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Additive manufacturing (AM) has become an increasingly powerful technique for fabricating complex
three-dimensional micro-architectures for a wide variety of applications. Despite the multitude of AM
techniques that support single material printing at progressively higher throughput, larger build size,
and finer spatial resolution, multi-material printing of interlaced structures with one of the materials
being a filled composite has not been demonstrated. This work aims to demonstrate the technical
feasibility of fabricating such heterogeneous structures using a custom-built multi-material digital light
processing (MMDLP) 3D printer. The printer was equipped with two resin dispensers and an air-jet that
enable fast exchange between the resins—one of which was filled with carbon nanotubes (CNTs) up to
0.25%. The inclusion of CNTs reduced the cure depth of the resins, but significantly lowered the critical
exposure required to initiate the photopolymerization. This information was successfully used to select
appropriate process parameters for printing complex CNT-filled multi-material structures.

Additive manufacturing (AM) methods are rapidly gaining
interests as alternative methods to conventional nano-, micro-
fabrication methods, allowing rapid prototyping of com-
plex freeform geometries from nano- to macro-scales [1, 2].
Accordingly, further development of AM methods is crucial to
meet the recent demands for high-throughput, high resolution
multi-material printing of high-performance composites, in a
low-cost manner [3-5]. Multi-material printed structures with
high-performance composites benefit from integration of differ-
ent functional components and offer a multitude of mechanical,
electrical, optical, chemical or biological properties that are not
possible for single material systems [5-8]. Despite the variety
of techniques, current available AM methods are often costly,
have low resolution, are inherently restricted to single material
fabrication and require further post-processing to incorporate

more than one material [1, 9, 10]. Among the various subsets
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of AM techniques, photopolymerization-based 3D printing can
be a valuable method to resolve the problems [11, 12]. In this
technique, photons are used to trigger localized free radical
photopolymerization, which converts liquid photopolymer pre-
cursors into solid objects by connecting low molecular weight
monomers and oligomers to form solid 3D networks [1, 12-14].
Notable recent applications of this technique include multiscale
lattice metamaterials [7, 15], tomographic reconstruction [16],
3D printed artificial axons [17], superhydrophobic functional
surfaces [18], recyclable thermoset [19], and many others
[13-15, 20-26]. The use of light as the primary printing mecha-
nism with a layer-by-layer approach enables relatively high
speed and high resolution printing, compared with other AM
techniques that are typically based on a point-by-point approach
[20, 27].

With the latest technological advancements, digital light

processing (DLP) methods show great promise in multi-material
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printing of high-performance composites. DLP—a sub-category
of photopolymerization-based technique uses ultraviolet (UV)
or near-UV to project images on to the photopolymer resin.
Figure 1 compares throughput and resolution of various 3D
printing techniques with estimated costs. The figure is based
on current 3D printing methods that are largely developed for
single material or single composite materials. For comparison,
the region that corresponds to the MMDLP method presented
in this paper is highlighted with a small black dash circle. With
further development in the MMDLP technique, the region will
likely move towards the left where it is highlighted with a larger
black dash circle. Due to the relatively low cost, high-through-
put and high resolution printing aspects, DLP can be a viable
method for future AM when combined with the potential to
print multi-material composite structures.

There have been innovations, such as continuous liquid
interface production (CLIP) [20] or volumetric fabrication
through holographic patterned images that allow orders of mag-
nitude increase in speed for a faster printing [27]. In the research
area of high-performance composite printing of materials, there
have been advances in carbon- or glass-filled UV-curable mate-
rials in DLP-based 3D printing which include the use of fillers,
such as carbon fibers and carbon nanotubes (CNTs) [31-34],
nanowires [35], silica [36, 37], iron oxide [38], or graphene
oxide (GO) [39], either dispersed in acrylate- or epoxy-based
photopolymer matrices for printing single-material objects and

precursors that can be further sintered to produce ceramic parts
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Figure 1: Throughput versus resolution of various additive
manufacturing methods with estimated costs, largely based on single
or single composite material fabrication. The region that corresponds to
the multi-material digital light processing (MMDLP) method presented
in this paper is highlighted with a small black-dash circle. With further
development in the MMDLP technique, the region will likely move
towards the left where it is highlighted with a larger black-dash circle.
The figure was adapted from Shusteff.[27] Cost data were collected from
independent online databases and journals[28-30].
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[40]. However, it is important to note that these innovations lack
the capability to perform multi-material printing and are limited
to printing structures with a single composite material. In this
paper, we define multi-material printing as a method to fabri-
cate structures from more than one resin. The printed structures
consist of complex interlaced structures, in which the material
composition may vary both vertically and laterally, rather than
relatively simple stratified multi-material structures.

