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ABSTRACT: This study explores the anisotropic electromagnetic properties of carbon nanotube (CNT)/polylactic acid (PLA) nanocom-
posites, fabricated in-house and shaped using traditional compression molding and advanced 3D printing techniques. By examining the
effects of CNT content (ranging over 1–4wt.% (weight percent)) and 3D printing path orientation, this research investigates how these
factors influence shielding effectiveness (SE) and the corresponding nanocomposite complex dielectric permittivity tensor. Notably, a
significant variation in SE was observed between the different printing path orientations, with a difference of over 20 dB at 4wt.% CNT.
Experimental measurements were used to develop an anisotropic model for the complex dielectric permittivity, with the permittivity
components for samples at 4wt.% CNT extracted to be 36.5 − j44.5 along the printing direction (ε∥) and 8.3 − j3.1 in the perpen-
dicular direction (ε⊥) over the X-band frequency range (8.2–12.4GHz). These findings demonstrate that CNT alignment during 3D
printing induces highly directional electromagnetic properties. Furthermore, we demonstrate that anisotropic simulation models provide
a more accurate prediction of the electromagnetic response of 3D-printed nanocomposite structures than isotropic models. In brief, this
study emphasizes the necessity of considering anisotropic properties in the design and simulation of 3D-printed nanocomposites for
electromagnetic shielding and other applications.

1. INTRODUCTION

Electromagnetic interference (EMI) can disrupt critical sys-
tems in sectors such as aerospace, defense, and telecom-

munications [1]. Concerns regarding these disruptions have in-
creased with the proliferation of electronic devices and wire-
less functionality. Traditional EMI shields are typically made
of metal, offering effective protection but with notable draw-
backs, such as weight, rigidity, and susceptibility to corrosion.
Conductive polymer nanocomposites, particularly those incor-
porating conductive nanoparticles such as carbon nanotubes
(CNTs), address these issues by offering lightweight, flexible,
and corrosion-resistant alternatives [2]. Polylactic acid (PLA)
is a renewable and biodegradable polymer that is electrically in-
sulating, has a high tensile strength relative to other biodegrad-
able polymers, and is compatible with 3D printing technol-
ogy [3]. Incorporating CNTs into PLA increases its electrical
conductivity, making it suitable for EMI shielding, while also
increasing its thermal conductivity and reducing brittleness [4].
The complex dielectric permittivity of nanocomposites plays

a critical role in their EMI shielding performance by directly
influencing how these materials interact with, absorb, reflect,
and attenuate electromagnetic waves across various frequency
ranges. Accurate permittivity measurements are vital for op-

* Corresponding authors: Loïc Markley (loic.markley@ubc.ca); Mohammad
Arjmand (mohammad.arjmand@ubc.ca).

timizing the EMI shielding performance of materials. Many
studies have explored the permittivity of pure PLA over a wide
frequency range [5–8]. However, discrepancies exist in the re-
ported permittivity values even at the same frequencies, likely
due to differences in the measurement and extraction methods
used in these studies. For CNT/PLA nanocomposites, only a
limited number of studies have reported the permittivity values.
For instance, Bertašius et al. [9] and Beltrán et al. [10] provided
permittivity data for the frequency range of 26–40GHz. How-
ever, the reported values vary significantly across these studies,
with discrepancies of up to 60% in the real part of permittivity
within the same frequency range. The variation in the reported
values of CNT/PLA nanocomposites in the literature demon-
strates the need for consistent, reliable, and effective parameter
extraction methods, which are essential for the accurate design
of EMI shielding structures.
The distribution and alignment of CNTs within a matrix have

been shown to induce anisotropic electrical responses [11].
Therefore, understanding these anisotropic properties is crucial
for accurately predicting the EMI shielding performance of
nanocomposite materials. Various methods have been em-
ployed to induce alignment of nanofillers. They include the use
of shear-induced alignment, which is injection molding [12],
and the use of electric, magnetic, or acoustic fields [13–15].
However, these methods often have limitations, including
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complex setup requirements, challenges in achieving precise
nanofiller alignment, and scalability issues. Additionally,
maintaining uniform alignment over large areas can be diffi-
cult, and the process may become costly or inefficient for mass
production [16].
Recently, 3D printing has gained significant attention for its

