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A B S T R A C T   

3D printing has gained a spot within the industry during the last decade due to the advantages it presents 
regarding conventional manufacturing technologies. Nevertheless, the high processing time and the material 
waste due to the use of printing supports are still some of the main challenges that have to be addressed. In this 
research work, a simple strategy to minimize the processing time and the material waste is carried out through a 
two-stage processing method. Here, a flat specimen is obtained using a vat photopolymerization 3D printer, 
presenting a low curing degree. Then, the specimen is bent and subsequent post-curing treatments are performed 
to increase the cross-link density, thus fixing the desired shape. Furthermore, carbon nanotubes were used as 
nanoreinforcement for increasing the mechanical properties and exploiting their Joule heating capabilities for 
the thermal post-curing treatment, being way less energy-consuming (around 1W) than using a conventional 
oven (around 750 W). The results obtained with a proof-of-concept evinced the suitability of the proposed two- 
stage processing method to enhance the efficiency and sustainability of the 3D printing process. The printing 
time and the material waste were reduced by 94.3 % and 16.7 % on average, respectively, with regard to printing 
the part directly on its final desired shape, as well as showing a shape fixity ratio of around 98 %. Furthermore, 
an enhancement of the mechanical properties was obtained due to the reorientation of the printed layers during 
the two-stage processing.   

1. Introduction 

During the last decade, 3D printing has proven to be a true alterna-
tive to conventional manufacturing techniques due to the advantages it 
presents within the framework of Industry 4.0 [1–3]. One of them is the 
capability of obtaining custom or even unique parts without signifi-
cantly increasing the manufacturing cost [4,5]. Other advantages 
regarding conventional manufacturing techniques are the possibility of 
obtaining complex geometry parts in one single piece without joints or 
assemblies, the low upfront investment, the fast product development 
through rapid prototyping, and the shortening of the supply chain, 
among others [6–8]. 

In this context, new business models based on 3D printing, such as 
printer farms, have emerged, where several 3D printers work in parallel 
[9]. Here, the limiting factor to increase the production volume is often 
the printing time [10], since the nature of additive manufacturing is to 
obtain, layer by layer, the desired geometry from a 3D model. On the 
other hand, complex geometry parts often need the use of supports 
during printing, depending mainly on the angle with respect to the 
printing platform and the length of the overhangs [11], which results in 
longer lead times to obtain the final product due to the extra time needed 
for removing the supports and polishing the support-part contact zone 
for a better surface finish [12]. In this regard, reducing the need for 
using supports is especially important for 3D printing technologies using 
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thermoset resins, as Vat Photopolymerization, since the recyclability of 
the material used in the supports is quite limited [13]. 

The present research work aims to improve the efficiency and sus-
tainability of the 3D printing process through the minimization of the 
printing time and material waste during 3D printing by performing the 
so-called two-stage processing. This method consists of first obtaining an 
intermediate shape with a cross-link density and glass transition tem-
perature (Tg) low enough to be conformed into a different geometry and 
then fixing that desired shape by carrying out a second curing stage, thus 
increasing the cross-link density [14]. As schematized in Fig. 1, flat 
specimens, which require a low printing time and eliminate the possi-
bility of requiring support material, are manufactured using a Digital 
Light Processing (DLP) 3D printer, obtaining a partially cured specimen, 
i.e., over the gel time but below its maximum cross-link density. Then, a 
force is swiftly applied to bend them into the desired shape to perform 
subsequent ultraviolet (UV) and thermal post-curing stages for fixing the 
final shape by completing the curing process of the specimens in the 
desired shape. It is worth mentioning that the process could be fully 

automated to obtain complex and/or custom geometries. 
In this regard, it is possible to save printing time, as the number of 

printing layers can be considerably lower than directly printing the part 
on its final shape, improving the efficiency of the 3D printing process. 
Moreover, as printing the specimens flat does not require the use of 
printing supports, depending on the final desired geometry, it is possible 
to reduce the material waste due to eliminating the need for these 
supports when printing the part directly on its final desired shape, which 
promotes sustainability [15]. 

The key to time and material waste reduction is that both the con-
ventional and two-stage processing approaches need the post-curing 
stages to reach the final properties of the part. In this context, the 
time used for applying a force to the specimen in the two-stage pro-
cessing method could be similar to the time needed for removing the 
printing supports of conventional 3D printing. Thus, the two-stage 
processing can be considerably faster than the conventional 3D print-
ing method due to printing flat specimens, which requires printing fewer 
layers without using support structures. 

