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stract
re we applied three-dimensional (3D) printing of conductive microstructures for the functional optimization of 
tweight and semi-transparent electromagnetic interference (EMI) shields. Highly conductive 3D printable inks with 

ctrical conductivities up to ~5000 S m−1 were fabricated from carbon nanotubes/polylactic acid (CNT/PLA) 
ocomposites. Solvent-cast 3D printing enabled us to fabricate conductive scaffold microstructures and investigate the 
uence of various important structural parameters (i.e., inter-filament spacing, number of layers and printing patterns) 
ir transparency and EMI shielding effectiveness. The results revealed a significant improvement of the specific EMI 
elding effectiveness of CNT/PLA nanocomposites printed as 3D scaffolds compared to CNT/PLA hot-pressed in solid 
ms (~70 vs ~37 dB g−1 cm3). The transparency of the scaffolds could vary from ~0% to ~75% by modifying their prin
terns and inter-filament spacing. To the best of our knowledge the conductivity of the fabricated ink is the highest am
 other reported 3D printable polymer composite inks and this is the first reported systematic study on EMI shield

ng a 3D printing technique. These results are highly beneficial for the fabrication and structural optimization of EMI 
elds where light and/or transparent structures are advantageous, such as in aerospace systems, portable electronic devices 
smart fabrics.
. Introduction

Conductive polymer nanocomposites (CPNs) are
composed of conductive nanofillers (e.g. carbon 
nanotubes, graphene and metal-lic nanowires) dispersed 
in a polymer matrix. The utilization of CPNs for 
electromagnetic interference (EMI) shielding [1–5], light-
ning strike protection in airplanes [6,7], sensors [8,9], and 
in the field of electronics [10–13] have been reported. 
Among diverse applications of CPNs, EMI shielding is 
especially demanding due to the industrial requirements 
of lightweight and highly conductive materials [3]. 
Emitted electromagnetic (EM) waves from electron-ics 

can potentially be hazardous to people’s health and 
interfere with the operation of electronic devices [14]. In 
this regard, the proliferating market of electronics has 
heightened the necessity to resolve the growing EMI 
issues.
Metals are common materials employed as EMI shields [15];
however, metallic shields have drawbacks like corrosion, high cost,
high weight, and expensive to process. Hence, during the last
decade, technological breakthroughs and research focus in the field
of EMI shielding materials have been intensely directed towards the
development of CPNs [16–18]. CPNs benefit from the intrinsic prop-
erties of polymers (i.e., light weight, low cost, corrosion resistance,
and easy processing) combined with tuneable electrical conductiv-
ity derived from the adjustable filler morphology (i.e. conductive
network) within the polymer matrix [19]. Electrical conductivity is
a key parameter for effective EMI shielding materials [4,20]. Most of
common polymers are inherently insulative; however, embedding
sufficient amount of conductive nanofiller into polymer matrices
leads to the formation of conductive networks across the nanocom-
posite. This transforms the whole nanocomposite into a conductive
material. Conduction via physical contacts between conductive

nanofillers in combination with electron tunnelling and hopping
between conductive nanofillers are the main mechanisms for the
electron transference in CPNs [21,22].

http://crossmark.crossref.org/dialog/?doi=10.1016/j.mtcomm.2017.02.006&domain=pdf
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mailto:daniel.therriault@polymtl.ca


s
[
a
r
f
(
s
U
[
n
I
t
r
s
h
m
p

t
d
f
T
t
l
p

p
m
p
c
i
t
b
r
T
p
o
t
h
m

C
C
a
fi
o
E
t
E

2

2

n
(
(
B
M
h
i
o
i

Forming CPNs can be achieved by different common methods
uch as injection molding, compression molding or solvent casting
17,23]. Recently, three-dimensional (3D) printing method has also
ttracted the attention of researchers due to its capability for fab-
ication of complex shapes at relatively high speed since no mold
abrication is required [24,25]. As yet, different types of 3D printing
3DP) method, such as fused deposition modeling (FDM) [26–28],
elective laser sintering (SLS) [29], stereolithography (SLA) [30,31],
V assisted 3DP (UV3DP) [32,33] and solvent cast 3DP (SC3DP)

