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Abstract: Additive manufacturing is gaining importance thanks to its multiple advantages. Stereolithography (SLA) 
shows the highest accuracy and the lowest anisotropy, which has facilitated the emergence of new applications as 
dentistry or tissue engineering. However, the availability of commercial photopolymers is still limited, and there is an 
increasing interest in developing resins with properties adapted for these new applications. The addition of graphene-
based nanomaterials (GBN) may provide interesting advantages, such as improved mechanical properties and bioactivity. 
However, there is a lack of knowledge regarding the effect of GBNs on the polymerization reaction. A photopolymerizable 
acrylic resin has been used, and the effect of the addition of 0.1wt% of graphene (G); graphene oxide (GO) and graphite 
nanoplatelets (GoxNP) on printability and polymerization have been investigated. It was observed that the effect depended 
on GBN type, functionalization and structure (e.g., number of layers, size, and morphology) due to differences in the 
extent of dispersion and light absorbance. The obtained results showed that GO and GoxNP did not significantly affect the 
printability and quality of the final structure, whilst the application of G exhibited a negative effect in terms of printability 
due to a reduction in the polymerization degree. GO and GoxNP-loaded resins showed a great potential to be used for 
manufacturing structures by SLA.
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1. Introduction
Additive manufacturing (AM) is a promising and 
versatile technology for the fabrication of customized 
structures in terms of design. Since its invention in the 
late 1980s, different types of 3D printers have been 
developed. Printers based on vat photopolymerizations 
(stereolithography [SLA] and digital light projection 
[DLP]) were the first commercially available printers[1]. 
The difference between SLA and DLP relates primarily 
to the light source. SLA technology uses a light from a 
single laser beam of ultraviolet (UV) light, that forms 
the layer point-by-point by changing the orientation of 
optical elements such as mirrors or lenses. However, in 
the case of DLP printers, the entire layer is cured at the 
same time using an array of mirrors that project UV light 
to the pattern of the printed cross-section[2].

In particular, the biomedical engineering field needs 
to have the ability to fabricate customized structures at 
relatively low-volume levels. Therefore, AM is ideal for 
such applications. Furthermore, AM offers the potential 
for accurate control of geometry and dimensions, which 
is vital for the biomedical engineering field. Among the 
different technologies, SLA offers some advantages: 
(i) it presents the highest accuracy, (ii) SLA-created 
structures can have smooth surfaces, and (iii) the 
materials used in SLA technology can be easily sterilized 
by UV. At present, SLA is already used in biomedical 
engineering applications, such as in dentistry[3,4], soft 
tissue-engineering[5,6], hard tissue-engineering[7,8], 
delivery device fabrication[9,10], and biopharmaceutical 
manufacture[11,12].

Recently, there is an increasing interest in the 
improvement of commercially available photocurable 
resins to modify the electrical[13-17], mechanical[15,18-21], 
biological[22], and/or polymerization[23] properties and 
adapt these properties toward emerging biomedical 
engineering applications. A promising way to modify and 
tailor the properties of the photocurable resin could be 
through the dispersion of nanomaterials within the resin.

One of the most interesting nanomaterials that 
is currently receiving significant research attention 
is graphene (G), which demonstrates high surface 
area, superior mechanical properties, thermal and 
electrical conductivity, excellent intrinsic carrier 
mobility, and barrier properties among other interesting 
qualities[24,25]. The main limitation of G is its difficulty 
to be manufactured at scale and its tendency to form 
agglomerates when being dispersed within a solution[26]. 
In general, other G-based nanomaterials, such as 
graphene oxide (GO) or graphite nanoplatelets (GoxNP), 
present lower properties than G (in terms of mechanical 
or electrical properties), but they demonstrate the ability 
to be manufactured at scale and they present better 
dispersibility.

To achieve the advantages that nanomaterials offer, 
it is important to obtain a good dispersion within the 
matrix materials. Many methods have been investigated 
to improve the graphene-based nanomaterials (GBN) 
dispersion within the matrix materials and reduce the 
incidence of agglomerate formation. To achieve a good 
dispersion, it is important to pay particular attention to 
the methods used for stirring and dispersion, and also 
chemical functionalization of the GBN.

In terms of stirring and dispersion, techniques such 
as sonication using a soniprobe[27,28] or bath[29], high-
shear mixing[30], high-speed disk[31], and calendaring 
processes[32,33] have been commonly applied. When the 
resin viscosity is too high, then ultrasonic or mechanical 
mixing cannot be applied successfully; therefore, it is 
necessary to reduce the resin viscosity. For this purpose, 
different solvents have been used, for example, THF[28], 
acetone[27,34], isopropanol[29], and water[35]. To improve 
GBN dispersion, chemical functionalization such as 
polymer grafting[28], self-assembly functionalization[34], 
and the use of dispersants[35,36] have also successfully 
applied.

At present, GBN has been introduced to AM 
technology with respect to the fabrication of SLA 
printed constructs. In terms of biomedical engineering 
applications, GBN have been reported to offer 
enhanced mechanical properties[21,37-39], promote cell 
differentiation[22], and increase hydrophilicity and 
subsequently improve cell adhesion[40].

However, with respect to SLA and DLP techniques, 
there is currently a lack of knowledge about the influence 
of GBNs on the polymerization reaction, but some issues 
relating to delamination[41] and a reduction in maximum 
curable thickness per scan[42] have been reported when 
GBNs were incorporated into photocurable resins. With 
the addition of nanomaterials into the resin, a competition 
takes place in terms of light absorption between the 
photoinitiator and nanomaterial. Usually, this competition 
leads to a less effective UV polymerization process.