Some interesting research studies found in the literature develop 3D 
printable formulations with dual-curing capabilities for different pur-
poses, such as the enhancement of mechanical properties [16], 
self-healing/repairability [17], or in-situ generation of silver nano-
particles [18]. Nevertheless, as far as the authors know, no research 
works have been published about using the aforementioned dual-curing 
capabilities of 3D printable formulations to reduce material waste due to 
the usage of printing supports and just one research work has been re-
ported about using this processing technique to reduce printing time 

Fig. 1. Scheme of the proposed method for fixing the final shape by simply applying a force and performing subsequent UV and thermal post-curing stages.  

Table 1 
Gap distance between rolls during the calendering process.  

Gap 1 (μm) Gap 2 (μm) Number of Cycles 

120 40 1 
60 20 1 
45 15 1 
15 5 4  

Fig. 2. Thermoelectrical characterization. Maximum (a) and average (b) temperature increment (ΔTmax and ΔTav, respectively) with regard to room temperature as a 
function of the applied voltage, CNT type, and CNT content. 
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[19]. Nevertheless, the exact reduction of printing time was not re-
ported. In this context, it is important to shed light on this topic to push 
the boundaries of advanced manufacturing. 

On the other hand, the use in the present study of carbon-based 
nanoparticles, like carbon nanotubes (CNTs), as reinforcement in the 
developed materials, allows not only to increase the mechanical prop-
erties caused by the effective reinforcement of the nanoparticles [20–23] 
but also to reduce energy consumption during the thermal post-curing 
stages. This is possible due to the Joule heating capabilities of these 
nanocomposites when an electrical current flows through the material 
[24,25]. In this context, the Joule heating is released inside-out of the 
specimen whereas a conventional oven works oppositely because of the 
nature of convection heating, being the latter one way less efficient and 
more expensive. 

Furthermore, a hook-like geometry was proposed in this study as a 
proof-of-concept, which can be used underwater. Since one of the main 

drawbacks of thermosetting polymers is the loss of mechanical proper-
ties and dimensional stability [26,27], the effect of the CNTs on hy-
drothermal aging was studied in this research work. In this context, 
there are few research works studying the hydrothermal aging of 
acrylate-based formulations for additive manufacturing [28,29]. 
Nevertheless, these works are mainly focused just on dental applica-
tions, where no nanoreinforcement was used to minimize the negative 
effects of hydrothermal aging. In this research work, the use of a highly 
crosslinked formulation, together with the use of CNTs, seeks to mini-
mize the aforementioned negative effects of hydrothermal aging. 

2. Materials and methods 

2.1. Materials 

The nanocomposites developed in this study are based on a 

Fig. 3. (a) Thermographs of the maximum temperature reached during the thermoelectrical characterization tests, (b) homogeneity in heating, as a function of the 
CNT type and content, and (c) FEG-SEM micrographs of the nanocomposites containing 0.075 wt% of SWCNT, DWCNT, and MWCNTs, respectively. 
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commercial resin, High Temp Resin v2 supplied by Formlabs, which is 
based on acrylated monomers and methacrylated oligomers. This resin 
was doped with three different types of carbon nanotubes, which were 
added to the matrix in three different contents: 0.050, 0.075, and 0.100 
wt %. The first ones are single-wall carbon nanotubes with 3.96 wt% OH 
content from Cheaptubes, which present a length between 10 and 30 μm 
and a diameter of 1–2 nm. The second ones are HDPlas single-wall/ 
double-wall carbon nanotubes from Cheaptubes, with a length be-
tween 3 and 30 μm and a diameter of 1–2 nm. Finally, the third ones are 
multi-wall carbon nanotubes NC7000 from Nanocyl, which present an 
average length and diameter of 1.5 μm and 9.5 nm, respectively. From 
here on, the abbreviations used in this paper for the carbon nanotubes 
used for this study are SWCNTs, DWCNTs, and MWCNTs, respectively. 

2.2. Manufacturing 

First, a calendering process was carried out to disperse the CNTs into 
the matrix, following a previously optimized 7-step procedure [30], 
where the distance between rolls was reduced each step (Table 1). 