Our work aims to demonstrate the technical feasibility of
producing interlaced composite structures from two resins
with one of the resins containing carbon nanotubes (CNTs)
as fillers. Previous studies rely on the use of single composite
material resins [32-34] and have low resolution on the order
of several millimeters to centimeters [32, 34]. By combining
an advanced multi-material DLP printing method with studies
on carbon-filled photopolymers, we demonstrate the capabil-
ity of fabricating carbon nanocomposite multi-material struc-
tures with a custom-built MMDLP 3D printer. The MMDLP
printer is based on a recent study that uses an air-jet to remove
the uncured photopolymer resin to prohibit mixing of differ-
ent resins when more than one resin is used for multi-material
printing [41]. Employing this method obviates multiple resin
containers or a rotating wheel with different materials and also
the use of cleaning solutions or a sonication-assisted brushing
process for removing the uncured resin. These processes often
result in damages to the printed features and are relatively slow
for fabricating complex multi-material parts [34, 41]. Two dif-
ferent types of CNTs were evaluated in terms of their disper-
sion quality. The cure depths at different CNT concentrations
were measured and used to determine the appropriate printing
parameters for the additive manufacturing of interlaced carbon

nanocomposite structures.

Figure 2 shows the basic components of the custom-built
MMDLP printer. Photocurable resins of the user’s choice are
loaded into the syringes and then pumped onto the glass plate
with software controlled linear stages. The deposited resins
are then subjected to UV projections in an upward direction
from the DLP light engine through a borosilicate glass plate.
A condenser lens is inserted in between the light engine and
the glass plate for high resolution printing. The glass plate is
covered with an optically clear polytetrafluoroethylene (PTFE)
silicone-adhesive tape on the surface to facilitate the separation
of the printed layers from the glass plate and for the consecutive
new layers to adhere to the printing platform instead of the glass
plate. The plate is horizontally translated using a translational
stage for re-depositing the resins after each printing step and
for positioning the resin puddles to the build platform for the
actual printing step. An air-jet is blasted through a tubing placed
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Figure 2: (a) Image of the MMDLP 3D printer used in this study. (b) Graphical user interface of the printer developed using LabVIEW.

a few centimeters away from the build platform to remove the
uncured resin.

Laboratory Virtual Instrument Engineering Workbench
(LabVIEW) was used to develop the graphical user interface.
The interface allows the user to initialize syringes and stages, to
load and discharge syringes, to upload and run print parameter
files, and to trigger the DLP UV projector. The user interface
software has the capability to adjust four parameters; (i) from
which of the two syringes the material be dispensed, represented
as channel A or B. (ii) an exposure time that can be adjusted
between 500 ms and 60 s, (iii) the thickness per print layer

ranging from 10 to 1000 pm, and (iv) an “increment thickness”

© The Author(s), under exclusive licence to The Materials Research Society 2021

option, where with a Boolean input of Y, the build platform stage
will move incrementally according to the set thickness input and
with a Boolean input of N, the stage will not increase and remain
at the same height allowing the other material to be printed on
the same plane.

Figures 3 and 4 illustrate the 3D printing process. Fig-
ure 3a and b are images of the MMDLP 3D printer with
example inks, red in channel A and blue in channel B. Fig-
ure 3a shows dispensing of both ink A and B. A mixture of
water and common food dyes were used to illustrate the print
process. After the inks are dispensed, the glass plate moves
horizontally back to the build platform position. Figure 3b
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Figure 3: Illustration of the 3D printing process using food dye inks: (a) dispensing of both red (channel A) and blue inks (channel B); (b) lowering of the

build plate and projection onto the red ink puddle.