Nanomaterials may influence the UV polymerization 
reaction due to changes in optical properties, which 
results in variations in absorbance or transmittance of 
the resin[17,19]. They also can act as light scattering and 
shielding center[43]. Besides, the polymerization reaction 
may be affected by the nanomaterial[44,45] if they act as 
chain transfer agent, thereby inhibiting polymer chain 
growth[39], or as free radical scavengers that reduce the 
extent of polymerization reaction[46,47].These effects 
make studying the influence of nanomaterials especially 
important, specifically their effect on the polymerization 
reaction of photocurable resins and in the context of 
efficacious 3D printing, as these modifications can affect 
printability and the practicality of a particular 3D printing 
technique. These effect depends on many factors, for 
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example, type and specific surface area of the nanomaterial 
– the latter factor affects the extents of shielding, which 
can affect the degree of polymerization[48].

In this study, the effect of incorporating a 
particular GBN (G, GO and GoxNP) into a commercial 
photosensitive resin has been investigated. Specifically, 
the thermal properties and the polymerization reaction 
were investigated using Fourier transform infrared 
(FTIR) spectroscopy and differential scanning 
calorimetry (DSC). The influence of GBN incorporation 
into the polymer resin was also determined in terms of 
rheological, physicochemical and surface properties, as 
well as dimensional accuracy and printability following 
3D printing.

2. Materials
The photocurable acrylic-based resin was Formlabs 
Clear FLGPCL4 (Formlabs, MA, USA). The GBN used 
were: (i) G supplied by Avanzare Nanotechnology (La 
Rioja, Spain), (ii) GO and (iii) GoxNP, which were both 
supplied by NanoInnova Technologies (Toledo, Spain). 
According to materials data sheet, G was composed of 1 
– 2 sheets of 2 – 4 µm of average lateral size and 0.7 nm 
of thickness. GO demonstrated an average lateral sheet 
of 4 – 8 µm and a thickness of 0.7 – 1.2 nm, while the 
GoxNP was composed of less than five layers and an 
average size of 2 – 3 µm. The oxygen content of GoxNP 
was approximately 2%.

Scanning electron microscope (SEM) images of the 
different GBN (Figure 1) were taken by TENEO-LoVac 
(Eindhoven, the Netherlands). The lateral size of the 
different GBN given by the manufacturer in the datasheet 
corresponded to the size measured by SEM.

3. Experimental methodology
3.1. Specimen preparation
Polymer resin blends containing 0.1 wt% of each GBN 
were prepared and homogenously mixed to ensure the full 
dispersion of the nanomaterial. The wt% of nanomaterial 
used was based on a previous study[49], which reported 
that 0.1 wt% of G and GO demonstrated significant 
improvement in mechanical performance when 
incorporated into an acrylic-based resin for orthopedic 
applications.

Initially, the nanofiller (i.e., G, GO or GoxNP) was 
homogenized in the polymer resin through sonication 
using a digital sonifier (Branson 450, Branson Ultrasonics 
Corp., CT, USA). Specifically, the frequency range 
applied was 1,985-2,050 kHz at a 30% amplitude for 30 
± 0.5 min – pulses of 10 ± 0.5 s on and 20 ± 0.5 s off 
were applied, and the solution was placed in an ice bath 
(6 ± 2°C) to avoid overheating. Finally, degasification 
was undertaken in a vacuum drying oven (Vaciotem-T, 

Selecta, Spain) 15 ± 0.5 min followed by placement in 
and ultrasonic bath (Elmasonic p60h, Elma Schmidbauer 
GmbH, Germany) for 15 ± 0.5 min.

3.2. Viscosity
The viscosity was measured at 31°C, the printing 
temperature, using a rotational viscometer Fungilab Smart 
Serie (Fungilab, Barcelona, Spain). The measurements 
were made using a R3 stainless steel spindle at a rotation 
speed of 100 RPM. At least three measurements were 
conducted for each sample.

3.3. DSC
The extent of the polymerization reaction of the resin 
and the effect of nanofiller incorporation was determined 
using DSC, which was measured using DSC 882e Mettler 
Toledo (Greifensee, Switzerland). The Formlabs Clear 
resin can cure through two different mechanisms (or a 
combination of both): (i) Thermal polymerization – by 
the application of temperature and (ii) UV polymerization 
– by the application of UV light at 405 nm wavelength. To 
determine the effect of nanofiller incorporation on these 
mechanisms, two different DSC tests were performed: (i) 
Complete thermal polymerization energy of the samples 
was determined (without UV polymerization), and (ii) 
degree of UV polymerization was studied by subjecting 
the sample to different exposure times and completing the 
cure by thermal energy.

(1) Thermal polymerization

Thermal polymerization of pristine (R) and reinforced 
(R+G, R+GO and R+GoxNP) resin was studied with a 
heating ramp from 20°C to 250°C at 10°C/min. Three 
tests of each sample were performed and the DSC 
thermogram of heat flow versus polymerization time was 
obtained. From these tests, the effect of nanofillers on 

Figure  1. Scanning electron microscope images of the different 
graphene-based nanomaterials. (A) Graphene. (B) Graphene oxide. 
(C) Graphite nanoplatelets.
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thermal polymerization energy (Etotal) and polymerization 
temperature was studied. The Etotal expressed in J/g 
was determined as the area under the heat flow versus 
polymerization time curve.