Then, the dispersion is ready to be used in the 3D printer equipment, 
a B9Creator by B9Creations, which uses Digital Light Processing (DLP) 
technology. Here, a high-definition digital projector illuminates the 
resin vat, layer by layer, with cross-sectional images of the 3D model 
[31]. The main printing parameters used in this study are a light expo-
sure time of 5.12 s and a layer thickness of 30 μm for all specimens, 
which were optimized in a previously published research work [32]. 

2.3. Thermoelectrical characterization 

The thermoelectrical characterization was carried out by analyzing 
the temperature reached by the Joule effect, using the FLIR E50 thermal 
camera from FLIR Instruments, as a function of the applied voltage with 
a Keithley 2410 power source from Keithley Instruments. The average 
and maximum temperature increments (ΔTav and ΔTmax, respectively) 
with regard to room temperature (around 23 ◦C) were analyzed with 
FLIR Tools + software on 1 × 1 × 0.1 cm3 specimens. Here, copper 
electrodes were attached to the specimens by using silver conductive 
paint on two opposite 1 × 0.1 cm2 faces of the specimens to reduce 
contact resistance. Furthermore, the homogeneity in heating, H, was 
calculated from equation (1): 

H= 1 − (ΔTmax − ΔTav) /ΔTmax (1)  

2.4. Water uptake characterization 

Once printed, the 35 × 12.7 × 1.4 mm3 samples were immersed in 
distilled water at 40 ◦C and weighed over time to determine the amount 
of water absorbed, thus studying its diffusion kinetics. The diffusion 
coefficient, D, is obtained from equation (2): 

D=

[
m

4 ⋅ M∞

]2

π⋅β (2)  

where m is the slope of the curve resulting from representing the in-
crease in relative weight, ΔM/M0, against t1/2/e (where e is the thick-
ness of the sample and t the time), M∞ is the mass of the sample when it 
reaches the equilibrium, and β is a correction coefficient that reduces the 
error because diffusion occurs on all faces, that is, the sample is a three- 
dimensional plate. The equation used to calculate the β coefficient is: 

β= 1 +
e
a
+

e
b

(3)  

where a and b are the width and length of the sample, respectively. 
Moreover, the effect of the water uptake in the thermomechanical 

properties was characterized by means of Dynamic Mechanical Thermal 
Analysis (DMTA), using DMTA V equipment by Rheometric Scientific. 

Fig. 4. Water uptake as a function of time and content for (a) MWCNT, (b) 
DWCNT, and (c) SWCNT doped nanocomposites. 
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Here, the glass transition temperature, Tg, and storage modulus, E’, of 
the specimens were evaluated before and after the water uptake tests. In 
this regard, the Tg of the acrylate-based networks was taken at the 
maximum of the tan δ-temperature curves. For this study, measurements 
were done in dual cantilever bending mode at 1 Hz and strain of 0.1 %, 
with temperature sweeps increasing from 30 to 300 ◦C at 2 ◦C/min. In 
addition, two sweeps per sample have been performed to adequately 
analyze the curing degree reached by the specimens. 

2.5. Thermomechanical behavior 

After the printing process was completed, different post-curing 
treatments were performed. The UV post-curing treatment was carried 
out in a UV oven, B9A-LCB-020 from B9Creations, for 30 min, whereas 
the thermal post-curing treatment was conducted at 200 ◦C for 1 h. In 
this sense, the thermal post-curing treatment was carried out by using 2 
different heating sources: a conventional oven (Carbolite PN30) and by 
Joule effect, using the Keitley 2410 from Keithley power source and the 
FLIR E50 thermal camera to control that the average temperature of the 
specimen is kept at around 200 ◦C. 

In this context, an analysis of the curing degree was carried out by 
DMTA, following the same conditions mentioned in the water uptake 
section. Here, the Tg and E’ of the as-printed specimens were evaluated 
and compared with the ones that received UV and thermal post-curing 
treatments, respectively. 

2.6. Shape fixity characterization 

To evaluate the effectiveness of the post-curing process to fix the 
desired shape from the original one, a U-shaped mold was used to 
introduce the as-printed specimens for the subsequent UV and thermal 
treatments. The mold bends 180◦ the specimens of 50.2 × 12.7 × 1.4 
mm3 with a curvature radius of 9 mm. Then, the Shape Fixity Ratio (SF) 
was evaluated by equation (4), measured by image analysis (ImageJ 
software) the bending angle of the specimens as a function of the curing 
route. 