Figure 4: Example of the 3D printing process (a) projection of a square window image with 405 nm UV light from the bottom. A piece of Scotch tape
was used to aid the visualization of the projected pattern, (b) a representative example of a 3D printed structure after removing excess photopolymer
resin with an air-blower. Basic Formlabs Clear resin, without CNTs, was used. The inset image shows an interchangeable right-angled air distributor.

shows an instance where the build platform is lowered to a
desired height for initiating photopolymerization process
using ink A. After a layer is printed with ink A, the air-jet
removes the uncured ink A and the glass plate moves to the
ink B puddle position to proceed with the following print-
ing step with ink B. At this stage for printing multi-material
structures on the same layer, the build plate form is lowered
to the previous identical height. Once the printing with ink
B is done, the glass plate moves horizontally back to the ink
dispensing position to re-deposit the inks. Figure 4a and b
are images of the actual printing process. Figure 4a shows
an instance of a square window image that was projected for
patterning with a 405-nm UV light from the bottom projector.

Scotch tape was used to allow visualization of the projected

©The Author(s), under exclusive licence to The Materials Research Society 2021

pattern without any ink sample. Figure 4b shows an exam-
ple of a 3D printed structure adhered to the build platform
after removing the excess ink material with an air-blower. The
remaining ink puddle on the bottom glass plate can be reused
for printing the following layers minimizing the ink wasted
during the process. The inset image on the right shows an
instance when an interchangeable right-angled air-blower tip
has been inserted that has been designed to increase the effi-
ciency of the excess ink removal process. Effective removal
of the excessive ink remains an on-going study as it requires
careful optimization of the air flow rate to ensure that the
drag forces induced by the air flow is sufficient in overcoming
viscous and surface forces of the resin without deforming the

printed structure. As a final step, the fully printed structures
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are rinsed in ethanol for 10 s to further remove any uncured
ink material that may remain trapped within the structures
after the air-jet treatment.

CNT was chosen as an example filler material due to the
additional electrical, thermal, mechanical, and optical func-
tionalities it can potentially impart to the printed structures
[32-34, 42]. Two common types of CNTs, namely, CoMoCAT®
and CVD, were studied. These CNTs have similar lengths, but
CVD CNTs have an average diameter that is an order of magni-
tude larger than CoMoCAT". Of particular interest is how the
CNT diameter may influence the quality of CNT dispersion in
the photopolymer resins. To assess dispersion quality, CNT were
dispersed in poly (ethylene glycol) methyl ether methacrylate
(PEGMEMA), a base material for custom-made resins [32]
(Supplementary Fig. 1) and a commercial Formlabs Clear resin,
respectively. Figure 5a compares the optical micrographs of the
two types of CNTs dispersed in Formlabs clear resin after 30
min of sonication. The CNTs synthesized from the CoMoCAT®
technique formed a gel-like suspension (left), while the CNTs
synthesized with the CVD technique formed a more uniform
dispersion (right). As shown in the microscopic images, the
gel-like suspension from the CoMoCAT® CNTs contains many
large agglomerates (Fig. 5b), while the dispersion of CVD CNTs
shows well dispersed clusters of needle-like CNTs (Fig. 5¢). The
poor dispersity of CoMoCAT® CNTs is likely caused by the

high aspect ratio and small diameter which induces significant

@ CoMoCAT®

entanglement of CNT, leading to agglomerates [43]. Choosing
a filler material with minimal or no agglomeration is important
not only to achieve homogenous properties within a printed
structure but also to minimize interference with the propagat-
ing UV light and to allow printing of thinner layers which leads
to reduced overall surface roughness of the final structure. In
cases where a print layer thickness of 100 um or less is used for
printing, the regions with large CoMoCAT® CNT agglomerates
in Fig. 5b will likely suffer from poor adhesion to the previ-
ously printed layer due to the lack of photocurable base resin.
The interlayer defects caused by improper adhesion between the
layers and uneven layers from protruding agglomerates would
result in overall mechanical weakness of the printed structure.
The undesirable rough staircase like surface features caused by
printing with larger print layer thicknesses is discussed further
in the final results section of this paper. Therefore, in this study,
we chose the CNTs made from the CVD method to be used
as the filler material to be dispersed in the base photopolymer
resin.

Identification of optimum filler loading is important not
only to guarantee homogeneous dispersion, but also to deter-
mine the necessary UV exposure time required for a desired
curing thickness. Therefore, we carry out curing depth meas-
urements to find out the minimum exposure time needed to
cure a given thickness of photopolymer, and to determine
the minimum energy the photopolymer needs to initiate the

Figure 5: Macroscopic (a) and microscopic images (b, ¢) of Formlabs clear resin containing 0.5% (w/w) CNTs synthesized by (b) CoMoCAT® and (c) CVD

technique, respectively.

