Architected
Honeycomb-Like Part

As deeply discussed before, the relationship between the
pore structures and the shielding effectiveness has been
well developed in design and printing of porous EMI SE
materials. However, the mentioned experiments and sim-
ulations are mainly based on the vertically incident plane
waves, whereas in the real-world scenarios, EMWs sources
are ubiquitous [57, 58]. This means that the waves of vary-
ing intensity, amplitude and phase will contact the shield-
ing material at different angle of incidence (as shown in
Fig. 7a). In light of these findings, in this section, various
sizes of flexible honeycomb EMI SE boxes were designed
and assembled to verify their shielding effectiveness in
practical scenarios. Figure 7b—b2 shows the digital images
of FDM 3D printed EMI shielding boxes and that of the
mechanical test, exhibiting the clear unit structure, uniform-
ity in size, excellent elasticity and good compression proper-
ties. Figures S12 and S13 show the compressive force versus
strain curves and the EMI SE performance after compres-
sion of the box, respectively. It is seen that the mechanical
and electromagnetic performance of the printed box could
still be maintained after compression. (The detailed analyses
are included in Supplementary Material.) This could allow
them to be used for gap filling, providing improved filling
and electrical continuity, and being directly attached to the
external surfaces of devices to prevent the electromagnetic
leakage and interference. Here, two interesting experiments
were further demonstrated. In experiment 1 (Fig. 7¢), the
bluetooth earphone was employed as the electromagnetic
field source (2.4 GHz), with a detector assessing the electro-
magnetic radiation intensity from the earphones in various
shielding boxes. Figure 7d reveals that the radiation inten-
sity of the earphones reached 70.8 pW cm™2. In contrast,
after the working earphones were enclosed in the printed
shielding boxes, there is a pronounced decrease in the radia-
tion intensity detected outside the boxes. Obviously, it is
found that the D" =15 mm shielding box with the largest
pore size (D)) could attenuate the electromagnetic radiation
to just 18.2 pW cm™2, a significant reduction of 74.3%. The
D" =2 mm shielding box was found to be even more effica-
cious, reducing 95.1% of the electromagnetic radiation to a
mere 3.5 pW cm~2. In experiment 2, as shown in Fig. 7e,
a microwave oven with a power of 300 W was utilized as
the electromagnetic wave source (2.45 GHz), and the tested
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chocolate was put inside the shielding box with different D”
size to evaluate the box’s shielding performance by observ-
ing the chocolate’s melting behavior. The infrared thermal
imaging technique was accordingly applied to determine the
temperature and temperature distribution of the chocolate
treated by microwave. The obtained thermal imaging pho-
tographs and the extracted specific temperature values are
shown in Fig. 7f, g, respectively. As can be seen, under an
irradiation with 300 W electromagnetic power, the tested
chocolate without any shielding succumbs to complete melt-
ing within only 40 s (Fig. 7f), with a temperature soaring
to as high as 166 °C (Fig. 7g). In addition, the temperature
rises sharply with the treating time. Comparatively, combin-
ing Fig. 71, g, it is very clear that for the shielded chocolate,
its temperature rises very slowly with time, and the degree
of temperature rise decreases remarkably (in the shielding
boxes with D* of 2, 4, 6, and 8 mm, with double treating
time). For different D" size, the difference in chocolate sur-
face temperature is very small (the surface temperature could
barely reach 50 °C). However, as seen from the appearance
of the chocolate treated with 80 s (Fig. 7h), the difference
in shielding effectiveness of different D’ size is remarkable,
i.e., the shielding effectiveness of 2 and 4 mm is far better
than that of 6 and 8 mm. For the shielding boxes with D*
of 2 and 4 mm, the chocolate sample could keep a good
shape integrity, and however, for those with D" of 6 and
8 mm, the partly melting behavior of chocolate sample can
be observed, particularly for D* of 8 mm. The above results
clearly exhibit the high EMI shielding effectiveness of the
designed printed shielding box. In order to further illustrate
the highly shielding effect of the printed honeycomb-like
part, the relatively less effective shielding box with bigger
D" size (15 mm) was used for demonstration under a much
higher power (1000 W) for 40 s treating time. As a com-
parison, the naked chocolate was also put into the micro-
wave oven and received an irradiation of microwave with
the same power of 1000 W for a shorter treating time (30 s).
The corresponding thermal imaging results are shown in
Fig. 7i. As can be seen, in the absence of the printed shield-
ing box, the chocolate rapidly melts within only 30 s, with
a temperature soaring up to 177.5 °C. In contrast, under
effect of the shielding box with D” of 15 mm, even suf-
fered the irradiation heating for 40 s, the chocolate inside
the box remains intact and the surface temperature lies in the
range of approximately 2377 °C. The above result shows
that even for the shielding box with a significantly enlarged
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D" size (15 mm), it still could show a good EMI shielding
role and effectively protect the chocolate from being irradi-
ated under a significantly enhanced power of microwave.
Obviously, the above experiments corroborate the printed
shielding box’s capability to achieve the highly efficient
broad-spectrum (> 2.4 GHz) shielding function, leveraging
the tunable characteristics of the printed pores with the mis-
aligned honeycomb-like unit structure.