ability to create complex shapes at high speeds and for applica-
tions in industries such as aerospace andmedicine [17, 18]. Var-
ious 3D printing techniques, including fused deposition mod-
elling (FDM), selective laser sintering (SLS), and stereolithog-
raphy (SLA), allow the production of prototypes and models
with reduced wastage and operational costs. Among these
methods, FDM is particularly popular owing to its affordability
and simplicity, making it a widely used technique for producing
high-strength and lightweight parts across various sectors.
Some recent studies have demonstrated that 3D printing can

induce anisotropy in composites; however, these studies either
concentrated on resistivity and SE measurements or considered
carbon fiber inclusions rather than carbon nanotubes (whose di-
mensions are several orders of magnitude smaller). While some
studies report permittivity measurements, a significant gap re-
mains in the development of anisotropic models that effectively
link material configuration to high-frequency electromagnetic
behavior, restricting their application in complex design im-
plementations. For instance, Zohdi and Yang [19] reviewed
additive manufacturing (AM) as a versatile technology capa-
ble of fabricating complex-shaped products with mechanical,
thermal, and electrical properties that can exhibit anisotropic
behavior. Truman et al. [20] investigated 3D-printed PLA
composites filled with carbon black and demonstrated that
the electrical resistivity strongly depends on the printing in-
fill pattern and filament orientation, and Wu et al. [21] pro-
posed 3D-printed polycaprolactone composites filled with car-
bon nanofibers to evaluate their EMI shielding performance,
noting their strong orientation-dependent DC electrical con-
ductivities. Another work by Harmon et al. [22, 23] investi-
gated colorFabb XT-CF20, a carbon-fiber-loaded filament, and
demonstrated that the anisotropy of the real part of the permit-
tivity could be represented by a diagonal tensor with elements
equal to 41.1, 4.6, and 6.4 at a frequency of 100 kHz. They
concluded that anisotropy arises from the alignment of carbon
fiber inclusions along the 3D printing path. Their measure-
ments were restricted to frequencies below 300MHz and did
not present an anisotropic analysis of the imaginary permittiv-
ity component. Similarly, Mahaut et al. [24] evaluated the EMI
shielding effectiveness (SE) of carbon-fiber-reinforced nylon
nanocomposites in the X-band frequency range. They investi-
gated the effect of anisotropy on SE by varying the fiber align-
ment. However, anisotropic parameter models were not pro-
posed. Another study by Compton and Lewis [25] used 3D
printing to align SiC and carbon fibers in layered nanocompos-
ites to investigate the anisotropic properties of the hexagonal
macrostructure. However, the anisotropic properties of the mi-
crostructures were not explored.
Here, we explore the anisotropic electromagnetic proper-

ties of CNT/PLA nanocomposites fabricated using compres-
sion molding and FDM 3D printing techniques. The use of

3D-printed samples allowed for detailed characterization of the
anisotropic properties of these nanocomposites. We present
anisotropic models of complex permittivity for samples with
varying CNT content and orientation. These models highlight
the importance of considering the alignment of 3D printing
paths in the design of EMI shielding structures. Moreover,
these methods provide precise models necessary for designing
other 3D-printed structures made from these materials.

2. MATERIALS AND SAMPLE PREPARATION
PLA was purchased from Filabot (Luminy LX175), and
multi-walled carbon nanotubes were purchased from Nanocyl
(NC7000 TM series). These nanotubes, produced via the
Catalytic Chemical Vapor Deposition (CCVD) process, have
an average diameter of 9.5 nm and an average length of 1.5µm,
according to the manufacturer’s specifications, as measured
by transmission electron microscopy. PLA pellets and CNT
powder were melt-blended using a pilot-scale twin-screw ex-
truder (HAAKETM Rheomex CTW100 OS) equipped with four
different temperature zones set to 170◦C in zone 1 (feeding),
175◦C in zone 2 (melting), 175◦C in zone 3 (metering), and
180◦C in zone 4 (die). A 2mm rod-shaped die was attached
to the extruder to produce polymer nanocomposite filaments
with a diameter of 1.75mm. The screw speed was set to
20 rpm. The extruded filaments were cooled in a water bath at
room temperature before being wound onto the spools using a
spooler. The filament diameter was controlled by adjusting the
spooler rotational speed. To prepare CNT/PLA nanocomposite
filaments, CNTs were blended with PLA at CNT loadings of
1%, 2%, 3%, and 4% by weight. After filament fabrication,
the samples were produced using two different methods,
compression molding and FDM 3D printing, as shown in
Figure 1. All the samples were molded or cut to match the
dimensions of a WR-90 waveguide (22.86mm × 10.16mm),
which is a standard size used in microwave and RF testing.
Ensuring precise mold dimensions is crucial for eliminating
potential measurement errors caused by air gaps between the
sample and waveguide walls. These accurate measurements
are essential for obtaining reliable data on electromagnetic
properties, including the complex dielectric permittivity and
shielding effectiveness.
Compression molding was carried out using a Carver Bench