©The Author(s), under exclusive licence to The Materials Research Society 2021
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Figure 6: (a) Formlabs clear resins containing 1% (w/w) CNT, exposed to
the UV light of the 3D printer for 2, 5, 10, 20, 30 and 60 s, respectively
from left to right (b) Working curves (dashed lines) of Formlabs clear
photopolymer resins containing different CNT concentrations.

polymerization reaction. The thickness measured from the
cured resins with different exposure times represents the cur-
ing depth with respect to various energies applied. The clear
PTFE tape showed negligible absorption and a UV intensity
of 76 mW/cm? was measured at the interface where the pho-
topolymer is deposited. We assume that as soon as a UV pat-
tern is projected, the polymerization happens from the bottom
of photopolymer resin puddle and proceeds upwards.

Figure 6b presents cure depth versus UV exposure inten-
sity working curve graphs plotted from measuring the thick-
ness of cured CNT-dispersed (1% w/w) Formlabs clear resins
with UV exposure times of 2, 5, 10, 20, 30 and 60 s, as shown
in Fig. 6a. As the exposure time increases, not only the thick-
ness of the cured polymer increases but also polymerization
occurs laterally resulting in a decrease in print resolution.
Therefore, it is important to determine the optimum expo-
sure time that does not under-expose or over-expose the resin.
Further, no noticeable difference in cure depth was noted at
different locations within the same sample, confirming the
uniformity of the UV intensity within the projected area. The
larger cured area compared to the projected area was likely
caused by internal scattering and change in refractive index
as polymerization progressed. Similar observations also have
been reported in Ref. [44].

The working curve of the CNT-dispersed photopolymer
resin was generated and fitted using the working curve equa-
tion (Eq. 1).

Cq = Dyln Emax (1)
PPE

c

where Cq is the curing depth, D,, is the penetration depth of
the resin, and D, is defined as D,= 1/(2.3¢[1]). Here, ¢ is the

molar extinction coefficient of the initiator (L/mol*cm) and [I]

©The Author(s), under exclusive licence to The Materials Research Society 2021

is the initiator concentration (mol/L). E_,_is the UV exposure

max
intensity (mJ/cm?) at the resin interface which can be calcu-
lated by exposure time, in seconds, multiplied by 76 mW/cm?,
which was measured using a UV power meter. E_ is the critical
exposure intensity (mJ/cm?) of the resin at the UV wavelength,
which in other words is the minimum light energy required to
initiate polymerization. Derived from the Beer-Lambert law,
this equation shows that the curing depth is proportional to the
natural logarithm of the maximum exposure intensity of UV
light. Subsequently, a semi-log plot of cure depth versus expo-
sure generates working curves shown as dashed lines in Fig. 6b
for a given photopolymer. The working curves are generated
only from the data in the linear regime where light scattering
effects are minimal as a result of refractive index changes during
the polymerization process. Previous studies have shown that
the equation fails at high energy exposures resulting in satura-
tion of the curing depth [45]. The penetration depth (D,) can be
obtained from the slope of the curves and the critical exposure
(E.) can be obtained from the x-intercepts on the graph.

The values acquired from the working curves are tabulated
in Table 1. Penetration depth, D,,, and critical exposure, E,,
are inherent properties of each material. As one can see from
comparing the values in Table 1, the inclusion of CNTs reduces
the values of D, due to the strong UV absorption characteristic
of CNTs, which is a common phenomenon also occurring in
other nanofillers as well [46]. However, CNTs also significantly
decrease the E_ of resin for triggering of photopolymerization.
Similar findings have been reported in previous studies where
CNT-filled UV curable composites were investigated [47]. Upon
photo-excitation, the semiconducting behavior of CNTs gener-
ates an electron and a hole in conduction and valence bands,
respectively. Both holes and electrons induce radicals from
acrylic monomers through oxidation and reduction. As a result,
in addition to the added photoinitiator, more radicals are pre-
sent to initiate photopolymerization at lower energy levels [47].
Using Eq. 1 and the parameters in Table 1, minimum exposure
times required for different layer thickness were calculated and
shown in Table 2. These values are used as guiding principles in
the actual 3D printing process.

Figure 7 and Supplementary Fig. 3 show successful fabri-

cation of complex multi-material 3D DLP printing, in which

TABLE 1: Penetration depth (D,) and critical exposure intensity (E)
obtained from fitting cure depth data to working curve Eq. (1).