4 Conclusions

In order to overcome the significant challenges caused by
the electromagnetic irradiation interference in some spe-
cific fields, in this study, we mainly focus on revealing and
advancing the synergistic equilibrium correlation between
porous structure and shielding efficiency based on design
and realization of novel periodic porous structures through
FDM 3D printing. A novel ultrasound-NIPS combination
technique was firstly applied to fabricate the TPU/CNTs
composite with a good uniformity and stability, achieving
its maximum EMI SE efficiency of 46 dB. On this basis,
thoroughly leveraging the advantage of FDM 3D printing
strategy in forming the complex structures and shapes, it
was performed to successfully print the periodic porous flex-
ible shielding metamaterials with various pore shape, pore
size, material thicknesses, and pore dislocation configura-
tion. This study deeply explored the correlation between
different periodic unit structure design and EMI SE effi-
ciency by introducing a porosity factor ¢, which is the ratio
of the inscribed (D,,) circle diameter to the circumscribed
(D,,,) one, thus revealing the hexagon-derived honeycomb
structure as the most effective pore structure unit, with a
shielding efficiency of 33—43 dB. In the subsequent pore
size analysis, we eventually revealed and proposed the criti-
cal shielding failure size (D)) being in the range of 4/8 — 1/5;
this D, dimension provides guidance for tunable electromag-
netic shielding of metamaterials. Based on determination
of the Df value, the careful regulation and optimization of
the printed part thickness can further enhance the shield-
ing efficiency and absorption coefficient A of the printed
porous part, e.g., the maximum EMI shielding efficiency
and absorption coefficient A could achieve 85-95 dB and
over 0.87, respectively. In particular, the novel design of the
pore dislocation configuration could further contribute a lot
to the improvement of the overall shielding property and also

SHANGHAI JIAO TONG UNIVERSITY PRESS

the absorption loss. Finally, the printed porous EMI shield-
ing parts were used to successfully and efficiently shield the
working earphones and protect the chocolate from receiv-
ing the microwave irradiation and hence being melted, evi-
dencing the high efficiency of the prepared periodic porous
shields and showcasing the great potential of porous shields
in mitigating the electromagnetic interference. This work
demonstrates the feasibility of combining polymer compos-
ite with the advanced manufacturing technology to develop
efficient EMI SE solutions, also offering new strategies and
pathways for design and development of the flexible and
highly efficient shielding metamaterials.

Acknowledgements This work is financially supported by the
National Key R&D Program of China (2023YFB4603504), the
International Science & Technology Innovation Cooperation Pro-
ject of Sichuan Province (2024YFHZ0232), the International Sci-
ence & Technology Cooperation Project of Chengdu (2021-GHO03-
00009-HZ), the Program for Featured Directions of Engineering
Multi-disciplines of Sichuan University (2020SCUNG203) and
the Program of Innovative Research Team for Young Scientists of
Sichuan Province (22CXTDO0019).