Top Manual ASTM Press at 190◦C under 20,000 psi pressure
for 5min, followed by quenching with water before sample re-
moval. This process produced samples with randomly oriented
and uniformly distributed CNTs, as reported for compression-
molded CNT composites [12]. A Raise 3D Pro2 Plus 3D printer
and IdeaMaker 4.3.3.6 software were employed for FDM 3D
printing to fabricate samples with different path orientations.
Nanocomposite filaments prepared using the extrusion process
were used for 3D printing. The printer featured a 0.4mm noz-
zle diameter, with the nozzle and bed temperatures set to 190◦C
and 60◦C, respectively. The printing speed was set to 30mm/s.
To ensure the precise characterization of the anisotropic re-

sponse of 3D-printed nanocomposites, larger samples were fab-
ricated, carefully cut, and sanded to remove any paths that were
not aligned with the target path orientation. The 3D printer
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(a)

(b)

FIGURE 1. Schematic representations of two sample fabrication processes: (a) extruded CNT/PLA filaments are converted into pellets, which are
then placed into a compression mold to produce samples with randomly aligned CNTs; (b) extruded CNT/PLA filaments are fed into an FDM 3D
printer to fabricate blocks that are cut with a CNC to obtain samples with uniformly aligned printing paths and hence uniformly aligned CNTs.

was programmed to print samples using a concentric square
spiral path. By increasing the sample dimensions, an interior
region with uniformly oriented paths is formed. As illustrated
in Figure 2, cutting lines were chosen to isolate the sections
of the printed blocks corresponding to each principal direction.
The samples were cut using a UMC-750 Computer Numeri-
cal Control (CNC) machining center. The edges of each sam-
ple were smoothly finished using 1500-grit sandpaper. The
samples were labeled according to their 3D printing path ori-
entation. For example, the X-print samples were printed with
the printing paths aligned parallel to the x-axis of the waveg-
uide. This preparation method resulted in samples with uni-
form anisotropy, enabling accurate characterization of the sam-
ple properties for different printing orientations.

3. EXPERIMENTAL RESULTS

3.1. Anisotropic Electric and Electromagnetic Characteriza-
tions
The shielding effectiveness quantifies the ability of a structure
to block the transmission of EM waves. It is influenced by
factors such as frequency, shield material, and shield geome-
try. The SE, initially introduced by Schelkunoff [26], is the
power ratio of the incident wave to the transmitted wave and is
expressed in dB. This is mathematically represented by Equa-
tion (1):

SE = 10 log10
(
PI

PT

)
= 10 log10

(
1

|S21|2

)
(1)

where PI is the incident power, PT is the transmitted power,
and S21 is the transmission coefficient, respectively.
The EMI shielding performance was measured by placing

the samples in a WR-90 rectangular waveguide and using a

Keysight P9374A vector network analyzer (VNA) to mea-
sure the complex scattering parameters (S-parameters) over
the X-band frequency range (8.2–12.4GHz). The measure-
ments were calibrated using aWR-90 waveguide calibration kit
(through-reflect-line) with the samples placed inside a quarter-
wavelength waveguide section, and the measuredS-parameters
were de-embedded onto the surface of the sample. The sample
was electrically centered within the waveguide through this de-
embedding process by matching the phase responses of S11 and
S22.
Figure 3 presents a comparison of the SE over theX-band fre-