SF(%)=

(

1 −
θM − θF

θM

)

⋅100 (4)  

Here, θM represents the angle of the specimen when the force is being 
applied (180◦), whereas θF represents the fixing angle of the specimen 
once the force is released after the subsequent post-curing stages. All 
fixing angle measurements were taken 30 min after the applied force 
was released to ensure that the obtained shape was stable on time. 

2.7. Microscopy 

A Leica DMR optical microscope equipped with a Nikon 990 camera 
was used to study the curved region of the specimens, whereas the 
dispersion of the nanoreinforcement was studied by Field Emission Gun 
– Scanning Electron Microscopy (FEG-SEM) using a Nova Nano-SEM FEI 
230 from Philips. 

3. Results and discussion 

3.1. Thermoelectrical characterization 

Fig. 2 shows the maximum (Fig. 2a) and average (Fig. 2b) temper-
ature increments with regard to room temperature (ΔTmax and ΔTav, 
respectively) reached by Joule heating as a function of the applied 
voltage, CNT type, and CNT content. 

Here, an increase in the temperature reached by the Joule effect can 
be observed when increasing the CNT content, regardless of the CNT 
type. More specifically, the specimens containing 0.1 wt% DWCNTs 
showed the highest temperature, closely followed by the ones contain-
ing 0.1 wt% MWCNTs. This is directly related to the electrical conduc-
tivity, which was already measured in a previous study [33]. In this 
context, the higher the electrical conductivity (K), the lower the elec-
trical resistance (R) and, thus, the higher the current intensity (I) for the 
same applied voltage (V) (see equations (5) and (6), respectively). Thus, 
the heat released by the Joule effect (Q) increases as it is directly pro-
portional to the square of the current intensity, (see equation (7)).  

K = L/(A⋅R)                                                                                   (5)  

V––I⋅R                                                                                           (6)  

Q = I2⋅R⋅t                                                                                      (7) 

Where L and A are the length and the cross-sectional area of the spec-
imen, respectively, while t is the time. 

In this same sense, the lower temperature reached by the nano-
composites containing SWCNT with regard to the DWCNT and MWCNT 
nanocomposites lies on the significantly lower electrical conductivity of 
the first ones due to the poor dispersion of the nanoreinforcement into 
the matrix [33]. 

It is important to highlight that the differences between the 
maximum and the average temperatures reached by Joule heating can 
be explained by the presence of CNT aggregates, which generate regions 
within the specimen with higher and lower electrical conductivity and, 
thus, regions that achieve higher and lower temperatures during Joule 

Fig. 5. Storage modulus, E′, before and after the water uptake tests obtained by DMTA carried out for (a) the undoped specimens, (b) the 0.1 wt%MWCNT reinforced 
nanocomposites, and (c) the 0.1 wt%DWCNT reinforced ones. 
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heating. Nevertheless, the outer regions of the specimen showed the 
lowest temperatures, which can be also attributed to heat dissipation 
due to convection cooling. In this context, the temperature distribution 
can be observed in Fig. 3a, which shows the thermographs of the 
maximum temperature reached by the different nanocomposites during 
the thermoelectrical characterization tests. This test allows comparing 
the homogeneity in heating (shown in Fig. 3b) when using electrically 
conductive nanocomposites [34]. Here, the MWCNT reinforced nano-
composites present the highest homogeneity, followed by the DWCNT 
and SWCNT reinforced ones. This behavior can be ascribed to the aspect 
ratio of the different CNT types since a higher aspect ratio may induce a 
higher entanglement of the CNTs, leading to a poor dispersion. In this 
regard, Fig. 3c shows FEG-SEM micrographs of the nanocomposites 
containing 0.750 wt% of CNTs, where the specimens containing 
SWCNTs and DWCNTs, respectively, showed a higher CNT entangle-
ment due to their high aspect ratio, whereas the MWCNT reinforced ones 
showed a much better dispersion of the nanoreinforcement, which leads 
to a higher homogeneity in heating. 

Adding the CNTs in a higher content could enhance the dispersion of 

the nanoparticles, especially for the CNTs presenting high aspect ratios, 
due to the higher shear forces applied during the calendering process 
[33]. In this context, the 0.100 wt% MWCNT and DWCNT reinforced 
nanocomposites showed an overall suitable Joule heating behavior since 
these CNT types and contents present both a high temperature-voltage 
ratio and a high homogeneity in the temperature distribution. 