(2) UV polymerization

To study the UV polymerization process and the effect 
that nanofillers could have on the UV polymerization 
degree, three samples of the pristine and the reinforced 
resin were cured inside a Form Cure chamber (Formlabs, 
Somerville, MA, USA), during different exposure times. 
The wavelength used for the UV cure was 405 nm, the 
same value during the printing of the samples. After UV 
exposition, DSC analysis was carried out to the samples 
with a heating ramp from 20°C to 250°C at 10°C/min to 
complete the cure of the samples. By knowing the Etotal 
and the energy needed to complete polymerization after 
UV (Etc), polymerization degree due to UV radiation may 
be calculated (Eq. 3.1).

	
( )  %  1 00total tc

total

E ECuring degree
E
−

= ×
	 (3.1)

(3) Glass transition temperature

The glass transition temperature (Tg) of each 3D printed 
sample was also determined. The heating ramp used in this 
case was from 20 to 200°C with a heating rate of 20°C/min. 
Tg was measured using the midpoint value. All DSC tests 
were conducted using aluminum crucibles with a capacity 
of 40 µL and 50 µm hole in the lid; the amount of sample 
tested was between 10 and 15 mg. Nitrogen was used as 
the purge gas and was delivered at a rate of 80 mL/min.

3.4. Fourier-transformed infrared spectroscopy
Infrared spectra were obtained with a Tensor27 FTIR 
spectrometer from Bruker (Bruker Optik GmbH, Madrid, 
Spain), with attenuated total reflectance (ATR) technique. 
Golden Gate ATR accessory (Specac, Orpington, UK) 
formed by a 0.5  mm diameter diamond embedded in 
a ZnSe crystal was used. The ratio signal-to-noise is 
better than 8000:1 (5.4 × 10−5 noise absorbance). Spectra 
were recorded with a resolution of 4 cm−1 from 4000 to 
400 cm−1 across 32 scans.

FTIR spectra at different UV polymerization times, 
prepared as previously explained, were normalized from 
the peak of –CH3 symmetric stretching (1375 cm-1), 
and  the polymerization process was followed by observing 
the reduction of the C=C peak (1,636 cm−1)[50].

3.5. Hardness
Furthermore, Shore D hardness was measured for 3D 
printed samples as a function of different UV exposure 

times. Shore D hardness tester (Bareiss GmbH, Berlin, 
Germany) was used for these measurements, applying 50 
N, following the standard UNE-EN ISO 868. At least four 
measurements were taken for each sample.

3.6. UV-visible spectroscopy
Absorbance of the different samples at wavelength of 
405 nm was measured by UV-visible spectroscopy using 
a Cary 4000 UV-visible spectrophotometer (Agilent 
Technologies, Santa Clara, CA, USA). R sample was used 
as reference to study the absorbance of the nanofillers.

3.7. Printability and dimensional stability
The effect of the nanofillers on printability and 
dimensional stability was studied by 3D printing cube 
samples containing holes of different geometric shapes 
(i.e., circular and square holes) on their faces in order to 
determine if the addition of nanoparticles influences the 
quality and accuracy of the 3D printed samples. To obtain 
micrographs, an Olympus DSX1000 digital microscope 
(Olympus, Shinjuku, Tokyo, Japan) was used. Image 
measurement was completed with GIMP 2.10.12 
software. The background of the image was removed, and 
it was transformed into a binary image. The difference 
image with the reference (CAD file) was obtained and 
black and white pixels were counted. Accuracy was 
obtained using Eq. 3.2[51]:

 % 100
  

Black pixelsAccuracy
Black pixels White pixels

= ×
+ � (3.2)

3.8. Dispersibility
Dispersibility of the GBN was observed by opto-digital 
microscopy on printed samples surface. Olympus 
DSX1000 (Olympus, Shinjuku, Tokyo, Japan) was used 
with polarized light to observe GBN agglomerates.

3.9. Thermal conductivity
Thermal conductivity was measured using DSC following 
the procedure proposed by Hakvoort and van Reijen[52] As 
pure metal, gallium, was used and silicone oil was applied 
to improve the contact with the sample, which was cut 
into cylinders with a height between 1 and 2 mm, and a 
diameter of 6 mm. The scan was set from 28 to 38°C at 
0.5°C/min. At least 5 measurements were completed for 
each sample and outliers were detected by Grubbs test 
with α = 0.01.

3.10. Wettability
Cell adhesion is influenced by surface hydrophilicity,[53] 
and an improvement in this parameter could improve 
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the potential application in biomedical field. Besides, 
wettability measurements can give information about 
layers adhesion since polymerized layer has to be wetted 
by liquid resin to obtain adequate adhesion between the 
polymerized layer and the new one.

Hydrophilicity was studied by measuring the contact 
angle of water on the sample surface at room temperature 
(20°C). Dataphysics OCA15 plus goniometer and SCA20 
software (DataPhysics Instruments GmbH, Filderstandt, 
Germany) were used for this purpose. At least ten contact 
angles were measured for each sample.

3.11. Surface roughness
Surface roughness of each 3D printed sample was 
measured using optical microscopy. Specifically, 
Olympus DSX1000 was used with ×10 zoom and bright 
field. 3D images were captured and from these images, 
at least six line-measurements at random directions were 
completed for each sample and the roughness parameters 
were obtained using the Software Olympus Stream 
(Olympus, Shinjuku, Tokyo, Japan).