Authors’ contributions Qinniu Lv involved in conceptualiza-
tion, investigation, methodology, formal analysis, visualization,
and original draft writing. Zilin Peng involved in investigation,
validation, formal analysis, visualization, and original draft writing.
Haoran Pei and Xinxing Zhang involved in investigation, methodol-
ogy, validation, and software. Yinghong Chen involved in concep-
tualization, investigation, resources, writing—review and editing,
supervision, and funding acquisition. Huarong Zhang, Xu Zhu, and
Shulong Wu involved in investigation, data curation, and review.

Declarations

Conflict of interest The authors declare no conflict of interest. They
have no known competing financial interests or personal relationships
that could have appeared to influence the work reported in this paper.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format,
as long as you give appropriate credit to the original author(s) and
the source, provide a link to the Creative Commons licence, and
indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Com-
mons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Com-
mons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain
permission directly from the copyright holder. To view a copy of
this licence, visit http://creativecommons.org/licenses/by/4.0/.

@ Springer


http://creativecommons.org/licenses/by/4.0/

279

Page 18 of 20

Nano-Micro Lett. (2024) 16:279

Supplementary Information The online version contains

supplementary material

available at https://doi.org/10.1007/

s40820-024-01502-5.

References

1.

10.

11.

A. Igbal, P. Sambyal, C. Koo, Electromagnetic interference
shielding: 2D MXenes for electromagnetic shielding: A
review. Adv. Funct. Mater. 30, 2070307 (2020). https://doi.
org/10.1002/adfm.202070307

F. Shahzad, M. Alhabeb, C. Hatter, B. Anasori, S. Man Hong
et al., Electromagnetic interference shielding with 2D tran-
sition metal carbides (MXenes). Science 353, 1137-1140
(2016). https://doi.org/10.1126/science.aag2421

Q. Wei, S. Pei, X. Qian, H. Liu, Z. Liu et al., Superhigh elec-
tromagnetic interference shielding of ultrathin aligned pristine
graphene nanosheets film. Adv. Mater. 32, 1907411 (2020).
https://doi.org/10.1002/adma.201907411

S.K. Srivastava, K. Manna, Recent advancements in the elec-
tromagnetic interference shielding performance of nanostruc-
tured materials and their nanocomposites: A review. J. Mater.
Chem. A 10, 7431-7496 (2022). https://doi.org/10.1039/d1ta0
9522f

B. Wei, L. Zhang, S. Yang, Polymer composites with expanded
graphite network with superior thermal conductivity and elec-
tromagnetic interference shielding performance. Chem. Eng. J.
404, 126437 (2021). https://doi.org/10.1016/j.cej.2020.126437
J. Lee, J. Kim, J. Lee, Y. Son, Y. Kim et al., Flash-induced
high-throughput porous graphene via synergistic photo-effects
for electromagnetic interference shielding. Nano-Micro Lett.
15, 191 (2023). https://doi.org/10.1007/s40820-023-01157-8

Z. Wu, K. Pei, L. Xing, X. Yu, W. You et al., Enhanced micro-
wave absorption performance from magnetic coupling of mag-
netic nanoparticles suspended within hierarchically tubular
composite. Adv. Funct. Mater. 29, 1901488 (2019). https://
doi.org/10.1002/adfm.201901448

C.Zhu, Y. Hao, H. Wu, M. Chen, B. Quan et al., Self-assembly
of binderless MXene aerogel for multiple-scenario and respon-
sive phase change composites with ultrahigh thermal energy
storage density and exceptional electromagnetic interference
shielding. Nano-Micro Lett. 16, 57 (2024). https://doi.org/10.
1007/s40820-023-01288-y

S. Shi, Y. Jiang, H. Ren, S. Deng, J. Sun et al., 3D-printed
carbon-based conformal electromagnetic interference shield-
ing module for integrated electronics. Nano-Micro Lett. 16,
85 (2024). https://doi.org/10.1007/340820-023-01317-w

J. Jing, Y. Xiong, S. Shi, H. Pei, Y. Chen et al., Facile fabri-
cation of lightweight porous FDM-Printed polyethylene/gra-
phene nanocomposites with enhanced interfacial strength for
electromagnetic interference shielding. Compos. Sci. Technol.
207, 108732 (2021). https://doi.org/10.1016/j.compscitech.
2021.108732