3.2. Water uptake characterization 

Fig. 4 shows the water uptake tests for nanocomposites containing 
MWCNT (Fig. 4a), DWCNT (Fig. 4b), and SWCNT (Fig. 4c) as a function 
of nanoreinforcement content and time. 

Here, the water uptake increases for all nanocomposites until 
reaching a plateau (M∞) around 18–20 days. It is worth noting the lower 
water uptake shown by all the specimens in comparison to similar ma-
terials [35]. Furthermore, the increase in CNT content increases the 
initial uptake rate (slope in the linear region, m). However, the higher 
the CNT content, the lower the final water uptake they present, 
regardless of the CNT type. This fact can be explained since the increase 

Fig. 6. DMTA curves for the undoped and CNT reinforced nanocomposites as a function of the post-curing treatment. Storage modulus and tan δ of the undoped 
specimens, (a) and (b), respectively. Storage modulus and tan δ of the 0.1 wt% DWCNT doped specimens, (c) and (d), respectively. 

A. Cortés et al.                                                                                                                                                                                                                                  



Journal of Materials Research and Technology 29 (2024) 3237–3248

3243

in the CNT content may increase the number of available channels for 
the water to diffuse into the specimen. This increase in the nanofiller 
content may also lead to a lower cross-link density due to the 
UV-shielding effect [33] and steric hindrance [36], resulting in a higher 
uptake rate in the initial stages. Nevertheless, when the water uptake 
stabilizes, the increase in the CNT content induces a lower overall water 
uptake, which can be ascribed to the hydrophobicity of carbon nano-
fillers [37]. 

More specifically, the specimen that showed the lowest M∞ was the 
one containing 0.1 wt% of DWCNTs, but similar results were obtained 
regardless of the CNT type. More information on this test can be found in 
Table S1. 

On the other hand, the mechanical properties before and after the 
water uptake tests for the two conditions that showed the best results in 
terms of Joule heating, i.e. MWCNT and DWCNT reinforced nano-
composites in 0.1 wt%, were analyzed and compared to the undoped 
resin by means of DMTA (Fig. 5). 

Here, a lower drop in the mechanical properties due to the water 
uptake is observed for the doped nanocomposites with regard to the 
undoped resin, which is related to their lower overall water uptake, as 
previously explained. Moreover, it is important to highlight that, ac-
cording to the results of the water uptake tests, the hydrothermally aged 
specimens containing CNTs showed a lower drop in E′ than the undoped 
specimens with regard to the specimens that were not hydrothermally 
aged. More specifically, the 0.1 wt%DWCNT reinforced nanocomposites 
showed the lowest drop in the storage modulus (at 40 ◦C, the drop in E’ 
of the undoped, 0.1 wt%MWCNT, and 0.1 wt%DWCNT reinforced 
specimens was 46, 16, and 12 %, respectively). 

The aforementioned results evince that the developed nano-
composites can minimize the negative effects of hydrothermal aging 
with regard to the undoped formulation, proving their suitability to be 
used in high-humidity environments. 

Considering that the best overall results of both the water uptake and 
the thermoelectrical tests were obtained for the 0.1 wt% DWCNT doped 
nanocomposites, this CNT type and content was selected as the optimum 
for the proposed application. 

3.3. Thermomechanical behavior 

The analysis of the curing degree, carried out by DMTA, is shown in 

Fig. 6. More specifically, Fig. 6a and b shows the storage modulus (E′) 
and the Tg (obtained by the tan δ peak), respectively, of the undoped 
specimens as a function of the post-curing treatment. Here, an increase 
in both E′ and Tg was induced when performing the UV post-curing stage 
with regard to the specimen without post-curing, and even increasing 
when performing the thermal post-curing stage after the UV one. This 
behavior can be attributed to the higher cross-link density achieved 
during the post-curing stages since after the 3D printing stage, especially 
in vat photopolymerization technologies, there are residual reactive 
species able to react in further curing stages, making the UV post-curing 
stage practically mandatory [38]. The fact that both the E′ and Tg in-
crease when performing the thermal post-curing treatment suggests that 
the photocurable system used in this study presents sequential dual 
curing capabilities due to the presence of radical and thermal radical 
photoinitiators [39,40]. It is important to point out that the increase in 
the E’ of the non-post-cured specimen above 150 ◦C is related to the 
thermal post-curing of the specimen that occurred during the DMTA. 
Moreover, the non-post-cured specimens showed two different peaks in 
the tan δ plot, which convolute in one when performing the subsequent 
post-curing stages. This could be due to the presence of two different 
monomers in the commercial resin, being the one with the lower Tg 
more reactive during the post-curing stages, whereas the one with the 
higher Tg more reactive during the initial UV curing carried out during 
printing. 