34,35] have been developed. Among the different 3D printing tech-
ologies, FDM is the most frequently used 3D printing method [36].

n this method, the polymer melt extrudes out of a heated nozzle
o form a 3D shape by layer-by-layer deposition on a platform. Fab-
ication of conductive structures is challenging using FDM method
ince metals have very high melting temperatures and CPNs with a
igh concentration of conductive fillers have high viscosity at their
elting point, obstructing the printing nozzle and hampering the

rinting process.
In SLS method, the initial material is in a form of powder and

he 3D shape forms when the powder particles attach to each other
ue to the sintering of the powder particles caused by the heat of a
ocalized laser. The printing powder can be metal or CPN particles.
he main shortcoming of SLS to the other 3D printing methods is
he complexity, the high price of the printing equipment, and the
ack of control on the alignment of the nanofillers dispersed in the
olymer matrix.

In UV3DP method, the UV light is focalized on the tip of the
rinting nozzle and cures the UV-curable polymer while the poly-
er extrudes out of the nozzle [37]. SLA is based on the local

olymerization of a thermoset polymer by a laser beam. Printing
onductive materials with these two methods are highly challeng-
ng since adding nanofillers inside a thermoset polymer can hinder
he polymerization and cross-linking processes. SC3DP functions
ased on the solidification of the polymer-solvent mix due to the
apid evaporation of the solvent during the printing process [34,35].
he advantages of this method compared to the above-discussed 3D
rinting techniques are its simplicity, low price, and the possibility
f adjusting the ink’s viscosity by modifying its solvent concen-
ration, enabling us to print various types of nanocomposites with
igh concentration of the nanofillers. The details related to SC3DP
ethod are previously published [34,35].
In this paper, we report the fabrication of highly conductive

PNs used as the ink for SC3DP method. Employing the fabricated
PNs, we developed 3D printed conductive grid-like configurations
nd investigated the effect of their structural parameters (i.e., inter-
lament spacing, number of printed layers and printing patterns)
n their EMI shielding performance and transparency. The specific
MI shielding of the CPNs in different structures were also inves-
igated to provide more insight about the structural effects on the
MI SE considering the mass of the EMI shield.

. Experimental

.1. Nanocomposite and ink preparation

Multi-walled carbon nanotube/polylactic acid (CNT/PLA)
anocomposites were prepared by mixing a solution of PLA
PLA 4032D, Natureworks LLC) dissolved in dichloromethane
DCM) with carbon nanotubes (NanocylTM NC7000, Sambreville,
elgium) using ball mill mixing method (SPEX SamplePrep 8000 M
ixer/Mill) [38]. DCM dissolves well the PLA matrix and the
igh volatility of DCM makes it a suitable solvent for the SC3DP
nk [34,35]. First, PLA was dissolved in DCM at a concentration
f 10 wt.% by placing PLA pellets in DCM solvent for about 24 h
n a well-sealed glass vial. The PLA-DCM solution was poured
inside a ball mill vial together with the required amount of CNTs
(depending on the desired wt.% of CNT/PLA) and ball milled for
30 min. After the mixing, CNT/PLA-DCM suspensions with CNT
contents of <20 wt.% were dried at room temperature for 24 h. The
dried CNT/PLA nanocomposites were dissolved in DCM to make
a CNT/PLA-DCM suspension with CNT/PLA to DCM concentration
of 30 wt.% as an ink compatible for SC3DP method. In the case
of CNT/PLA nanocomposites with CNT content of ≥20 wt.%, the
CNT/PLA-DCM suspension was used as the printing ink directly
after mixing due to the difficulties of dissolving dried CNT/PLA
with high CNT concentration in DCM solvent [25]. The maximum
CNT/PLA concentration used for fabrication of nanocomposites
was 40 wt.%, in which the texture of the ink becomes like a wet
powder rather than a viscous liquid suitable for 3D printing ink.