3.12. Statistical analysis
The results were also evaluated for statistical significance 
using a one-way analysis of variance (ANOVA) test with 
a post hoc Scheffe’s test (SPSS 20.0 for Windows; IBM 
SPSS, USA). A  P < 0.05 was indicative of statistical 
significance.

4. Results
4.1. Viscosity
It is observed that in comparison with R, the incorporation 
of G produced a marked decrease of the viscosity (59.1%); 
on the contrary, the incorporation of GO and GoxNP 
showed a slight increase by 18.2 and 25%, respectively 
(Table  1). These differences are not statistically 
significant; however, significant differences were found 
between R+G viscosity and R+GO/R+GoxNP viscosity.

The reduction of viscosity could be due to an increase 
in free volume generated around the nanoparticles[54]. 
To corroborate this hypothesis, Tg measurements were 

completed. It was observed that the addition of G 
significantly reduced the Tg value, from 106°C to 73°C. 
However, GO and GoxNP showed similar Tg than R 
(Table 1).

4.2. Thermal polymerization
It can be noted that the required energy (Etotal), calculated 
by measuring the area under the polymerization peak 
(Figure  2), is similar for all material formulations 
investigated, all the values are in the range from 21.2 to 
22 J/g. Peak temperatures (polymerization temperatures) 
are between 179 and 185°C, the values are also similar 
for all resins (Table 2).

4.3. UV polymerization
The effect of applying different polymerization times 
during polymerization was compared. As example, 
pristine resin DSC curves are shown in Figure 3. It can be 
observed that when samples are irradiated with UV light, 
DSC curves show two exothermic peaks; the first one was 
between 70 and 84°C and the second one between 146 
and 166°C, depending on the UV exposure time. To the 
best of our knowledge, there were no similar studies using 
photocurable polymers; however, Vicard et al.[55] have 
reported DSC curves of polymerization-crystallization 
process of polyamides. They reported a first exothermic 
peak of polymerization, followed by another exothermic 
peak that corresponds to the crystallization of the polymer 
formed in the previous peak.

In this study, there was some cured polymer from the 
beginning of the test due to the UV exposition. Therefore, 
the first peak could be assigned to the crystallization or 
crosslinking of the UV cured polymer (UV-peak), whilst 
the second peak could be due to the thermal polymerization 
of the non-UV polymerized resin (thermal-peak).

For all material types investigated, the same trend 
was observed in relation with these two exothermic 

Table 1. Viscosity of R, R+G, R+GO, R+GoxNP

Material Type Viscosity at 31°C (Pa·s) Tg (°C)
R 0.44 ± 0.02a,b 106 ± 3
R+G 0.18 ± 0.09a 73 ± 4
R+GO 0.52 ± 0.07b 105 ± 2
R+GoxNP 0.55 ± 0.06b 108 ± 3

Viscosity is expressed as mean  ±  standard deviation. Values with different 
letters are significantly different (P < 0.05). When a statistical analysis is 
carried out, different P-values were obtained for each pair of data giving 
information about the significance of the differences. Superscript letters a 
and b are used to identify which pairs of values are significantly different.

Figure  2. Differential scanning calorimetry thermograms of R, 
R+G, R+GO, R+GoxNP.
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peaks and the increase in the UV exposure time. The 
first peak increases with UV time due to the increment of 
cured polymer by photopolymerization – the greater the 
UV-cured polymer, the greater the necessary energy to 
crosslink it when temperature was applied. In contrast, 
as expected, the peak of the thermal polymerization 
decreased as a function of UV time – the greater the 
UV-cured polymer, the lower the remaining uncured 
polymer. When it is exposed to UV radiation for 30 min, 
UV-polymerization of the resin will be completed and 
therefore, the peak of thermal polymerization disappears.

Table  3 summarizes DSC energies obtained from 
DSC thermograms for each measured time and each 
nanofiller. It can be observed that at 0  min, all the 
samples showed similar behavior – non-UV-peak and a 
similar thermal peak with an energy of about 21 – 22 J/g. 
However, for low UV exposure times (1 min), when the 
nanocomposites are compared to R, it was observed that 
all nanofillers reduced the extent of UV polymerization, 
with EUV lower than 3 J/g whilst R reached 11.3 J/g. From 
5 min, this reduction was only found on the addition of 
G and GoxNP, being the energies of R+GO similar than 
R. Finally, for longer times (20 min), R+G was the only 
material type that showed differences compared to R.

FTIR spectrum of uncured resin is shown in 
Figure  4. Peaks corresponding to an acrylic resin are 
observed in the spectra. Alkyl groups are found as two 
peaks in the range of 2870 – 2950 cm−1[56], whilst the 
bonds C=O, C-O and -C-C(=O)-O- of ester group appear 
at 1707, 1636 and 1165 cm−1, respectively[57].

Using FTIR analysis, the polymerization process 
can be followed as the polymerization occurs by the 
opening of C=C bond at 1637 cm−1[50]. The detail of the 

decreasing of this peak with the UV exposure time is 
shown in Figure 5. It can be seen how it decreases as the 
UV polymerization time increases, until its disappearance 
at 30 min, when the polymer is completely cured. This 
complete polymerization time is in accordance with the 
DSC results previously discussed.