D, (mm) E. (mJ/cm?)
Formlabs clear resin 1.02 51
Formlabs clear+0.25% CNT 0.17 4
Formlabs clear+0.5% CNT 0.18 1
Formlabs clear+ 1% CNT 0.07 8
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TABLE 2: Minimum exposure time required to obtain cured resin with a
thickness of 25, 50 and 100 pum, respectively.

Minimum exposure time (s)

25 um 50 pm 100 pm
Formlabs clear resin 0.70 0.75 0.83
Formlabs clear+0.25% CNT 0.07 0.10 0.20
Formlabs clear+0.5% CNT 0.18 0.24 0.46
Formlabs clear+ 1% CNT 0.32 0.72 373

the material composition varies in both vertical and lateral
directions. Structures in Fig. 7 were printed with the carbon
nanocomposite resin in which the black parts are composed of
layers printed using 0.25% (w/w) carbon nanotubes dispersed
in Formlabs clear resin. The clear parts are composed of layers
printed with the original Formlabs clear resin for visual con-
trast. A thick sacrificial layer was printed initially as a foun-
dation for the structures. The CNT composite structures pre-
sented in this paper have features on the order of hundreds of
micrometer—higher resolution than those previously reported
in the range of several millimeters to centimeters [32, 34]. All
structures have been printed with a build platform step height
of 100 um for faster printing. Figure 7a shows a 4-layer multi-
material polyhedron ProFab® lattice structure where each unit
cell is composed of fourteen rhombic and hexagonal faces.
Each interchanging colored-layer comprises 28 consecutive
print layers. Figure 7b shows a simple cubic lattice structure
with a carbon nanocomposite rod embedded in the middle and
Fig. 7c shows high aspect ratio hair-like structures, also with a
carbon nanocomposite rod in the middle. Structures presented
in Figs. 7b and ¢ demonstrate the capability to print two dif-
ferent materials laterally, allowing the 3D printing of complex
embedded features. A close-up image of a single rod is inserted
on the right of Fig. 7c which shows a rough surface with a stair-
case like feature. The DLP printing process is inherently a resin

solidification process in the vertical direction and therefore

results in sloped vertical-edge structures from decreasing light
intensity along the propagation path [41]. In our custom-built
MMDLP printer, the solidification (i.e., polymerization) begins
to occur at the glass-liquid interface at the bottom, then propa-
gates upward toward the printing platform at which the solidi-
fied layer adheres to the previously printed layer. The reduced
light intensity and therefore the reduced solidification process
towards the top leads to trapezoidal-shaped printed layers with
narrower side at the top which collectively result in a rugged step
surface. Note that the build platform is at the top in our setup
producing structures in an upside-down manner. Structures in
Fig. 7 have been flipped over to their correct upright position
and therefore has the wider side of a trapezoid at the top as in
the inset Fig. 7(c). With high resolution vertical step motors one
can choose to use a build platform step height of far less than

100 um, however, at the sacrifice of the total print time.

In this paper, a low-cost, multi-material digital light process-
ing (MMDLP) 3D printer has been designed and custom-built
for fabricating complex carbon nanocomposite structures with
a minimum feature size on the order of hundreds of microm-
eters. The MMDLP printer employs a dual-syringe configura-
tion with an air-jet nozzle to facilitate transition between two
photopolymer resins. One of the resins was filled with carbon
nanotubes (CNTs). CNTs synthesized by two different meth-
ods, namely CoMoCAT® and CVD, were investigated. CVD
CNTs tend to have better dispersion characteristics compared
to CoMoCAT® that are smaller in diameter and tend to bundle
via van der Waals interactions. The CVD CNTs were further
dispersed at different concentrations in a commercial resin from
Formlabs. Penetration depth decreased as a function of increas-
ing CNT concentration in the base photopolymer resin. Inter-
estingly, the critical exposure intensity was found to decrease

as the CNT concentration increased, which may be explained

(a) cnT-filled Heterogeneous (b) Embedded rod (c) — 1oo-pm
4-layer Structure in a simple cubic lattice structures
|
—_——
5 mm

Figure 7: Complex MMDLP printing with carbon nanocomposites with black layer composed of 0.25% (w/w) carbon nanotubes dispersed in Formlabs
clear resin. All structures include a thick sacrificial layer printed initially at the base. (a) a 4-layer multi-material polyhedron ProFab © lattice structure,
(b) simple cubic lattice structure with a carbon nanocomposite rod embedded in the middle, (c) 180 pm x 180 um base, 4 mm height square rods with
a carbon nanocomposite rod in the middle. Picture inserted on the right shows a close-up image of a single rod.