L. Wang, X. Shi, J. Zhang, Y. Zhang, J. Gu, Lightweight and
robust rGO/sugarcane derived hybrid carbon foams with

© The authors

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

outstanding EMI shielding performance. J. Mater. Sci. Tech-
nol. 52, 119-126 (2020). https://doi.org/10.1016/j.jmst.2020.
03.029

R. Che, L. Peng, X. Duan, Q. Chen, X. Liang, Microwave
absorption enhancement and complex permittivity and per-
meability of Fe encapsulated within carbon nanotubes. Adv.
Mater. 16, 401 (2004). https://doi.org/10.1002/adma.20030
6460

A. Ghaffarkhah, S. Hashemi, F. Ahmadijokani, M. Goodarzi,
H. Riazi et al., Functional Janus structured liquids and aero-
gels. Nat. Commun. 14, 7811 (2023). https://doi.org/10.1038/
s41467-023-43319-7

J. Shu, W. Cao, M. Cao, Diverse metal-organic framework
architectures for electromagnetic absorbers and shielding.
Adv. Funct. Mater. 31, 2100470 (2021). https://doi.org/10.
1002/adfm.202100470

W. Ma, W. Cai, W. Chen, P. Liu, J. Wang et al., Microwave-
induced segregated composite network with MXene as inter-
facial solder for ultra-efficient electromagnetic interference
shielding and anti-dripping. Chem. Eng. J. 425, 131699
(2021). https://doi.org/10.1016/j.cej.2021.131699

Y. Xie, Z. Li, J. Tang, P. Li, W. Chen et al., Microwave-
assisted foaming and sintering to prepare lightweight high-
strength polystyrene/carbon nanotube composite foams with
an ultralow percolation threshold. J. Mater. Chem. C 9, 9702
(2021). https://doi.org/10.1039/D1TCO1923F

C. Liang, H. Qiu, P. Song, X. Shi, J. Kong et al., Ultra-light
MXene aerogel/wood-derived porous carbon composites with
wall-like “mortar/brick” structures for electromagnetic inter-
ference shielding. Sci. Bull. 65, 616-622 (2020). https://doi.
org/10.1016/j.scib.2020.02.009

Q. Liu, Q. Cao, H. Bi, C. Liang, K. Yuan et al., CoNi@SiO,
@TiO, and CoNi@Air@TiO, microspheres with strong wide-
band microwave absorption. Adv. Mater. 28, 486—490 (2016).
https://doi.org/10.1002/adma.201503149

A. Isari, A. Ghaffarkhah, S. Hashemi, H. Yousefian, O. Rojas
et al., A journey from structured emulsion templates to mul-
tifunctional aerogels. Adv. Funct. Mater. (2024). https://doi.
org/10.1002/adfm.202402365

M. Croizer, Q. Tricas, P. Besnier, S. Member, X. Castel et al.,
Control of shielding effectiveness of optically transparent
films by modification of the edge termination geometry. IEEE
T. Electromagn. C 62, 2431-2440 (2020). https://doi.org/10.
1109/TEMC.2020.2982644

C. Christos, Principles and Techniques of Electromagnetic
Compatibility. CRC Press, (2022).

M. Sarto, S. Greco, A. Tamburrano, Shielding effectiveness of
protective metallic wire meshes: EM modeling and validation.
IEEE T. Electromagn. C 56, 615-621 (2014). https://doi.org/
10.1109/temc.2013.2292715

B. Kai, EMC and Functional Safety of Automotive Electronics.
IET Digital Library, (2018).

X. Sun, B. Wei, Y. Li, J. Yang, A new model for analysis of the
shielding effectiveness of multilayer infinite metal meshes in a
wide frequency range. IEEE T. Electromagn. C 64, 102-110
(2022). https://doi.org/10.1109/temc.2021.3104119