quency range between CNT/PLA nanocomposite samples fab-
ricated via compression molding and those fabricated using a
3D printer, with printing paths oriented along each of the coor-
dinate axes. Comparisons were performed for the samples with
four CNT content levels. As expected, we observed an increase
in the SE of the molded samples with increasing CNT content
(purple traces). We also observed a significant difference in
the SE of the 3D-printed samples based on the path orientation.
The strongest response was observed for the Z-print samples,
where the printing paths were aligned with the waveguide elec-
tric field. These samples produced an SE that was within 1.1–
4.6 dB of that of the molded samples. In contrast, the X-print
and Y-print samples, in which the printing paths were perpen-
dicular to the waveguide electric field, produced a much lower
SE. Specifically, the X-print and Y-print SE values were always
at least 4.3 dB, 12.4 dB, 20.6 dB, and 21.9 dB below the Z-print
SE for the 1, 2, 3, and 4wt.% samples, respectively.
The electrical conductivities of the three 3D-printed samples

and a molded reference sample were measured using a Loresta
GX four-probe resistivity meter (MCP-T700 model, Mitsubishi
Chemical Co., Japan). The results are shown in Figure 4. All
samples had identical dimensions and were positioned with
their longer dimensions and the largest face aligned under the
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(c)

(b)

(a)

FIGURE 2. An illustration depicting the fabrication and testing process
of 3D-printed samples. The samples are labeled as X-Print, Y-Print,
or Z-Print, based on the orientation of the 3D printing paths relative
to the waveguide test set axes. (a) The raw 3D-printed samples are
shown with dimensions (in mm) and dashed cutting lines. (b) Final
printed samples after the excess material is removed, and all printing
paths are aligned. These samples all have a cross-section that matches
theWR-90waveguide cross-section (22.86mm×10.16mm) and have
a thickness of 4mm. (c) The waveguide test set with a reference coor-
dinate axis and a red arrow representing the electric field polarization.

four-point probe, as illustrated in the inset. The molded sam-
ple was included for comparison, showing higher conductiv-
ity across all CNT concentrations. Its conductivity increased
smoothly, suggesting that percolation (i.e., the formation of
a continuous, interconnected network) occurs below 1wt.%
CNT. In contrast, the 3D-printed samples exhibited a sharp in-
crease in conductivity when the CNT content exceeds approx-
imately 2wt.%, indicating the onset of a percolation threshold
and the formation of conductive networks within the PLA ma-
trix. The conductivity values for the Y-print and Z-print sam-
ples, with printing paths aligned along the surface, were nearly
identical. In contrast, significant differences were observed for
the X-print samples, whose printing path was perpendicular to
the surface, supporting the anisotropic behavior of the material.
Although four-point probe measurements can differentiate be-
tween in-plane and out-of-plane conductivities, they cannot re-
solve in-plane anisotropy (that is, in-plane conductivity along
vs. across the printing path), as noted in previous studies [27].

(c)

(b)(a)

(d)

FIGURE 3. EMI shielding effectiveness over frequency for printed sam-
ples with three different path orientations and for compression-molded
samples. Samples were formed from nanocomposite material with
CNT content at four different weight percentages: (a) PLA-1% CNT,
(b) PLA-2% CNT, (c) PLA-3% CNT, (d) PLA-4% CNT.

3.2. Micro-Structural Characterization
To gain further insight into the alignment of CNTs during the
FDM 3D-printing process, we used rheological measurements
to compare the physical properties of compression-molded
samples to their 3D-printed counterparts. Rheology studies
the flow and deformation of materials under applied stress
forces, which provides information about the micro-structures
of different materials [28], and in the case of polymer-CNT
nanocomposites, it can infer information about the 3D struc-
ture of the CNT network. To conduct this investigation, sam-
ples formed from pure PLA and fromCNT-PLAnanocomposite
material were analyzed using an Anton Paar Rheometer MCR
102 in parallel plate geometry with a plate diameter of 25mm.
The measurements were performed at 180◦C under a nitrogen
atmosphere to prevent thermal degradation, with a gap of 1mm.
Steady shear (flow) tests were performed over a low shear rate
range of 0.08 to 3 s−1 to investigate the nonlinear rheological
behavior of the samples.
From a rheological perspective, flow curves at low shear

rates, where the CNT network has not yet been disrupted, can
provide valuable insights into the alignment of CNTs. Because
the rheological measurement process is destructive, we fab-
ricated two different 3D-printed samples with printing paths
aligned parallel to the rheometer plates (labeled Print 1 and
Print 2) and compared them with a molded sample.
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FIGURE 4. Electrical conductivity vs. CNT content of the nanocompos-
ites measured for each of the 3D-printing samples. Conductivity was
assessed using a four-point probe aligned with the longer dimension of
each sample, as illustrated in the inset. Note that in the X-Print sam-
ple, the 3D-printing paths were aligned perpendicular to the surface,
while in the Y-Print and Z-Print samples, they were aligned parallel to
the surface.