2.2. 3D printing of scaffolds structures

The CNT/PLA-DCM ink was poured into a syringe, which was
then mounted on the head of a dispensing robot (Fisnar I&J2200-4).
The printing patterns were designed and transferred to the printing
robot using JR Points software made by Janome Industrial Equip-
ment. The syringes and micronozzles (inner diameter of 200 �m)
were supplied by Nordson EFD Co. The displacement rate of the
robot was in the range of 0.3–1.0 mm s−1 depending on the CNT
concentration in the ink. The extrusion pressure was controlled
using a pressure regulator (HP-7X, EFD), and was set in the range
of 2.1–4.2 MPa.

2.3. Fabrication of solid samples

The CNT/PLA nanocomposites with different CNT concentra-
tions fabricated by ball mill mixing method were compression
molded under the pressure of 38 MPa for 5 min using a Carver com-
pression molder (Carver Inc., Wabash, IN). A metallic mold with
dimensions of 22.9 × 10.2 × 0.4 mm3 was used to form rectangu-
lar shaped solid samples in order to cover the X-band waveguide
window of the EMI network analyzer.

2.4. Electrical conductivity measurements

The electrical conductivity tests were performed on the solid
samples. The surface of the samples was wiped with ethanol
to remove impurities prior to the conductivity measurements.
For nanocomposites with electrical conductivities more than
10−2 S m−1, the conductivity measurements were carried out
according to ASTM 257-75 using a Loresta GP resistivity meter
(MCPT610 model, Mitsubishi Chemical Co., Japan) connected with
a four-point probe. A Keithley 6517A electrometer connected to a
Keithley 8009 test fixture (Keithley Instruments, USA) was used for
the measurements of the nanocomposites with conductivities less
than 10−2 S m−1. The reported conductivities and the error bars are
the average and the standard deviation of six conductivity mea-
surements for each concentration.

2.5. EMI shielding testing

EMI shielding measurements were performed over the X-band
(8.2–12.4 GHz) frequency range using an E5071C network analyzer
(ENA series 300 KHz–20 GHz). EMI shielding effectiveness (EMI SE)
is defined as the logarithm of the ratio of the incident power to the
transmitted power and is expressed in dB:
EMI SE = 10 log
(

Pi

Po

)
(1)

where Pi is the incident power and Po is the transmitted power.
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The EMI SE and error bar values are the average and stan-
ard deviation values of the overall EMI SE data over the X-band
requency range, respectively. The rectangular scaffolds and solid
amples were placed between two X-band flanges, connected to
he separate waveguide ports of the network analyzer. The net-
ork analyzer sent an electromagnetic wave onto the sandwiched

ample and the powers of the incident, reflected and transmitted
aves were measured by three wave detectors to calculate EMI SE.

MI SE is calculated as the following:

ER = 10 × log
(

1
1 − R

)
(2)

EA = 10 × log
(

1 − R

T

)
(3)

MISE = SER + SEA (4)

here SER, SEA and EMI SE are the shielding by reflection, shield-
ng by absorption and overall shielding, respectively. R and T are
eflectance and transmittance, respectively. Further information
egarding the EMI shielding measurement can be found elsewhere
39].

.6. Transparency tests

A Lambda1050 (Perkin Elmer) double-beam spectrophotometer
quipped with a 150 mm diameter, integrating sphere was used to
btain the transparency of the scaffold structures. The transmit-
ance of the light with a wavelength ranging from 300 to 850 nm
as tested with a 5 nm step increment. The reported transmittance

alues and the error bars are resulted from the average and stan-
ard deviation of the transmittance over the tested wavelength
ange, respectively.

