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ABSTRACT: Additive manufacturing using stereolithography enables the fabrication of intricate small-scale parts, making it ideal
for biomedical applications such as prostheses and scaffolds. This study evaluates the mechanical reliability and biocompatibility of
photocurable acrylic resins modified with graphene-based nanomaterials, graphene (G) and graphene oxide (GO), to address
limitations in their use for biomedical products, where high reliability and predictable performance under mechanical stress are
critical to ensuring safety and functionality. Through mechanical testing and Weibull distribution modeling, it was found that GO
significantly enhances the characteristic strength (σθ) of the resin, improving its performance under mechanical stress; however, the
reliability of this strength decreased as evidenced by a reduction in the Weibull modulus (m). Postprinting washing, aimed at
reducing cytotoxic leaching, improved biocompatibility with cell viability exceeding 90%, though it slightly decreased the
compression strength and increased the variability. GO-modified resins exhibited enhanced mechanical and biocompatibility profiles
compared to G-modified resins, which showed limited interaction with the resin matrix. These findings offer important insights for
optimizing mechanical reliability and biocompatibility, advancing the development of materials suitable for safe and reliable human-
body contact in regenerative medicine.

1. INTRODUCTION
In modern biomedical engineering, the development of
functional and biocompatible materials has significantly
advanced tissue engineering and regenerative medicine.1−3

Additive manufacturing techniques, particularly stereolithog-
raphy (SLA), have emerged as promising solutions for diverse
applications, including the creation of patient-specific surgical
guides, educational models, prostheses, implants, and scaffolds.
These applications demand precise geometries, biocompati-
bility, and mechanical reliability, making SLA ideal for
fabricating complex devices with exceptional resolution (10−
150 μm) and intricate precision.4

In the context of bone regeneration, SLA is particularly
interesting in fabricating scaffolds that mimic the intricate
structure and mechanical properties of natural bone tissue,
making them potential substitutes for bone autografts.5,6 These
scaffolds typically feature controlled porosity and pore sizes

(100−500 μm), enhancing cell attachment, vascularization,
and subsequent regeneration.7,8 Furthermore, SLA facilitates
the manufacture of custom implants and prostheses tailored to
patient-specific anatomical requirements, incorporating lattice
scaffolds to promote osteointegration and reduce implant
stiffness, thus improving compatibility with natural bone
mechanics.9−11 While these advancements address structural
and functional demands, achieving an optimal combination of
biocompatibility and mechanical performance remains a
critical factor for long-term orthopedic applications.
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SLA primarily relies on photocurable polymeric resins as the
base material, with acrylic formulations being the most widely
used due to their excellent versatility, mechanical properties,
and ease of processing. To enhance the performance of these
materials, researchers have increasingly focused on reinforcing
acrylic polymers with graphene-based nanomaterials (GBN),
such as graphene (G) and graphene oxide (GO). These
nanomaterials have shown significant potential to improve the
mechanical strength, durability, and biological functionality of
resins.12−14 Specifically, GBN has been demonstrated to
promote cell adhesion and proliferation,15 reduce pro-
inflammatory immune responses,16 and exhibit antibacterial
properties,17 making them particularly interesting for bio-
medical applications. This integration represents a trans-
formative approach, enabling the creation of scaffolds with
enhanced mechanical integrity and biological functionality.

Despite extensive studies on the mechanical reinforcement
properties of GBN composites, concerns persist regarding the
potential cytotoxic effects of GBN and residual monomers in
photocurable resins. The dose-dependent risks associated with
introducing these nanomaterials into the human body remain a
critical area of investigation, with conflicting results reported in
the literature.18−20 In addition to GBN-related cytotoxicity,
acrylic polymers exhibit limitations regarding biological
performance due to residual monomers remaining after
polymerization. These residual monomers and unreacted
photoinitiators, known to leach from the material, cause
oxidative stress, enzymatic inhibition, and interactions with cell
membranes, negatively impacting biocompatibility and
safety.21,22 Consequently, the adoption of SLA technology is
predominantly restricted to short-term applications in tissues,
bones, dentin, and mucosal membranes. Only in specific cases,
such as skin-contact scenarios compliant with USP Class VI
certification, has its use been extended to longer durations.23

Understanding the toxicological effects of these composite
materials is thus imperative for ensuring their safe and effective
long-term use in biomedical applications.