Figure 5 plots the viscosity of different samples as a func-
tion of shear rate. Firstly, in the case of pure PLA, we see that
3D-printed samples exhibit a near-zero-shear-rate viscosity that
is 1.3 times larger than for compression molded samples, with
measured values of 1455 Pa·s and 1100 Pa·s, respectively. This
would be possibly attributed to the higher crystallinity of the
aligned PLAmacromolecule chains under 3D printing [29, 30].
However, the presence of CNTs and their distribution within
the PLA matrix significantly influenced the flow curves. As
observed in the flow curves of the nanocomposite counterparts,
the presence of CNTs increased the low-shear-rate viscosity by
two orders of magnitude, and a clear “shear-thinning” behav-
ior was detected, where the viscosity decreased with increas-
ing shear rate. Furthermore, in contrast to the pure PLA case,
the 3D-printed nanocomposite samples exhibited significantly
lower viscosity than the compression-molded sample. Specif-
ically, Print 1 shows a zero-shear viscosity of 2.5 × 105 Pa·s),
which is approximately 1.7 times lower than that of the molded
sample (4.2× 105 Pa·s). Print 2 exhibits an even lower viscos-
ity of (1.4×105 Pa·s), making it 3.0 times lower than its molded
counterpart.
The reduced viscosity in CNT-PLA samples that were 3D

printed suggests increased CNT alignment owing to the shear
forces imparted during the printing process. While shear-
induced orientation of PLA chains may occur during 3D print-
ing, its contribution to dielectric anisotropy is marginal relative
to the dominant role of CNT alignment in the investigated fre-
quency range. These outcomes are consistent with the under-
standing that randomly percolated systems (i.e., systems where
CNTs are randomly distributed in 3D space to form a con-
tinuous, interconnected network) should have higher viscosity
than those with aligned CNTs. When CNTs are randomly dis-
persed, they form a more extensive and interconnected network
throughout the polymer, which creates more entanglements and
physical interactions between the polymer and CNTs, thereby
increasing the resistance to flow. The CNT network signifi-

FIGURE 5. Flow curves showing viscosity as a function of shear rate
for pure PLA, and PLA-4%CNT samples prepared via compression
molding and 3D printing. Two 3D-printed samples weremade, labeled
as Print 1 and Print 2.

cantly restricts the movement of the polymer chains, resulting
in a higher viscosity. In contrast, in systems where the CNTs
are aligned, they do not form 3D network structures, reducing
the number of CNT-CNT and CNT-polymer interactions in the
transverse direction. This decreases the restriction on polymer
chain mobility, resulting in a lower viscosity. A similar ob-
servation was reported for polycarbonate/CNT nanocompos-
ites prepared via compression molding compared with injec-
tion molding methods [31]. We can conclude from this inves-
tigation that the 3D-printing process disrupts the CNT network
by aligning the CNTs in the direction of the 3D printing paths.
This confirms the anisotropic micro-structure, which provides
a mechanism for anisotropy observed in the electric and elec-
tromagnetic characterizations.

4. ANISOTROPIC PARAMETER EXTRACTION

4.1. Macro-Structural Electromagnetic Simulations
The variation in EMI shielding effectiveness relative to the
printing path direction was observed by Verma et al. [32], who
studied a polypropylene random copolymer (PPR) reinforced
with multi-walled carbon nanotubes. They hypothesized that
this variation arose from the internal voids between the FDM
printing paths. To test this hypothesis, we compared the full-
wave simulations in Ansys High-Frequency Structure Simu-
lator (HFSS) of the shielding effectiveness of solid samples
against two sets of perforated samples containing 0.4mm di-
ameter cylindrical air voids. The nanocomposite material was
modeled using isotropic complex permittivity (non-magnetic)
to isolate the effect of voids on the SE. A permittivity of
35− j45 over the X-band was used as a representative material
parameter because it provided an SE similar to that observed in
the experiment.
The voids were arranged in a square lattice with a period-

icity of 0.8mm, with one sample (Z-Print) having the voids
aligned with the electric field and the other sample (Y-Print)
having the voids aligned perpendicular to the electric field. The
solid sample represents compression-molded samples (Mold).