Similar results in terms of E′ and glass transition temperature were 
obtained for the 0.1 wt% DWCNT reinforced nanocomposites, as shown 
in Fig. 6c and d, respectively. However, when analyzing the results in 
detail, the E′ of the 0.1 DWCNT doped specimen without post-curing 
treatment shows a lower E′ in the glassy state and Tg with regard to 
the undoped specimen. This can be caused by the UV shielding effect of 
the carbon nanoparticles, since their black color promotes the absor-
bance of the UV radiation, hindering the photopolymerization process 
[32,41]. Nevertheless, as can be seen in Fig. 6, the subsequent 
post-curing stages allow to obtain similar (with the UV post-curing) or 
even better (with the UV and thermal post-curing) results in terms of E’ 
with regard to the undoped specimens due to the increase in the 
cross-link density and the effective reinforcement of CNTs. 

Additionally, it is worth highlighting the effectiveness of the thermal 
post-curing carried out by the Joule effect with regard to the one carried 
out in the conventional oven. In this sense, the E’ and Tg are similar, but 

Fig. 7. (a) Shape fixity ratio, SF, as a function of the post-curing treatment and (b) example of the fixed angles as a function of the post-curing treatment for the 0.1 wt 
% DWCNT reinforced specimens. 
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slightly lower in the case of the specimens post-cured by the Joule effect, 
which can be explained by the heterogeneity in heating caused by the 
presence of CNT aggregates, as previously mentioned, whereas the 
convectional heating in the oven is more homogeneous. 

It is important to point out that this is not the highest curing degree 
that the specimens can achieve since the Tg increases when performing a 
second scan in the DMTA (Fig. S1). Nevertheless, the proposed post- 
curing stages are suitable enough for our purpose, since the specimens 

are in the glassy plateau at room temperature, which means that the 
fixed shape is expected to be quite stable. Moreover, an excessive curing 
degree could lead to a worsening of mechanical properties [42]. 

3.4. Shape fixity characterization 

The shape fixity ratios of the specimens as a function of the post- 
curing treatment are shown in Fig. 7a. Here, as expected, a very low 

Fig. 8. (a) Front view of the as-printed specimen, before the two-stage processing, and final hook-like shape (front and side view) after performing the subsequent UV 
and Joule effect thermal post-curing stages. (b) Micrographs of the curved region of the specimen. 
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SF is observed for the specimens without any post-curing treatment. 
However, the SF significantly increases when performing the UV post- 
curing treatment (up to 97–98 %), since the cross-link density in-
creases when the specimen is kept under the applied load to fix the 
desired shape. In this regard, the newly formed cross-link points when 
the specimen is set into its desired shape prevent the specimen from 
recovering its original flat shape. Moreover, the SF slightly increases 
when adding the thermal post-curing treatment (up to around 99 %) due 
to the same reason above mentioned. Furthermore, the thermal post- 
curing is carried out at a temperature above the Tg, enabling the 
relaxation of the polymer network thus reducing the residual stress 
present in the polymer chains caused when bending the specimen after 
3D-printing it. An example of the fixed angles as a function of the post- 
curing treatment for the 0.1 wt% DWCNT reinforced specimens are 
shown in Fig. 7b. 

Furthermore, the effectiveness of the thermal post-curing by Joule 
heating is evinced since it allows reaching similar shape fixity ratios 
with regard to the one carried out in the conventional oven. Despite the 
SF reached by Joule heating is slightly lower than the one achieved with 
the conventional oven (97.7 % instead of 98.5 %), the values are high 
enough to consider using this post-curing method since the energy 
consumption of the conventional oven (around 750 W) is way higher 
than the one needed by the Joule effect treatment (around 1 W). In 
addition, the time needed to reach the desired temperature is in the 
order of seconds by Joule heating, whereas it is in the order of minutes 

when using a conventional oven. 
When analyzing the effect of the CNTs, the SF was slightly lower for 

each tested condition with regard to the undoped specimens. This 
behavior can be ascribed to the UV shielding effect caused by CNTs, 
hindering the photocuring reaction and, thus, reducing the cross-link 
density [43]. Nevertheless, the SF values are quite similar when per-
forming the UV and thermal post-curing stages, which means that the 
selected post-curing treatment suitably mitigates the possible negative 
effect of the UV shielding caused by the nanoreinforcement. 