To determine the effect of nanofillers addition on the 
UV polymerization process, DSC and FTIR results were 
compared for all samples at the same UV exposure time. 
Figure 6 shows the effect of the different nanofillers for 
5 min of polymerization on the DSC thermograms. The 
first peak, located between 70 and 80°C, as commented 
above, was due to the crystallization of the polymer cured 
by UV. The higher was the UV polymerization degree, 
the greater was this crystallization peak. It can be seen 
how G and GoxNP presence reduced the area of this peak, 
suggesting that for the same UV exposure time, the UV 
polymerization degree was lower in the case of these 
nanofillers.

The second peak (150 – 160°C) corresponded to the 
thermal polymerization process of the uncured polymer. 
Obviously, when the first peak increased, this second 
peak decreased because the remaining unpolymerized 
resin decreased. In this case, G and GoxNP showed 

Table 2. Polymerization energy and polymerization temperature of 
R, R+G, R+GO, R+GoxNP

Material 
type

Polymerization 
energy (J·g‑1)

Polymerization 
temperature (°C)

R 22.0 ± 2.3 179 ± 3
R+G 21.6 ± 1.8 183 ± 2
R+GO 21.2 ± 1.6 185 ± 4
R+GoxNP 21.6 ± 2.2 179 ± 3

Polymerization energy and polymerization temperature is expressed as 
mean ± standard deviation.

Table 3. Mean DSC energies (J·g‑1) of R, R+G, R+GO, R+GoxNP

Min R R+G R+GO R+GoxNP
EUV Etc EUV Etc EUV Etc EUV Etc

0 0.0 22.0 0.0 21.6 0.0 21.2 0.0 21.6
1 11.3 15.9 1.3 23.4 2.8 22.2 2.2 24.3
5 18.1 1.5 13.2 9.7 17.5 2.3 11.9 9.6
10 18.3 1.5 15.8 4.8 18.0 2.1 18.6 4.0
20 22.9 0.7 17.9 2.8 19.7 0.0 21.0 1.1

Figure 3. Differential scanning calorimetry thermograms of R as a 
function of different times of ultraviolet polymerization.

Figure 4. Fourier transform infrared spectra of uncured R.
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higher peaks than R and R+GO, confirming the lower UV 
polymerization degree.

When FTIR spectra were compared, the same 
tendency was observed. By studying the C=C peak 
at 1637 cm-1 (Figure  7), it is possible to compare the 
polymerization degree, which is more advanced when the 
peak is less intense.

The FTIR results showed that R+G and R+GoxNP 
followed the same trend when compared to the 
observed DSC data. After 5 min of UV exposure, their 
polymerization degree was lower than in the case of the 
pristine resin and R+GO.

Figure 8 showed the polymerization degree due to 
the UV exposure (Eq. 3.1) and data presented in Table 3, 
at different exposure times. It can be seen how GO 
retarded the polymerization process for short UV times; 
however, from 5 min of UV exposure, the polymerization 
degree was similar to R.

On the other hand, R+G and R+GoxNP 
showed similar tendencies regarding the evolution of 
polymerization degree with time. The presence of these 
nanofillers showed a higher impact on the degree of 
polymerization when compared to GO, especially for 
relatively medium and long periods. They affect the 
process, achieving lower polymerization degrees than the 
initial resin; this effect was especially notable in the case 
of G.

Table 4 shows changes in hardness as a function of 
UV polymerization time for the different nanocomposites. 
In all cases, hardness increased with time, showing that 
the polymerization process was advancing. The trend 
observed in the hardness was similar to the obtained data 
from the DSC and FTIR analysis that the addition of G 
and GoxNP influenced the polymerization process of the 
resin; they did not allow the resin to cure completely. 

Figure  5. Fourier transform infrared spectra of C=C peak 
(1637 cm-1) of R with different times of ultraviolet exposure.

Figure  6. Differential scanning calorimetry thermograms of R, 
R+G, R+GO, R+GoxNP after 5 min of ultraviolet cure.

Figure  7. Fourier transform infrared spectra of C=C peak 
(1637 cm−1) of R, R+G, R+GO, R+GoxNP after 5 min of ultraviolet 
cure.

Figure 8. Polymerization degree versus ultraviolet polymerization 
time of R, R+G, R+GO, R+GoxNP.
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Therefore, Shore D hardness was lower for these GBN. 
Whilst hardness value of R was 82 after 60 min of exposure 
time, R+G and R+GoxNP were 67 and 71, respectively. 
However, GO did not change the polymerization degree 
of resin – with a Shore D hardness of 81 after 60 min.

4.4. UV-visible spectroscopy
To determine if the presence of the nanofillers affects 
the UV absorption, the absorbance of the different 
uncured samples was measured by means of UV-visible 
spectroscopy. Wavelength was set at 405 nm, which was 
the same wavelength used by the printer. Results are 
shown in Table 5.

R was used as a reference and absorbance values 
showed the difference between the light absorption of R 
and the resin with the different nanofillers. In general, it 
was observed that in all cases, samples with nanofillers 
had higher absorbance than R, being especially noticeable 
in the case of R+G. These results suggest that G and 
GoxNP nanoparticles could be absorbing a significant 
part of the UV-light that reaches the sample.

4.5. Printability
Cube samples were printed with the different resins 
prepared as previously explained. An example of the 
resultant samples is shown in Figure 9.

It can be observed that R+GO and R+GoxNP 
samples showed good printability, whilst R+G presented 
important problems during printing process.