28 www.jpier.org



Progress In Electromagnetics Research M, Vol. 137, 24–33, 2026

FIGURE 6. Simulated shielding effectiveness (SE) as a function of fre-
quency for Z-Print, Y-Print, and compression-molded samples. The
inset illustrations show Z-Print and Y-Print structures with cylindrical
air inclusions. The electric field direction is also indicated for refer-
ence.

The SE was simulated for normal plane-wave incidence using
wave port excitations in HFSS and perfect electric and mag-
netic boundary conditions. The thickness of the sample was set
to 4.0mm. As shown in Figure 6, the simulation results indicate
that while the air voids do affect the SE, they cannot explain the
difference of more than 20 dB observed between the 3D-printed
samples with different printing path orientations. The maxi-
mum difference in SE between the Z-print and Y-print samples
for the isotropic samples with air voids was 2.3 dB. Note that
the drop in SE with respect to the solid (unperforated) samples
can be explained by the 80.4% material fill factor arising from
air voids.
Because the anisotropy of the 3D-printed samples cannot be

explained solely by the air-void model, the CNTs within the
PLAmatrix must exhibit an anisotropic response resulting from
the 3D printing process. Specifically, shear flow and viscous
flow are the primary and secondary factors, respectively, that
influence the alignment of CNTs within the nozzle during ex-
trusion. This CNT alignment plays a critical role in determin-
ing the properties of 3D-printed samples. In the next section,
wemodel the anisotropy using a permittivity tensor and demon-
strate how tensor elements corresponding to directions parallel
and perpendicular to the 3D printing paths can exhibit signifi-
cantly different values.

4.2. Extraction of Anisotropic Electric Material Properties

The Nicolson-Ross-Weir (NRW) method [33, 34] was em-
ployed to extract the complex permittivities of the PLA and
CNT/PLA nanocomposite samples. To apply the NRWmethod
to scattering parameter measurements taken from a waveguide
test-set, we used the waveguide mode impedance and waveg-
uide mode propagation constant (for the TE10 mode) in the
extraction [35]. Because the NRW extraction method is known
to produce multiple solutions corresponding to different order
resonances within samples, the correct solution branch was
determined by comparing the extracted material parameters

from samples of different thicknesses. We also prepared thin
samples with thicknesses of 0.5mm and 1mm to provide refer-
ence solutions with widely spaced branches, which simplified
the process of selecting the branch for the 4mm samples. The
correct branch choice was further confirmed by observing that
the extracted permeability exhibited a non-magnetic response,
consistent with the expected behavior of a nanocomposite
material with conductive but non-magnetic fillers.
Let us now consider the complex permittivity of

compression-molded samples placed in a waveguide test
environment. Because the CNTs are randomly oriented within
the PLA matrix in compression-molded samples, we can
expect the electrical properties to be isotropic [12]. Therefore,
we can employ the NRW method to extract the real and
imaginary parts of permittivity. These data are plotted in
Figure 7 for the X-band. We can observe that both the real
and imaginary components of the permittivity increase as the
CNT content increases within the PLA matrix. The increase in
real permittivity can be attributed to the formation of a denser
CNT population, which enhances the effective dielectric
response by increasing the capacitance between neighboring
CNTs as well as the capacitance within CNTs owing to defects
and functional groups [36]. In the X-band frequency range,
this effect dominates other polarization mechanisms, as both
dipolar polarization (which typically occurs in polar materials
up to the GHz range) and interfacial polarization (Maxwell-
Wagner-Sillars effect [37, 38], with its long relaxation times)
being negligible at these frequencies.
The imaginary component of permittivity also increases ow-