https://doi.org/10.1007/s40820-024-01502-5


https://doi.org/10.1007/s40820-024-01502-5
https://doi.org/10.1007/s40820-024-01502-5
https://doi.org/10.1002/adfm.202070307
https://doi.org/10.1002/adfm.202070307
https://doi.org/10.1126/science.aag2421
https://doi.org/10.1002/adma.201907411
https://doi.org/10.1039/d1ta09522f
https://doi.org/10.1039/d1ta09522f
https://doi.org/10.1016/j.cej.2020.126437
https://doi.org/10.1007/s40820-023-01157-8
https://doi.org/10.1002/adfm.201901448
https://doi.org/10.1002/adfm.201901448
https://doi.org/10.1007/s40820-023-01288-y
https://doi.org/10.1007/s40820-023-01288-y
https://doi.org/10.1007/s40820-023-01317-w
https://doi.org/10.1016/j.compscitech.2021.108732
https://doi.org/10.1016/j.compscitech.2021.108732
https://doi.org/10.1016/j.jmst.2020.03.029
https://doi.org/10.1016/j.jmst.2020.03.029
https://doi.org/10.1002/adma.200306460
https://doi.org/10.1002/adma.200306460
https://doi.org/10.1038/s41467-023-43319-7
https://doi.org/10.1038/s41467-023-43319-7
https://doi.org/10.1002/adfm.202100470
https://doi.org/10.1002/adfm.202100470
https://doi.org/10.1016/j.cej.2021.131699
https://doi.org/10.1039/D1TC01923F
https://doi.org/10.1016/j.scib.2020.02.009
https://doi.org/10.1016/j.scib.2020.02.009
https://doi.org/10.1002/adma.201503149
https://doi.org/10.1002/adfm.202402365
https://doi.org/10.1002/adfm.202402365
https://doi.org/10.1109/TEMC.2020.2982644
https://doi.org/10.1109/TEMC.2020.2982644
https://doi.org/10.1109/temc.2013.2292715
https://doi.org/10.1109/temc.2013.2292715
https://doi.org/10.1109/temc.2021.3104119

Nano-Micro Lett.

(2024) 16:279

Page 19 of 20 279

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

G. Eriksson, E. Salinas, Shielding properties of welded and
unwelded wire mesh enclosures. IEEE T. Electromagn. C
64, 1703-1707 (2022). https://doi.org/10.1109/TEMC.2022.
3202095

M. Tan, D. Chen, Y. Cheng, H. Sun, G. Chen et al., Anisotrop-
ically oriented carbon films with dual-function of efficient heat
dissipation and excellent electromagnetic interference shield-
ing performances. Adv. Funct. Mater. 32, 2202057 (2022).
https://doi.org/10.1002/adfm.202202057

Q. Wang, H. Zhang, J. Liu, S. Zhao, X. Xie et al., Multifunc-
tional and water-resistant MXene-decorated polyester textiles
with outstanding electromagnetic interference shielding and
Joule heating performances. Adv. Funct. Mater. 29, 1806819
(2019). https://doi.org/10.1002/adfm.201806819

Y. Xie, P. Li, J. Tang, B. Wei, W. Chen et al., Highly thermally
conductive and superior electromagnetic interference shield-
ing composites via in situ microwave-assisted reduction/exfo-
liation of expandable graphite. Compos. Part A: Appl. 149,
106517 (2021). https://doi.org/10.1016/j.compositesa.2021.
106517

Y. Xie, S. Liu, K. Huang, B. Chen, P. Shi et al., Ultra-broad-
band strong electromagnetic interference shielding with fer-
romagnetic graphene quartz fabric. Adv. Mater. 34, 2202982
(2022). https://doi.org/10.1002/adma.202202982

L. Ma, M. Hamidinejad, B. Zhao, C. Liang, C. Park, Layered
foam/film polymer nanocomposites with highly efficient EMI
shielding properties and ultralow reflection. Nano-Micro Lett.
14, 19 (2022). https://doi.org/10.1007/s40820-021-00759-4
X. Li, M. Sheng, S. Gong, H. Wu, X. Chen et al., Flexible
and multifunctional phase change composites featuring high-
efficiency electromagnetic interference shielding and thermal
management for use in electronic devices. Chem. Eng. J. 430,
132928 (2022). https://doi.org/10.1016/j.cej.2021.132928
M. Panahi-Sarmad, S. Samsami, A. Ghaffarkhah, S. Hashemi,
S. Ghasemi et al., MOF-based electromagnetic shields multi-
scale design: Nanoscale chemistry, microscale assembly, and
macroscale manufacturing. Adv. Funct. Mater. (2023). https:/
doi.org/10.1002/adfm.202304473