. Results and discussion

Mixing CNT with a solution of PLA-DCM via ball mill mixing
ethod enabled us to fabricate CNT/PLA nanocomposites with CNT

oncentrations up to 40 wt.%. Based on our experience of CNT/PLA
abrication using various mixing methods such as solution mixing
r melt extrusion [40], the ball mill mixing method was more suit-
ble for the synthesis of CNT/PLA nanocomposites with high CNT
oncentrations (>10 wt.%). This is mainly due to the fact that the
roblems associated with the high viscosity of the mixing materi-
ls and poor dispersion of CNTs in DCM at high CNTs concentrations,
inder the extrusion and solution mixing processes, respectively.

Fig. 1a shows the electrical conductivity (�) of the solid
NT/PLA nanocomposites as a function of CNT concentration. It
as observed that by increasing the CNT concentration from
to 40 wt.%, the electrical conductivity of the nanocomposites

ncreased from ∼1.4E − 14 to ∼1.7E + 4 S m−1. The electrical con-
uctivity of the CNT/PLA nanocomposites obtained by ball mill
ixing method using 5 wt.% CNT, i.e. 340 S m−1, was significantly
ore than the ones obtained via solution mixing (∼4 S m−1) or

xtrusion (∼25 S m−1) using the same materials [40], endorsing the
uperiority of ball mill compared to the other composite mixing
echniques. A comparison of the electrical conductivities obtained
or the CNT/PLA nanocomposites to the other values reported for
onductive CNT/polymer nanocomposites with high CNT loadings
≥10 wt.%) (Table S1 and Fig. 1b) shows the high performance
f the nanocomposite fabrication process used in this work. Fur-

her information related to the reported electrical conductivity of
NT/polymer nanocomposites can be found elsewhere [41,42].

In order to estimate the electrical percolation threshold for
NT/PLA nanocomposites, we employed the percolation theory
[43], wherein the power law (Eq. (5)) was used to fit the electrical
conductivity data.

� = �0(v − vc)t (5)

In the above equation, �0 is a scaling factor, v is the nanofiller
volume fraction, vc is the electrical percolation threshold vol-
ume fraction and t is a critical exponent. Given the density
of CNT (1.75 g cm−3) and PLA (1.25 g cm−3), the linear regres-
sion data fitting (Fig. 1c) gives percolation threshold, vc , to be
0.03 vol% (0.04 wt.%). Although lower percolation thresholds have
been reported [42,44], 0.04 wt.% is significantly lower than the typ-
ical value of ∼0.1 wt.% calculated for the percolation threshold of
CNT/polymer systems with an optimized CNT dispersion [42,45].

Fig. 1d shows the SC3DP method enabled us to print scaffold
structures with various structural parameters, i.e. inter-filament
spacing (IFS), the number of layers and printing patterns. Print-
ing of the conductive ink with CNT concentration up to 30 wt.%
was possible by this method, as it does not deal with the prob-
lems related to melting of highly concentrated nanocomposites.
The scaffolds printed with 40 wt.% CNT were too fragile resulting in
partial rupturing of scaffolds during the EMI shielding tests. Hence,
they can hardly be used for EMI shielding applications due to their
low mechanical strength originating from high filler concentration.
The electrical conductivity of the nanocomposite used as 3D print-
ing ink was as high as ∼5000 S m−1 (CNT: 30 wt.%), which is notably
high compared to other reported electrical conductivities related to
CPNs useful for 3D printing (e.g. <100 S m−1 [46], <1 S m−1 [47], and
∼10 S m−1 [48]).

SEM images of the fabricated scaffolds are shown in Fig. 1e.
Three different configurations were printed and named open win-
dow, closed window, and zigzag structures. The printed filaments in
the third and fourth layers of the closed window pattern are located
in between the first and second layers, closing the windows formed
from the first and second layers. The printing trajectories of these
patterns are shown in Fig. S1. Depending on the structural pattern,
the transparency of the samples can vary. Fig. 1f shows an image
covered by 3 different printed scaffolds. The visibility through scaf-
fold with open window structure is much more compared to the
closed window structure, while they have similar mass. Therefore,
simply by modifying the 3D printing pattern, the transparency of
the structure can be changed using similar amount of material.