ing to the formation of conductive networks within the PLA
matrix [39]. Over the X-band, both the real and imaginary per-
mittivity components showed a relatively flat frequency depen-
dence. These data show that we can design our nanocomposite
to exhibit complex permittivities that range from approximately
3.0− j0.01 (pure PLA) to 34.3− j55.4 (4wt.%) and beyond.
The availability of these permittivities offers precise control
over the properties of the materials used in the design of elec-
tromagnetic structures, particularly those intended for shielding
applications.
Now, let us consider the 3D-printed samples with different

printing path orientations. As demonstrated in Section 4.1, the
SE was strongly influenced by these orientations, primarily be-
cause of the preferred alignment of CNTs along the printing
path direction. We will now explore how the path orientation
affects the anisotropy of the complex permittivity. We modeled
the permittivity and permeability of the 3D-printed CNT/PLA
nanocomposite using uniaxial diagonal tensors with compo-
nents that were either aligned with the CNTs (i.e., ε∥ for per-
mittivity and µ∥ for permeability) or perpendicular to the CNTs
(i.e., ε⊥ and µ⊥).
Although experimental observations drive this modelling,

they are also supported by theoretical frameworks. Classical
effective medium theories, including the Clausius-Mossotti and
Maxwell-Garnett models, have been extended in prior studies
to account for anisotropic inclusions, such as aligned CNTs.
These approaches incorporate depolarization factors or orienta-
tion distribution functions to reflect the directional dependence
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(b)(a)

FIGURE 7. (a) Real and (b) imaginary permittivity vs. CNT content for compression-molded samples.

(b)(a)

FIGURE 8. (a) Real and (b) imaginary permeability vs. CNT content for different 3D-printed samples. Our model assumes isotropic permeability.

of the dielectric response [40, 41]. In our case, the distinct dif-
ferences in SE between orientations should not be attributed
to structural defects such as air inclusions, as previously dis-
cussed, but instead support the hypothesis that CNT alignment
governs electromagnetic anisotropy. As such, an anisotropic
permittivity tensor can be used to represent the electromagnetic
behavior of the printed nanocomposites.
In this study, we characterized the material properties of the

samples placed within a rectangular waveguide. The sample
was then exposed to TE10 mode, in which the electric field
was polarized along the z-axis. In this system, the constitu-
tive relations between the electric and magnetic field intensi-
ties (Ez,Hx,Hy) and the electric and magnetic flux densities
(Dz, Bx, By) can be written as follows for the three 3D-printed
samples:

X-Print: Dz = ε⊥Ez, Bx = µ∥Hx, By = µ⊥Hy (2)
Y-Print: Dz = ε⊥Ez, Bx = µ⊥Hx, By = µ∥Hy (3)

Z-Print: Dz = ε∥Ez, Bx = µ⊥Hx, By = µ⊥Hy (4)
Because the standard NRW method provides a procedure

for extracting the effective isotropic parameters of an unknown

medium (i.e., εNRW and µNRW), caution must be exercised when
applying it to anisotropic samples. We can observe from (4) that
when the Z-print sample is placed within the waveguide, only
the ε∥ and µ⊥ components interact with the fields. Therefore,
these components can be extracted by setting ε∥ = εNRW and
µ⊥ = µNRW. Equations (2) and (3) show that the NRWmethod
cannot be applied to the X-print and Y-print samples if there
is anisotropy in the magnetic response (because two different
µ components govern the magnetic interaction). However, as
shown in the measurements plotted in Figure 3, the SE of the X-
print and Y-print samples were nearly identical (within 0.7 dB
across all CNT content levels), indicating very little magnetic
anisotropy. If we assume that µ is isotropic, we can apply the
NRWmethod to the X-print and Y-print samples to find ε⊥ and
µ = µ∥ = µ⊥.
Four samples were fabricated for each of the three orienta-

tions (X-print, Y-print, and Z-print) and four CNT weight con-
tents (1%, 2%, 3%, and 4%), resulting in a total of 48 sam-
ples (3 orientations × 4 content levels × 4 samples each). Fig-
ures 8 and 9 plot the real and imaginary extracted permeabilities
and permittivities, respectively, averaged over the four samples
and averaged over frequency (over the X-band). In addition,
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(b)(a)

FIGURE 9. (a) Real and (b) imaginary permittivity vs. CNT content for printed samples with three different path orientations and for compression-
molded samples.