A. Isari, A. Ghaffarkhah, S. Hashemi, S. Wuttke, M. Arjmand,
Structural design for EMI shielding: from underlying mecha-
nisms to common pitfalls. Adv. Mater. 36, 2310683 (2024).
https://doi.org/10.1002/adma.202310683

P. Song, Z. Ma, H. Qiu, Y. Ru, J. Gu, High-efficiency electro-
magnetic interference shielding of rGO @FeNi/epoxy compos-
ites with regular honeycomb structures. Nano-Micro Lett. 14,
51 (2022). https://doi.org/10.1007/s40820-022-00798-5

Q. Qi, L. Ma, B. Zhao, S. Wang, X. Liu et al., An effective
design strategy for the sandwich structure of PVDF/GNP-
Ni-CNT composites with remarkable electromagnetic inter-
ference shielding effectiveness. ACS Appl. Mater. Inter. 12,
36568-36577 (2020). https://doi.org/10.1021/acsami.0c10600

Y. Jiang, F. Guo, Y. Liu, Z. Xu, C. Gao, Three-dimensional
printing of graphene-based materials for energy storage and
conversion. SusMat 1, 304-323 (2021). https://doi.org/10.
1002/sus2.27

/‘\ SHANGHAI JIAO TONG UNIVERSITY PRESS

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

Q. Lv, X. Tao, S. Shi, Y. Li, N. Chen, From materials to com-
ponents: 3D-printed architected honeycombs toward high-per-
formance and tunable electromagnetic interference shielding.
Compos. Part B Eng. 230, 109500 (2022). https://doi.org/10.
1016/j.compositesb.2021.109500

B. Yao, W. Hong, T. Chen, Z. Han, X. Xu et al., Highly stretch-
able polymer composite with strain-enhanced electromagnetic
interference shielding effectiveness. Adv. Mater. 32, 1907499
(2020). https://doi.org/10.1002/adma.201907499

S. Hashemi, A. Ghaffarkhah, M. Goodarzi, A. Nazemi, G.
Banvillet et al., Liquid-templating aerogels. Adv. Mater. 35,
2302826 (2023). https://doi.org/10.1002/adma.202302826
H. Tan, Y. Choong, C. Kuo, H. Low, C. Chua, 3D printed elec-
tronics: Processes, materials and future trends. Prog. Mater.
Sci. 127, 100945 (2022). https://doi.org/10.1016/j.pmatsci.
2022.100945

S. Ligon, R. Liska, J. Stampfl, M. Gurr, R. Mulhaupt, Poly-
mers for 3D printing and customized additive manufacturing.
Chem. Rev. 117, 10212-10290 (2017). https://doi.org/10.
1021/acs.chemrev.7b00074

S. Shi, Z. Peng, J. Jing, L. Yang, Y. Chen et al., Preparation of
highly efficient electromagnetic interference shielding polylac-
tic acid/graphene nanocomposites for fused deposition mod-
eling three-dimensional printing. Ind. Eng. Chem. Res. 59,
15565-15575 (2020). https://doi.org/10.1021/acs.iecr.0c024
00

S. Shi, Z. Peng, J. Jing, L. Yang, Y. Chen, 3D printing of deli-
cately controllable cellular nanocomposites based on polylac-
tic acid incorporating graphene/carbon nanotube hybrids for
efficient electromagnetic interference shielding. ACS Sustain.
Chem. Eng. 8, 7962-7972 (2020). https://doi.org/10.1021/
acssuschemeng.0c01877

M. Saadi, A. Maguire, N. Pottackal, M. Thakur, M. Ikram
et al., Direct ink writing: A 3D printing technology for diverse
materials. Adv. Mater. 34, 2108855 (2022). https://doi.org/10.
1002/adma.202108855