In summary, all the mentioned results related to SF are in total 
agreement with the ones obtained in the curing degree tests, since the 
higher the Tg, the higher the cross-link density and, thus, the more stable 
the shape is when removing the applied force after the post-curing 
stages. In this context, the thermal post-curing treatment slightly in-
creases the SF with regard to the UV post-curing. However, it is impor-
tant to point out the significant effect that the thermal post-curing 
treatment has on the Tg and E’, as previously explained. 

3.5. Proof of concept 

To evaluate the printing time and material waste savings of the 
proposed two-stage procedure, a hook was designed and used as an 
example. Fig. 8a shows the two-stage process carried out with the hook 
from the flat as-printed shape to the final hook-like shape by initially 
bending the part, followed by the subsequent UV and thermal post- 

Fig. 9. (a), (b), and (c) 3D Printing layouts (Layouts A, B, and C, respectively) for directly obtaining the proposed hook. (d) 3D printing layout for obtaining the 
proposed hook via the two-stage processing method (Layout D). 
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curing stages. Here, it can be observed once again the high SF (around 
100 %) showed by the developed nanocomposites due to the effective 
dual curing treatment. 

Furthermore, Fig. 8b shows micrographs taken from the curved re-
gion of the specimen after the two-stage process. Here, the typical 

layered structure of 3D-printed parts can be observed. In addition, no 
delamination between layers were observed after carrying out the two- 
stage process, proving that the proposed method does not induce any 
damage to the part. 

In this context, the proposed two-stage processing method is 

Fig. 10. (a), (b) and (c) analysis of the 3D Printing layouts (Layouts A, B, and C, respectively) for directly obtaining the proposed hook, (d) analysis of the 3D Printing 
layout (Layout D) for obtaining the proposed hook via the two-stage processing method. 

Table 2 
3D Printing time, number of layers, material volume, and reduction percent of the printing time and material volume when using the two-stage processing method with 
regard to 3D printing the specimen directly on its final geometry using the different layouts proposed in Fig. 9.  

3D printing layout Printing time (min) No. Layers Material volume (ml) % reduction with regard to Layout D 

Printing time Material volume 

Conventional DLP Layout A 299 1106 1.25 95 15 
Layout B 201 733 1.29 93 18 
Layout C 291 1066 1.28 95 17 

Two-Stage processing Layout D 15 46 1.06 – –  
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compared in terms of printing time and material waste with regard to 
directly 3D printing the final shape. Fig. 9 shows the different layout 
setups used for this comparison. Here, Fig. 9a, b, and 9c show three 
different printing layouts for directly obtaining the final part, whereas 
Fig. 9d shows the proposed 3D printing layout for the two-stage pro-
cessing method. It is important to point out the need for using supports 
in the cantilever regions of the part, which can be seen in Layouts A, B, 
and C. As previously explained, no supports are needed when printing 
flat specimens (Layout D). In this regard, Fig. 10 provides a deeper 
analysis of the proposed layouts, showing the regions where support 
structures are needed, as well as the layer orientation and direction of 
the applied load when in service for every case, which will be discussed 
further. 

Furthermore, Table 2 shows the results of the comparison analysis of 
the aforementioned layouts carried out using the B9Creator software, 
showing the printing time, the number of layers, and the material vol-
ume needed for printing the proposed layouts, where the reduction of 
printing time and material waste can be obtained for the two-stage 
processing method with regard to the different proposed conventional 
layouts. 

Analyzing the results in detail, the printing time of the flat part 
(Layout D) was just 15 min due to the low amount of printed layers (46 
layers), whereas the printing time needed for the parts directly obtained 
on the final shape (Layouts A, B, and C) ranged from 201 to 299 min 
(733–1106 layers). Moreover, the material volume needed to print these 
parts was just 1.06 ml for the flat part since no support structures were 
needed, whereas the material volume ranged from 1.25 to 1.29 ml for 
the parts directly printed on its final shape due to the material used for 
the supports. 

Therefore, an average reduction of the printing time of 94.3 %, and 
an average reduction of 16.7 % was obtained when using the two-stage 
processing strategy with regard to using the conventional DLP method 
for the proposed hook. 