FIGURE 10. Comparison of measured and simulated SE responses
of a 3D-printed sample. The simulations were performed using an
isotropic and homogenous model with (ε = 35 − j55) and an
anisotropic and heterogeneous model specified in the inset diagram.
Inset (a) shows the 3D-printed pattern of the structure. Inset (b) shows
the simulation model with different anisotropic orientations, distin-
guished by the light and dark orange regions, using the extracted
anisotropic permittivity (ε⊥ = 9− j2.7, ε∥ = 35− j45).

molded sample data are included in these figures, allowing a
direct comparison of the dielectric constants for molded and
3D-printed samples across different CNT loadings and print
orientations. Error bars in the figure represent one standard de-
viation from the mean. For all samples, the variation in the
real and imaginary permeabilities across print orientations was
within 0.04, with error bars below 0.02. These data confirm the
isotropy of the magnetic response, verifying the applicability of
the NRW method for characterizing the electric and magnetic
responses of nanocomposites. Furthermore, the complex per-
meability was within 0.1% of µ = 1, which corresponds to a
non-magnetic response. In contrast to permeability, the com-
plex permittivity exhibited strong anisotropy. Specifically, ε∥
varied from 9.2 − j2.6 to 36.5 − j44.5, and (ε⊥) varied from
4.7− j1.1 to 8.3− j3.1 as the CNT content increased from 1%
to 4%. The strong dependence of (ε⊥) on the CNT content is

consistent with our model, where the CNTs align with the print
orientation as the nanocomposite flows through the printer noz-
zle.

4.3. Validation of the Anisotropic Model

To emphasize the importance of accurately characterizing the
anisotropic electromagnetic properties of 3D-printed nanocom-
posites, we simulated the shielding effectiveness of a sample
printed using concentric paths by employing two different per-
mittivity models. First, we used an isotropic model based on
molded sample permittivity (ε = 35− j55), and in the second,
we used the anisotropic permittivity values extracted from our
data (ε⊥ = 9− j2.7 and ε∥ = 35− j45).
We modeled the WR-90 waveguide in HFSS, using its di-

mensions to replicate the measurement conditions. As demon-
strated in Figure 10, there is a difference of more than 24 dB
in the SE between the measurement of the 3D-printed sample
and the isotropic model in the simulation. However, when con-
sidering anisotropic permittivity, the simulation results closely
align with the experimental measurements.
These findings highlight the critical need to accurately

characterize the anisotropic electromagnetic properties of
3D-printed nanocomposites. They provide valuable insights
for future research, underscoring the key role of material
anisotropy in the design and simulation of electromagnetic
structures using 3D-printed nanocomposites.

5. CONCLUSION
In conclusion, this research highlights the significant impact
of 3D printing on the electromagnetic properties of CNT/PLA
nanocomposites, particularly in EMI shielding applications. By
investigating samples with varying CNT contents (1–4wt.%)
manufactured via compression molding and 3D printing, the
study discovers a different anisotropic behavior in the complex
dielectric permittivity of the material. Notably, the shielding
effectiveness varied by over 20 dB between the printing orien-
tations at the highest CNT loading (4wt.%), underscoring the
critical role of processing conditions.
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Through experimental measurements over the X-band fre-
quency range, we developed an anisotropic material model that
captures the dependence of dielectric permittivity on CNT ori-
entation. We show that CNT alignment during 3D printing
leads to a highly anisotropic permittivity. Specifically, com-
plex permittivity along the printing direction ε∥ increases from
9.2− j2.6 to 36.5− j44.5 as CNT content rises from 1wt.% to
4wt.%. In contrast, the perpendicular direction ε⊥ varied from
4.7− j1.1 to 8.3− j3.1. We also demonstrate the effectiveness
of anisotropic models in electromagnetic simulations, showing
how they can predict experimental measurements more accu-
rately than isotropic models can.
These findings highlight the impact of the CNT orientation in

3D-printed nanocomposites on the electromagnetic properties
of materials. They emphasized the importance of considering
anisotropic properties in the design simulations of 3D-printed
electromagnetic structures. Additionally, the ability to con-
trol electromagnetic properties through print orientation opens
new possibilities for tailoring shielding performance in additive
manufacturing applications.
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