Z. Eckel, C. Zhou, J. Martin, Additive manufacturing of poly-
mer-derived ceramics. Science 351, 58-62 (2016). https://doi.
org/10.1126/science.aad2688

C. Zhang, Y. Li, W. Kang, X. Liu, Q. Wang, Current advances
and future perspectives ofadditive manufacturing for func-
tional polymeric materials and devices. SusMat 1, 127-147
(2021). https://doi.org/10.1002/sus2.11

H. Pei, J. Jing, Y. Chen, J. Guo, N. Chen, 3D printing of
PVDF-based piezoelectric nanogenerator from programma-
ble metamaterial design: Promising strategy for flexible elec-
tronic skin. Nano Energy 109, 108303 (2023). https://doi.org/
10.1016/j.nanoen.2023.108303

T. Xue, Y. Yang, D. Yu, Q. Wali, J. Wang et al., 3D printed
integrated gradient-conductive MXene/CNT/polyimide aero-
gel frames for electromagnetic interference shielding with
ultra-low reflection. Nano-Micro Lett. 15, 45 (2023). https://
doi.org/10.1007/s40820-023-01017-5

P. Song, B. Liu, H. Qiu, X. Shi, D. Cao et al., MXenes for poly-
mer matrix electromagnetic interference shielding composites:

@ Springer


https://doi.org/10.1109/TEMC.2022.3202095
https://doi.org/10.1109/TEMC.2022.3202095
https://doi.org/10.1002/adfm.202202057
https://doi.org/10.1002/adfm.201806819
https://doi.org/10.1016/j.compositesa.2021.106517
https://doi.org/10.1016/j.compositesa.2021.106517
https://doi.org/10.1002/adma.202202982
https://doi.org/10.1007/s40820-021-00759-4
https://doi.org/10.1016/j.cej.2021.132928
https://doi.org/10.1002/adfm.202304473
https://doi.org/10.1002/adfm.202304473
https://doi.org/10.1002/adma.202310683
https://doi.org/10.1007/s40820-022-00798-5
https://doi.org/10.1021/acsami.0c10600
https://doi.org/10.1002/sus2.27
https://doi.org/10.1002/sus2.27
https://doi.org/10.1016/j.compositesb.2021.109500
https://doi.org/10.1016/j.compositesb.2021.109500
https://doi.org/10.1002/adma.201907499
https://doi.org/10.1002/adma.202302826
https://doi.org/10.1016/j.pmatsci.2022.100945
https://doi.org/10.1016/j.pmatsci.2022.100945
https://doi.org/10.1021/acs.chemrev.7b00074
https://doi.org/10.1021/acs.chemrev.7b00074
https://doi.org/10.1021/acs.iecr.0c02400
https://doi.org/10.1021/acs.iecr.0c02400
https://doi.org/10.1021/acssuschemeng.0c01877
https://doi.org/10.1021/acssuschemeng.0c01877
https://doi.org/10.1002/adma.202108855
https://doi.org/10.1002/adma.202108855
https://doi.org/10.1126/science.aad2688
https://doi.org/10.1126/science.aad2688
https://doi.org/10.1002/sus2.11
https://doi.org/10.1016/j.nanoen.2023.108303
https://doi.org/10.1016/j.nanoen.2023.108303
https://doi.org/10.1007/s40820-023-01017-5
https://doi.org/10.1007/s40820-023-01017-5

279

Page 20 of 20

Nano-Micro Lett. (2024) 16:279

50.

51.

52.

53.

54.

A review. Compos. Commun. 24, 100653 (2021). https://doi.
org/10.1016/j.coco.2021.100653

N. Yousefi, X. Sun, X. Lin, X. Shen, J. Jia et al., Highly
aligned graphene/polymer nanocomposites with excellent
dielectric properties for high-performance electromagnetic
interference shielding. Adv. Mater. 26, 5480-5487 (2014).
https://doi.org/10.1002/adma.201305293

Y. Wang, H. Zhao, J. Cheng, B. Liu, Q. Fu et al., Hierarchi-
cal Ti;,C,T,@ZnO hollow spheres with excellent microwave
absorption inspired by the visual phenomenon of eyeless
urchins. Nano-Micro Lett. 14, 76 (2022). https://doi.org/10.
1007/s40820-022-00817-5