Fig. 2a shows the variation of EMI SE as a function of CNT con-
centration for the scaffolds (printed in four layers, open window
pattern and IFS of 0.7 mm) and solid structures. The EMI SE of the
CNT/PLA with CNT concentrations up to 5 wt.% is shown in Fig. S2 to
better see nanocomposites’ EMI SE at low CNT concentrations. The
EMI SE of the CNT/PLA shields in both types of structures, scaffold
and solid forms, increased by increasing the CNT concentration. For
the solid samples, EMI SE increased to about 47 and 55 dB for CNT
concentrations of 20 and 30 wt.%, respectively. In order to test the
reproducibility of the results, three identical scaffolds with the CNT
percentage of 20 wt.% were fabricated and their EMI SE was mea-
sured. The results showed about 14% variation between the EMI
SE of the scaffolds made with similar configurations. A comparison
between the EMI SE of the fabricated CNT/PLA in solid form to the
values reported in the literature for CNT/polymer with high CNT
loading (≥10 wt.%), demonstrates the significance of the present
work considering the thickness of the characterized nanocomposite
films (Table S2).

The increase in EMI shielding with CNT content can be attributed
to the increase in shielding by both EM reflection and absorp-
tion [16]. When an EM wave hits a conductive shield, a fraction

of the EM wave is reflected off the shield due to interaction with
the surface free charge carriers (impedance mismatch between
two media) and a fraction infiltrates through the shield with its
energy dissipated via absorption. Shielding by reflection for mate-



Fig. 1. (a) Electrical conductivity of the CNT/PLA nanocomposites with respect to CNT concentration. The conductivity of CNT/PLA can reach to ∼104 S m−1 by increasing the
CNT concentration to 40 wt.%. Inset shows the conductivity of CNT/PLA with CNT concentration up to 2 wt.%. (b) Electrical conductivity of the CNT/polymer nanocomposites
with high CNT loadings (≥10 wt.%) based on the literature cited in Table S1. The filled circles (�) show the conductivity of CNT/PLA obtained in the present work and the empty
circles (©) are the ones reported in the literature. (c) Plot of log � against log (v–vc) according to the power law equation with linear regression data fitting. To obtain the
best linear fit for log � against log (v–vc), the value of vc was incrementally decreased below the lowest volume fraction in the conductive region until the highest correlation
factor R2 was obtained. The data fitting suggests that the system electrical percolation threshold is 0.03 vol.%. (d) 3D printing of scaffolds by SC3DP method using a nozzle
with 200 �m inner diameter. (c) Top view SEM images of scaffolds fabricated in different patterns; I: Open window, II: Closed window, III: Zigzag and IV: 45◦ angle view of
closed window pattern. (d) Three 4-layered printed scaffolds with different printed patterns but similar IFS, showing the transparency of the scaffolds. The Zigzag and open
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indow patterns showed much better transparency compared to the closed windo
ith a diameter of 2.5 mm showing its flexibility.

ials is proportional to �
� , where � is the magnetic permeability.

his proportionality implies that materials with higher conductiv-
ty present higher reflection, while the magnetic materials reduce
hielding by reflection. Shielding by absorption for a conductive
aterial is proportional to �· �, i.e., materials with high conductiv-

ty and high magnetic permeability attenuate EM wave efficiently

49,50]. In fact, absorption attenuates EM wave through interac-
ion with free charge carriers and/or electric/magnetic dipoles. It is
ttern. The inset photo is a scaffold printed in 2 layers wrapped around a metal bar

worth noting that the employed CNTs are non-magnetic; therefore,
they mainly attenuate EM wave by their free charge carriers.