As R+GO showed similar polymerization degree 
than R, this mixture presented good printability. In the 
case of R+GoxNP, it seems that the slight decrease in 
polymerization degree showed did not impede structure 
formation by 3D printing. However, the effect of G 
on the UV polymerization of the resin prevented the 

structure to be properly formed. This could be due to a 
decrease in curing depth, leading to a lack of adhesion 
between layers when G is present. It could be related 
with the retardation in the UV polymerization previously 
discussed.

(1) Dimensional stability

Tables  6 and 7 show dimensional stability of the 
different samples. R+G samples are not included in this 
analysis because the printed samples did not demonstrate 
sufficient quality. Difference images – designed geometry 
versus printed geometry – were obtained by subtracting 
the reference image (CAD file) to the binary image, and 
these images were used to determine the percentage 
printing accuracy.

Comparing both geometries, it was found that in 
all cases, the accuracy for square-shaped geometry was 
higher than the circular-shaped geometry. Besides, it 
was noticed that in comparison with pristine resin, GO 
reduced slightly printing accuracy, whilst this parameter 
was not affected by GoxNP.

4.6. Dispersibility
Images taken to the captured from different surfaces 
are shown in Figure 10. It can be observed that the best 
dispersion is obtained for the sample R+GoxNP. In the 
case of R+GO, some agglomerates can be observed and 
more and larger agglomerates can be observed in R+G 
sample.

Table 4. Hardness of R, R+G, R+GO, R+GoxNP with different UV 
polymerization time

R R+G R+GO R+GoxNP
5 min 71 ± 1a 43 ± 2b 76 ± 2a 53 ± 4c

10 min 79 ± 1a 54 ± 3b 79 ± 2a 65 ± 2c

20 min 81 ± 1a 63 ± 3b 79 ± 2a 69 ± 2c

60 min 82 ± 2a 67 ± 1b 81 ± 1a 71 ± 2b

Values with different letters are significantly different (P < 0.05). Different 
mixtures for the same UV time (rows) were compared by ANOVA analysis, 
but different times (columns) were not compared between them.

Table 5. Absorbance at wavelength of 405 nm measured by 
UV‑visible spectroscopy

Absorbance at 405 nm (a.u.)
R+G 1.43
R+GO 0.32
R+GoxNP 1.10

Figure  9. Printed cubes with R (A), R+G (B), R+GO (C) and 
R+GoxNP (D).

DC

BA
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Table 6. Accuracy of printed samples with circular holes

Sample Original image Binary image Difference image % Accuracy
R 98.61 ± 1.12

R+GO 96.92 ± 2.53

R+GoxNP 98.64 ± 0.14

Table 7. Accuracy of printed samples with square holes

Material type Original image Binary image Difference image % Accuracy
R 99.09 ± 0.31

R+GO 97.92 ± 0.50

R+GoxNP 99.11 ± 0.31
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4.7. Thermal conductivity
Thermal conductivity measurements were completed 
to evaluate, together with viscosity, the nanofiller 
dispersion. Thermal conductivity decreases with free 
volume; therefore, it is possible to have information about 
it through thermal conductivity measurements.

Figure 11 shows the results obtained for different 
nanofillers. The addition of GoxNP slightly increased 
thermal conductivity, whilst G reduced this parameter. In 
the case of GO, thermal conductivity was not affected by 
this nanoparticle. However, differences found between 
the nanocomposites and R were not significant (P > 0.05).

4.8. Wettability
Water contact angle on the different investigated surfaces 
is presented in Table 8. These measurements could give 

information about layers adhesion, which could be related 
to printability.

R+GO and R+GoxNP slightly increased 
hydrophilicity of the resin. There were minor decreases 
in contact angle: 4% for R+GO and 6.2% for R+GoxNP. 
However, R+G showed a subtle increase in contact 
angle, which means that its hydrophilicity was lower. 
However, with the deviations that these values presented, 
differences were not significant.

4.9. Roughness
The Ra parameters of roughness of the different samples 
are shown in Table 9.

Roughness results showed that the addition of 
nanofillers may affect the roughness of 3D printed 
samples. These differences of surface roughness are due 
to the surface finish; the higher the roughness, the worse 
the surface finish. Therefore, these measurements were 
used as an indicator of the printing quality. Although 
there were no major differences, it could be observed that 
the addition of GoxNP did not affect roughness compared 
to R, GO addition slightly increased roughness (17%) and 
G showed the highest increase in roughness (34%).

5. Discussion
This study demonstrated the effect of different GBN on 
the polymerization reaction and the printability of an 
acrylic photocurable resin. It was found that G affected 
polymerization degree due to its high light absorption 
and therefore, it also affected printability. Conversely, 
GoxNP did affect polymerization degree slightly, but 
it allowed printing process. Finally, GO did not affect 
polymerization reaction nor printability of the resin. 
Although the differences on UV polymerization and 
wettability between G and GoxNP are subtle, their impact 
on the printing performance is highly notable due to the 
differences in light absorbance. R+G showed the highest 
light absorbance (Table  5). Therefore, G absorbs more 
light (1.43 a.u.) than GoxNP (1.10 a.u.). and curing depth 
could be reduced, leading to lower adhesion between 
layers and worse printability.

Polymerization reaction was studied using DSC, 
FTIR and hardness measurements. First, thermal 
polymerization was studied to investigate the effect of 

Figure 10. GBN dispersion of R+G (A), R+GO (B) and R+GoxNP 
(C). Red circles show graphene-based nanomaterials agglomerates 
of different size.

Figure 11. Thermal conductivity of R, R+G, R+GO, R+GoxNP.