It is important to point out that the printing time and material waste 
savings highly depend on the desired final geometry. Nevertheless, the 
proof-of-concept shown in this work evinced that this simple method can 
be extremely useful in some cases. 

Furthermore, there is an additional possible advantage of the pro-
posed two-stage method related to the reorientation of the printed layers 
during the process, which is shown in the proposed proof-of-concept. As 
previously mentioned, Fig. 10 analyzes the proposed printing layouts, 
including the layer orientation and the direction of the applied load 
when in service. Here, weak regions are observed in every printing 
condition when trying to directly obtain the final part (Layouts A, B, and 
C). This behavior can be ascribed to the anisotropy of the printed parts 
due to their layered structure [11], showing the Layout A weak regions 
(highlighted in yellow) where the layers are parallel to bending loads 
and perpendicular to tensile ones, whereas the Layouts B and C show 
weak regions where the layers are parallel to the bending loads. In this 
regard, the hook obtained using the two-stage processing method does 
not present weak regions when in service (see Fig. 10e) due to the 
reorientation of the printed layers when fixing the final shape through 
the sequential UV and thermal post-curing stages. 

These excellent results evince not only the suitability of the proposed 
two-stage processing method for significantly reducing the printing time 
and the material waste, but also the possibility to enhance the me-
chanical properties of the 3D printed parts by the reorientation of the 
printed layers. 

4. Conclusions 

In this research work, a simple method to minimize the 
manufacturing time and the material waste during 3D printing, based on 
a two-stage processing strategy has been successfully carried out. This 
technique consists of printing a flat specimen, which may considerably 
reduce the printing time and no supports are needed, obtaining a 

partially cured specimen. Then, it is swiftly bent into the desired shape, 
and subsequent UV and thermal post-curing treatments are carried out 
to increase the cross-link density and thus fix the desired shape. 

This method has allowed obtaining an approximately 30 × 30 × 20 
mm3 size proof-of-concept hook by DLP 3D printing technology with an 
average reduction in the manufacturing time of 94.3 % and avoiding the 
use of 16.7 % supporting material on average with regard to 3D printing 
the hook directly on its final desired shape. Additionally, this part has 
been manufactured containing 0.1 wt% of DWCNTs, which has been 
optimized as the weight fraction and CNT type suitable for heating by 
Joule effect, and also showing the least water uptake, thus inducing a 
lower loss of mechanical properties. The proposed Joule effect heating 
approach has allowed to fix the part in a bent shape without using any 
external heating device, such as a conventional oven, which is consid-
erably more energy consuming (750 W against around 1 W), to perform 
the thermal post-curing stage. Moreover, the shape fixity ratio obtained 
when applying the two-stage processing method was extremely high 
(>97.7 %), allowing to perfectly adopt the geometry of the final desired 
shape. 

Furthermore, the proposed method allows the optimization of the 
mechanical properties of the 3D printed parts when in service due to the 
rearrangement of the layer orientation when fixing the final shape by 
applying the subsequent UV and thermal post-curing stages. 

In this context, the excellent results obtained using the proposed two- 
stage processing strategy endorse this method as a real alternative to 
enhance the efficiency and sustainability of the 3D printing process, 
being able to produce complex geometry parts saving energy, material 
waste, and manufacturing time, as well as optimizing the mechanical 
properties when needed. 
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[11] Redwood B, Schöffer F, Garret B. The 3D printing handbook. first ed. Amsterdam, 
Netherlands: 3D Hubs B.V.; 2017. 

[12] Hu K, Jin S, Wang CCL. Support slimming for single material based additive 
manufacturing. Comput Aided Des 2015;65:1–10. https://doi.org/10.1016/j. 
cad.2015.03.001. 

[13] Xu Y, Wang Z, Gong S, Chen Y. Reusable support for additive manufacturing. Addit 
Manuf 2021;39:101840. https://doi.org/10.1016/j.addma.2021.101840. 

[14] Fernández-Francos X, Konuray AO, Belmonte A, de La Flor S, Serra À, Ramis X. 
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Ureña A, et al. 3D printed anti-icing and de-icing system based on CNT/GNP doped 
epoxy composites with self-curing and structural health monitoring capabilities. 
Smart Mater Struct 2021;30:025016. https://doi.org/10.1088/1361-665X/ 
abd343. 
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