For the scaffold samples, the EMI SE increased to ∼30 dB by
increasing the percentage of CNTs to 20 wt.%. Adding more amounts
of CNTs to the nanocomposite formula did not improve the EMI SE,
showing that it reaches a plateau in the range of CNT concentration

between 20 and 30 wt.%. This can be attributed to the presence of
spacing in the 3D printed CPNs scaffolds, allowing a small portion



Fig. 2. (a) Average EMI SE and (b) specific EMI SE of the solid and scaffold structures over the X-band frequency range as a function of CNT loading. The solid samples had
0.4 mm thickness, and the scaffold samples were printed with an IFS of 0.7 mm in four layers with open window pattern. (c) The graph of EMI SE as a function of IFS of
the scaffolds with different printing patterns (CNT/PLA concentration: 10 wt.%) showing a slight decrease in EMI SE by increasing the IFS. (d) EMI SE of scaffolds with IFS of
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.7 mm and CNT concentration of 10 wt.% as a function of the number of printing la
rinted layers.

f electromagnetic wave (0.1% for EMI SE of 30 dB) passes through
he sample.

Since the mass of the materials used as EMI shields is a cru-
ial factor for various applications, such as in portable electronic
evices and aircrafts, the EMI SE values of the solid and scaf-
old structures were normalized with respect to their density and
eferred to specific EMI SE (Fig. 2b). The density is calculated based
n the total volume of the structures including the empty space
51–53]. Comparing Fig. 2a and b shows that increasing the CNT
oncentration in solid samples from 10% to 40% had positive effect
n the EMI SE but not the specific EMI SE. It shows that the increase
n density while increasing the CNT wt.%, due to the higher density
f CNTs compared to PLA, could compensate the increase in EMI
E. Based on these results, increasing the CNT concentration for
ore than 10% might not have positive effect for the EMI shields
here the solid form is required and the mass is an important factor

or their application. The specific EMI SE of the scaffolds increased
ith a higher rate compared to the solid samples with the maxi-
um of ∼70 dB g−1 cm3 and ∼37 dB g−1 cm3, respectively. At low

NT concentrations (<5 wt.%), the specific EMI SE of the scaffolds is
lightly lower than the solid samples. The scaffolds with CNT con-
entration equal to or more than 5 wt.% show higher specific EMI
E values compared to the solid structures. The difference in the
pecific EMI SE of the solid and scaffold structures rose up with
NT content and increased to about 33 dB g−1 cm3. Since the EMI
E of the scaffolds with CNT concentration of 20 wt.% is more than
0 dB and their specific EMI SE is about two times higher than the
olid structures, they have a promising future as lightweight EMI
hielding structures.

Fig. 2c demonstrates the influence of the scaffolds’ IFS on their
MI SE characteristics. The EMI SE decreased slightly by increasing

he IFS for all three types of the structural patterns. Normalizing
he EMI SE of the scaffolds by their mass revealed no significant
ariation of the EMI SE/mass values by changing the IFS (Fig. S3).
his shows that the decrease in EMI SE by increasing the IFS can
n open window pattern. The EMI SE could be modified by changing the number of

be related to the reduced amount of conductive material for larger
IFS, leading to less number of interacting free charge carriers.

Fig. 2d shows the influence of the variation in the number of lay-
ers in the scaffold structure on the EMI SE for the scaffold structures
printed in an open window pattern with IFS of 0.7 mm and CNT
concentration of 10 wt.%. EMI SE increased from 16 to about 28 dB
by increasing the number of layers in scaffolds from 2 to 8. Based
on these results, 3D printing of conductive materials enables us to
adjust the EMI SE of the scaffold structures simply by manipulat-
ing the configuration, IFS, number of printed layers, etc. Depending
on the desired application of the EMI shielding material, the most
suitable configuration with the IFS and number of layers can be
fabricated.

One of the main advantages of the scaffold structures over the
solid EMI shielding structures is the semi-transparency of these
grid-like structures, which can be useful for the applications where
the transparency is an important key. The visible light transmit-
tance of the scaffolds printed in four layers with IFS of 0.7 mm and
CNT concentration of 10 wt.% as a function of their IFS is shown in
Fig. 3a. Increasing the IFS increased the transparency of the scaf-
fold structures to as high as ∼75%. Since the CPN used for the EMI
shielding is not transparent and the transparency originates from
the grid-like structure, varying the structure changed the trans-
parency and also the EMI SE. The open window and zigzag patterns
had higher light transmittance compared to the closed window pat-
tern. This can be due to the arrangement of the printed filaments
in closed window pattern, blocking the passing light more than the
other printed patterns (Fig. S1). Fig. 3b shows the EMI SE and trans-
parency as a function of the IFS of the scaffolds. Lower IFS led to
higher EMI SE but decreased transparency. In fact, by decreasing
the IFS the filaments are closer to each other and more CNT/PLA