Table 8. Contact angle (°) of water on sample surface

R R+G R+GO R+GoxNP
72.9 ± 1.6 74.0 ± 3.7 70.0 ± 2.7 68.4 ± 3.6

Table 9. Roughness (Ra) of printed samples (µm)

R R+G R+GO R+GoxNP
1.90 ± 0.24 2.56 ± 1.20 2.23 ± 0.53 1.87 ± 0.48

C
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GBN on the polymerization separately from the effect 
on UV absorption. Hence, it was studied to find out if 
nanofillers influence the polymerization reaction by 
avoiding the polymer chain growth or terminating the 
polymerization process. The obtained results suggested 
that the incorporation of nanofillers did not influence 
the thermal polymerization process. Some studies[46,47] 
explored the capability of G to act as free radical 
scavengers, which, in this study, could result in the capture 
of free radicals formed during polymerization leading to 
a slowdown of this process. However, in this study, GBN 
did not impede polymerization reaction acting as free 
radical scavengers.

In terms of UV polymerization, the results of this 
study have demonstrated that the incorporation of GBN 
has a significant impact on UV polymerization since 
the presence of these nanoparticles could affect the UV-
visible light absorption. This effect could decrease the 
energy caught by the photoinitiator resulting in a lower 
polymerization degree. It was more noticeable with 
the addition of G than GO and GoxNP, which could 
be attributed to the darker color of G nanoparticles[58]. 
The higher is the light absorption, the lower is the 
polymerization degree because the light that actually 
reaches the photoinitiator is reduced. G, GO and GoxNP 
showed different color, and therefore, they hamper 
the light absorption of the photoinitiator in different 
extents. G  was the darkest, followed by GoxNP and 
finally, GO with a brownish color. All of them presented 
a decrease in polymerization degree at low exposure 
times; however, for high exposures times (> 5  min), 
G only achieved 87.3% compared to 96.7% in pristine 
resin. Conversely, GoxNP achieved a 95% and GO was 
similar to pristine resin. It was found that GBN does 
not change polymerization energy when this process is 
conducted by heating. For this reason, it seems that GBN 
does not affect polymerization energy when light is not 
involved in the process. Therefore, GBN avoid light to 
reach the photoinitiator and this is why differences in 
polymerization degree appeared.

The extent of the polymerization reaction determined 
the printability of the samples. If polymerization degree 
is not adequate, curing depth decreases, leading to lack 
of adhesion between layers. GO and GoxNP allowed the 
printing process with the same parameters than pristine 
resin, whilst G did not allow to obtain satisfactory printed 
structures. This negative effect on the printability suggests 
that the G resin did not present enough polymerization 
degree to achieve the minimum adhesion between layers 
to obtain a printed structure.

In terms of printing accuracy, GoxNP showed 
higher accuracy than GO and similar to R. Besides, the 
study of surface roughness revealed that the smoothest 
surface was obtained with R+GoxNP and it was similar 

to R. These differences in accuracy could be explained 
by GBN dispersion. Viscosity results suggested that the 
dispersibility of GoxNP was slightly better that GO. 
Perhaps, the presence of agglomerates could diffract 
the light affecting to the accuracy of the printed cross-
section. To the best of our knowledge, this effect has not 
been previously reported; however, some studies[59] using 
other 3D printing technologies found that functionalized 
G nanoplatelets did not affect printing accuracy, except 
when the layer thickness was large. Besides, this study 
shows the good accuracy of SLA compared to other 3D 
printing techniques. For example, Zhou et al.[51] found a 
maximum accuracy of 85.68% using powder-based ink-
jet 3D printing.

Our results suggest that there was a relation between 
printability, dimensional stability and roughness. It was 
observed that the greater the effect of GBN on printability 
and dimensional stability, the higher the surface roughness. 
R+G showed the worst printability and printing accuracy 
and it presented the highest values of roughness, followed 
by R+GO. R+GoxNP had similar roughness and printing 
accuracy than R.

In relation to nanoparticle dispersion, the differences 
observed between G, GO and GoxNP could be better 
understood from a chemical point of view. Both GO and 
GoxNP had oxygenated groups in their composition. 
These groups were responsible for the better interaction 
between the nanomaterial and the matrix thanks to 
the polarity of the nanomaterial, which increases the 
stability of the dispersion[60]. It was seen in viscosity, 
glass transition temperature, and thermal conductivity 
measurements.

It has been reported that an increase in viscosity is 
expected when nanofillers are well-dispersed since more 
surface area is available for interaction with the matrix[61]. 
Therefore, an increase of GO and GoxNP viscosity could 
suggest a homogenous dispersion of the nanofiller, which 
is probably improved due to the presence of the oxygenated 
groups on their surface. Conversely, the addition of G 
decreased the viscosity, suggesting a poor dispersion of 
these nanoparticles within the polymer matrix. Similar 
findings were reported in other studies[54,62,63].

This decrease in the viscosity caused by 
the nanoparticles addition was attributed to some 
physicochemical phenomena. Jain et al.[62] postulated 
that the decrease in viscosity could be due to a selective 
physisorption of the highest molecular weight polymer 
chains on the nanoparticle surface, leaving low molar 
mass in the surrounding molten matrix. Conversely, 
Merkel et al.[54] explained the decrease in viscosity by the 
excluded free volume induced around the nanoparticles, 
which was accompanied by a reduction in the Tg.