©The Author(s), under exclusive licence to The Materials Research Society 2021
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by the generation of free radicals due to CNTs” semiconducting
properties. The successfully printed structures consist of inter-
laced composite structures, in which the material composition
may vary both vertically and laterally, rather than relatively sim-
ple stratified multi-material structures. Our work successfully
demonstrates the technical feasibility of producing complex
multi-material composite structures from two resins with one
of the resins containing carbon nanotubes (CNTs) as fillers. The
presented MMDLP printing method opens up the exciting pos-
sibility of creating intricate composite structures from multiple
resins that are individually formulated but are seamlessly inte-
grated through the print process. Such capability is important
for increasing the degree of freedom in print design because the
overall properties can be engineered by changing the topology
as well as the local material composition on the voxel-level, fur-
ther enabling novel 3D printed parts that are topologically and

functionally optimized with unprecedented properties.

Materials

Multiwall CNTs synthesized by two different methods, namely
CoMoCAT® and chemical vapor deposition (CVD), were
investigated. CoMoCAT® CNTs (Sigma-Aldrich 773,840) have
an outer diameter of 10 nm and a length of 3 - 6 pm. CVD-
synthesized CNTs (Sigma-Aldrich 659,258) have a diameter of
110 - 170 nm and a length of 5 - 9 um. The CNTs were used
without further purification or chemical treatment. For CNT
dispersion studies, poly (ethylene glycol) methyl ether meth-
acrylate (PEGMEMA, average Mn =500 g/mol), a less hazard-
ous solvent that was reported for having a good dispersion of
CNTs [32] and a commercial Formlabs Clear resin (FLGPCL04)
have been used. For working curve studies and subsequent 3D
printing of the complex structures, Formlabs Clear photopol-
ymer resin has been chosen as the base photopolymer resin.
This resin is transparent, allowing for easy visualization of the
multi-material structures printed from the clear neat resin and
the dark resin filled with CNTs. For illustration of the printing
process in Fig. 3, red and blue food dyes were purchased from
McCormick & Co., Inc.

CNT dispersion preparation

Different amount of CNT, ranging from 0.25% to 1% (w/w),
was dispersed in 30 mL of poly (ethylene glycol) methyl ether
methacrylate (PEGMEMA) or Formlabs clear resin using soni-
cation (BRANSON 450) at 30% of maximum intensity for at
least 30 min. The highest CNT concentration (1%) requires a
longer sonication time up to 1 h. Sonication was followed by
high shear mixing (homogenizer IKA T18) at 3000 rpm for 5

©The Author(s), under exclusive licence to The Materials Research Society 2021

min. Ambient light exposure was minimized during the prepa-

ration of CNT dispersions.

MMDLP printer components

UV light for photopolymerization is projected upward from the
DLP light engine (CEL5500, Digital Light Innovations, Austin,
TX) through a 400 x 50 x 5 mm borosilicate glass plate. A con-
denser lens is inserted in between the light engine and the glass
plate covered with an optically clear polytetrafluoroethylene
(PTFE) silicone-adhesive tape. The plate is horizontally trans-
lated using a translational stage (LTS150, Thorlabs, Inc., Newton,
NJ) for positioning the resin puddles to the build platform for
printing and for replenishing the resins if needed. For removing
uncured resins, 5 s of a 250 kPa air-jet is blasted through a2 mm
diameter steel tubing placed a few centimeters away from the
build platform. The steel tubing can be switched to a specifically
designed air distributor (Fig. 4b) to improve the air-jet cover-
age. The interchangeable air distributor was 3D printed using
Connex3 Objet350 printer with Digital ABS resin (Stratasys
Ltd.) and has a right-angled blowing tip with two 1 mm x 1 mm

square openings at each end.

Cure depth measurements

To measure the curing depth, the neat and CNT-filled pho-
topolymer resins were exposed to UV for different times ranging
from 2 to 120 s. After washing away the uncured photopolymer
with ethanol, the thickness of the remaining cured samples was
measured using a caliper. The intensity of the UV light source at
the printing position was measured with a portable UV power
meter (Model 308 UV Light Meter, Optical Associates, Incor-
porated., CA)).
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