filaments block the transmittance of the light. Comparing the EMI
SE (Fig. 2c) and transmittance (Fig. 3a) of the scaffolds with dif-
ferent IFS revealed the possibility of increasing the transparency of
these structures while maintaining their EMI SE constant by chang-



Fig. 3. (a) The transmittance of the scaffolds increased by increasing the IFS, since the distance between the filaments increased and lower total mass of CPNs was used for
the equal surface exposed to light. Changing pattern from closed window to open window or zigzag, increased the light transmittance. (b) 3D graph showing EMI SE and
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ransparency of the scaffolds, printed in open window pattern using the conductiv
ransparency and EMI SE, the IFS and the printed pattern of the scaffold can be adju

ng the printing patterns from closed window to open window. The
ifference in EMI SE of scaffolds printed in different patterns was
elatively low, while their transmittance could rise from ∼0 to ∼40%
IFS: 0.5 mm). The transmittance of the scaffold with IFS of 0.7 mm
ould be doubled while maintaining the EMI SE value by chang-
ng the structural patterns from closed window to open window.
ther interesting aspect of this study is the fact that by increas-

ng the number of printed layers the EMI SE could be increased
hile maintaining the transparency of the scaffold (<5% reduction
er layer). This is due to the fact that the transparency originates
rom the holes in grid-like configurations and not the nature of the

aterial. In the case of solid structures, the transparency is highly
ependent on the thickness of transparent films [37], so increas-

ng the EMI SE by thickening the EMI shielding film decreases its
ransparency. Thus, this problem can be solved by altering the EMI
hielding structures from solid to grid-like structures.

. Conclusions

Highly conductive 3D printable ink with an electrical conduc-
ivity up to ∼5000 S m−1 was obtained from CNT/PLA conductive
anocomposite. 3D printing was used to build conductive, light, and
emi-transparent scaffold structures tested for EMI shielding appli-
ation. The specific EMI SE of the printed scaffolds could reach to
bout two times more than the one for the solid form of the conduc-
ive CNT/PLA nanocomposite (∼70 dB g−1 cm3 vs ∼37 dB g−1 cm3).
his is highly useful for EMI shields where lightweight material is
eneficial such as in airplanes and portable electronic devices (e.g.,

aptops, cell phones and wearable electronics). 3D printing enabled
s to demonstrate the influence of certain structural parameters
uch as IFS and number of printed layers on the EMI SE of the
esigned configurations. Decreasing IFS or increasing the number
f scaffold layers increased the EMI SE. The results showed that the
odification in the number of printed layers had a higher impact

n the EMI SE compared to the IFS. Due to the semi-transparency
f the scaffolds, originated from their grid-like structure, they are
romising for EMI shielding applications where transparency is
eneficial. The light transmittance of the scaffolds increased from
0 to ∼75% by changing the printing pattern from closed window

o open window and increasing the IFS from 0.5 to 1.5 mm. For
mproving the 3D printing speed, reproducibility and practicality
f the fabricated structures, the inks’ rheological properties and the

nfluence of printing parameters on the mechanical properties of
he printed configurations will be investigated. It will be also use-
ul to study and compare the specific EMI SE of the grid-like CPNs
o the metallic mesh for their practical application as EMI shields.

[

[

ith CNT concentration of 10%, as a function of their IFS. Depending on the desired

This study will be expanded to the structural optimization of more
complex 3D printed structures, with different patterns along their
thickness direction, for higher EMI SE and/or transparency. Com-
bining the 3D printing technique with the numerical simulation
tools can be one of the fastest way to validate the practicality of the
data obtained in theory.
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