Q.Lv, Z. Peng, Y. Meng, H. Pei, Y. Chen et al., Three-dimen-
sional printing to fabricate graphene-modified polyolefin elas-
tomer flexible composites with tailorable porous structures
for electromagnetic interference shielding and thermal man-
agement application. Ind. Eng. Chem. Res. 61, 16733-16746
(2022). https://doi.org/10.1021/acs.iecr.2c03086

S. Lee, N. Nguyen, W. Kim, M. Kim, V. Cao et al., Absorption-
dominant electromagnetic interference shielding through elec-
trical polarization and triboelectrification in surface-patterned
ferroelectric poly[(vinylidenefluoride-co-trifluoroethylene)-
MXene] composite. Adv. Funct. Mater. 33, 2307588 (2023).
https://doi.org/10.1002/adfm.202307588

Z. Nan, W. Wei, Z. Lin, J. Chang, Y. Hao, Flexible nanocom-
posite conductors for electromagnetic interference shielding.

© The authors

55.

56.

57.

58.

Nano-Micro Lett. 15, 172 (2023). https://doi.org/10.1007/
s40820-023-01122-5

L. PE, Selection of Engineering Materials and Adhesives. CRC
Press, (2005).

S. Ryu, Y. Han, S. Kwon, T. Kim, B. Jung et al., Absorption-
dominant, low reflection EMI shielding materials with inte-
grated metal mesh/TPU/CIP composite. Chem. Eng. J. 428,
131167 (2022). https://doi.org/10.1016/j.cej.2021.131167
Z.Peng, Q. Lv, J. Jing, H. Pei, Y. Chen et al., FDM-3D print-
ing LLDPE/BN@GNPs composites with double network
structures for high-efficiency thermal conductivity and elec-
tromagnetic interference shielding. Compos. Part B Eng. 251,
110491 (2023). https://doi.org/10.1016/j.compositesb.2022.
110491

L. Wang, Z. Ma, Y. Zhang, L. Chen, D. Cao et al., Polymer-
based EMI shielding composites with 3D conductive net-
works: A mini-review. SusMat 1, 413-431 (2021). https://
doi.org/10.1002/sus2.21

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

https://doi.org/10.1007/s40820-024-01502-5


https://doi.org/10.1016/j.coco.2021.100653
https://doi.org/10.1016/j.coco.2021.100653
https://doi.org/10.1002/adma.201305293
https://doi.org/10.1007/s40820-022-00817-5
https://doi.org/10.1007/s40820-022-00817-5
https://doi.org/10.1021/acs.iecr.2c03086
https://doi.org/10.1002/adfm.202307588
https://doi.org/10.1007/s40820-023-01122-5
https://doi.org/10.1007/s40820-023-01122-5
https://doi.org/10.1016/j.cej.2021.131167
https://doi.org/10.1016/j.compositesb.2022.110491
https://doi.org/10.1016/j.compositesb.2022.110491
https://doi.org/10.1002/sus2.21
https://doi.org/10.1002/sus2.21

	3D Printing of Periodic Porous Metamaterials for Tunable Electromagnetic Shielding Across Broad Frequencies
	Highlights
	Abstract 
	1 Introduction
	2 Experimental Section
	2.1 Materials
	2.2 Preparation of TPUCNTs Nanocomposite Filament
	2.3 FDM 3D Printing of TPUCNTs Nanocomposite
	2.4 Characterization

	3 Results and Discussion
	3.1 Preparation and Characterization of TPUCNTs (L-n) Nanocomposites and Filaments
	3.2 3D Printing Periodic Porous Structure to Tailor EMI SE Efficiency
	3.2.1 Effect of Pore Shape on EMI SE Efficiency
	3.2.2 Effect of Pore Size on EMI SE Efficiency
	3.2.3 Effect of Porous Part Thickness on EMI SE Efficiency
	3.2.4 Effect of Pore Dislocation Configuration on EMI SE Efficiency

	3.3 3D Printing of Highly Shielded Architected Honeycomb-Like Part

	4 Conclusions
	Acknowledgements 
	References