Therefore, since a decrease in Tg of G samples 
was found, it could be concluded that the addition of G 
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probably led to a decrease in viscosity due to the excluded 
free volume induced around the nanoparticles. In the case 
of GO and GoxNP, viscosity was higher than R because 
their dispersion was homogeneous and no changes were 
found in Tg.

In any case, despite the increase in viscosity 
observed when some nanofillers were added, the viscosity 
is adequate for 3D printing since the values measured are 
≤ 5 Pa·s, which is the highest viscosity recommended[39].

The study of thermal conductivity led to a similar 
conclusion: the slight decrease in thermal conductivity 
of R+G samples was due to the excluded free volume 
induced as a result of the presence of agglomerates.

In general, the larger particle size of the 
nanofillers improves the exfoliation degree, dispersion 
of nanoparticles and interfacial connections with the 
matrix, thereby enhancing the thermal conductivity[64]. 
Furthermore, it is known that thermal conductivity 
increases when the average size increases and the 
number of layers decreases due to the smaller total 
thermal boundary resistances from the interface area[65]. 
The higher thermal conductivity of R+GoxNP could be 
explained by its size and dispersion. According to data 
sheet, GoxNP average size (200-300  nm) is 100  times 
the average size of GO (1.8 – 2.7 nm). Besides, viscosity 
measurements show better dispersion of GoxNP than G 
and GO.

In the case of G, a reduction of thermal conductivity 
was observed. It could be due to the poor dispersion of 
G within the matrix and the increase in excluded free 
volume, which could corroborate the viscosity results and 
its effect on printability.

Previous studies[66] found that adding 0.5 wt% of 
GO to an epoxy resin leads to an increase in thermal 
conductivity of more than 200%. However, another 
study[67] found that GO presented no effect on thermal 
conductivity of epoxy resin until a load of 2 wt% was 
added. Conversely, Wang et al.[68] studied the effect 
of graphene nanoplatelets on thermal conductivity by 
adding 25 vol%.

Therefore, the effect of nanofillers on thermal 
conductivity depends on many factors, such as the degree 
of dispersion. In this case, no significant effect was found, 
and it could be due to the low amount added. If a larger 
amount of well-dispersed GBN were added, free volume 
would be reduced and thermal conductivity would 
increase[69].

Finally, wettability was studied. Previous studies 
have investigated the effect of GBN addition on the 
hydrophilicity of polymers. It was found that the 
addition of GO coating to PCL scaffolds increased 
hydrophilicity[40]. Different oxidation degrees was also 
studied and it was concluded that the higher the O/C ratio 
of G, the higher the hydrophilicity[70,71].

In this study, it is noted that both GO and GoxNP 
increased slightly the wettability of the resin, which could 
be due to their hydrophilic oxygenated groups (carboxyl, 
hydroxyl and epoxide functional groups)[72]. In contrast, 
the contact angle of R+G is subtly higher than R, which 
could be due to the lack of oxygenated groups present 
on the G surface. However, there are no significant 
differences between R and R+G; hence, printability issues 
do not seem to be caused by wetting problems between 
liquid and cured resin.

In general, wettability is defined by surface energy; 
however, roughness can affect it. The results of this study 
do not show a relation between roughness and wettability. 
Therefore, it could be concluded that in this case, 
wettability was affected mainly by chemical functional 
groups and it was not related with roughness.

Our results show a first approach to understand the 
effect of GBN on resin polymerization. The current study 
attempted to simulate the printing process by exposing 
the resin to UV light followed by DSC analysis. However, 
the designed methodology differs in the polymerization of 
resin during printing process because of the light source – 
3D printer uses a punctual laser light and Form Cure uses 
a UV lamp. Therefore, the effect of other parameters, such 
as the UV source power or intensity, should be studied. 
Besides, different techniques to improve dispersion 
(e.g., combination of mechanical stirring and sonication) 
should be tested.

It has been proven that the GBN is viable to be used 
as fillers of photocurable resins; for potential applications, 
continued investigations on these nanocomposites are 
necessary. For example, it would be interesting to test 
them mechanically to assure their suitability to build 
3D-printed structures with improved properties, and cell 
studies should be carried out to assure the effect of GBN 
in cell adhesion, proliferation and differentiation.

6. Conclusions
Before using a nanocomposite to print structures, it is 
important to discern the effect that nanofillers will have 
on the whole printing process, since it has been observed 
that the dispersion of nanofillers on SLA resin can 
compromise many parameters, ranging from viscosity of 
the blended resin to printability properties.

Despite the negative effect that GoxNP showed 
on polymerization degree, it has been proven that the 
incorporation of 0.1 wt% of GO and GoxNP to the 
photocured resin did not significantly affect printing 
quality, allowing their use in the preparation of new 
nanofilled photocurable resins for SLA printing. 
However, it has been observed that the addition of 0.1 
wt% G demonstrated a notable negative effect on the 
printability. This could be explained by the differences in 
type, functionalization and structure of GBN that change 
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dispersibility and light absorbance. Nevertheless, negative 
effect of G is not an indication that it is not possible to 
print with R+G mixture but printing parameters must 
be optimized to compensate the negative effect of G on 
polymerization.

Therefore, understanding how GBN affects 
polymerization and the properties of the resin is crucial to 
adapt printing parameters (e.g., light intensity, exposure 
time, layer thickness, etc.) and resin formulation 
(e.g., maximum permissible nanoparticles amount, 
photoinitiator amount, etc.) to improve 3D printing that 
capitalizes on SLA accuracy.
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