Recent research has focused on addressing these challenges,
emphasizing the need to expand SLA applications for longer-
term and more intimate interactions with the human body.
Enhancing the biocompatibility of acrylic resins is a crucial step
toward unlocking the full potential of SLA for diverse medical
applications.24 To address these concerns, methods such as
warm water immersion, ultrasonic cleaning,25−27 microwav-
ing,27 and autoclaving28 have been proposed. For 3D-printed
resins, washing and postcuring methods have shown promise
in reducing the leaching of toxic substances, thereby improving
cell viability resins.29

Additionally, beyond biocompatibility, reliability is a key
factor for ensuring the success of materials intended for long-
term biomedical applications, where consistent performance
under diverse conditions is critical to maintaining safety and
functionality. While many studies have explored the mechan-
ical reinforcement potential of GBN in resins, the broader
implications for the reliability of these materials remain
underexplored. Mechanical strength alone is insufficient to
fully evaluate its applicability in real-world biomedical
applications. In such applications, materials must perform
consistently and predictably to ensure patient safety and the
long-term functionality of medical devices such as prostheses
and scaffolds, where any failure could have serious con-
sequences for patient health and quality of life. Weibull
analysis, widely used in the evaluation of reliability in

orthopedic and other medical materials, offers a powerful
tool to assess the variability and predictability of mechanical
performance.30,31 By analyzing the Weibull modulus (m) and
characteristic strength (σθ), it is possible to evaluate not only
the material’s strength but also its reliability and consistency,
providing deeper insights into its suitability for load-bearing
and long-term applications.

This study combines Weibull analysis with biocompatibility
assessments to evaluate the performance of GBN-modified
resins for additive manufacturing. By emphasizing the critical
importance of reliability alongside mechanical strength, this
work provides insights necessary for the safe and effective use
of these materials in biomedical applications such as
prosthetics and scaffolds. The approach advances the under-
standing of GBN-modified resins, optimizing SLA-fabricated
materials for practical healthcare applications requiring
consistent and predictable performance.

2. EXPERIMENTAL METHODOLOGY

2.1. Materials
The resin used for SLA was a commercial photocurable acrylic-based
resin Formlabs Clear FLGPCL4 (Formlabs, Somerville, MA, USA),
which for clarity purposes will be referred to as R. As reinforcement,
graphene, G (Avanzare Nanotechnology, La Rioja, Spain), and
graphene oxide, GO (NanoInnova Technologies, Toledo, Spain),
were used with an average lateral size of 2−4 μm and 4−8 μm and a
sheet thickness between 1 and 2 sheets and 0.7−1.2 nm, respectively.

2.2. Sample Preparation
Nanocomposites were prepared following the procedure explained in
ref 32. Briefly, 0.05 wt % of the GBN was dispersed in MMA via probe
sonication (Branson 450, Branson Ultrasonics Corp., CT, USA) with
resin added at different sonication stages. After the dispersion, a
degassing process was carried out in an ultrasonic bath followed by a
vacuum process in an oven (<0.1 atm at room temperature).

To analyze the effect of the addition of MMA, R′ samples were
manufactured. They were prepared following the same procedure
explained in the previous paragraph but without the addition of GBN
and an R:MMA ratio of 300:10 v/v.

Acrylic resin samples were printed with an SLA printer Form 2
(Formlabs, Somerville, MA, USA). The layer thickness was set at 100
μm, and the exposure time was optimized depending on the loaded
sample.33 For that reason, the R+G sample exposure time was
increased by 8.9% from the manufacturer’s recommendations on pure
R.

After printing, samples were cleaned with isopropyl alcohol (IPA)
in a FormWash (Formlabs, Somerville, MA, USA) equipment for 3
min. In addition, they were subjected to a postcuring process in a
FormCure chamber (Formlabs, Somerville, MA, USA) for 90 min at
80 °C.

Images of the printed samples take were shown in Figure 1.
To analyze the mechanical and biological behavior of the unwashed

and washed samples, three different types of samples were
manufactured.

Figure 1. Images of printed R (a), R′ (b), R′ + G (c), and R′ + GO
(d).
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• Cylindrical-shaped samples with a diameter of 6 mm and 12
mm height for compression tests.

• Rectangular parallelepiped-shaped samples of 8 × 4 × 15 mm
for hardness and water absorption assays.

• Disc-shaped samples with a diameter of 10 mm and 4 mm
height for elution and cell analysis.

2.3. Experimental Procedure
2.3.1. Biological Evaluation. To analyze the potential effect of

the selected resin, nanofillers and possible routes to diminish toxicity,
leaching components were collected and used on a preseeded mouse
osteoblastic precursor cell line (MC3T3-E1 Subclone 1, ATCC CRL-
2593, P26−28). For eluent collection, samples were cleaned by
immersion and sonication in industrial methylated spirit (IMS) 70%
for 10 min, followed by sterilization through UV light exposure for 20
min. Next, samples were immersed in fresh basal media (Dulbecco’s
Modified Eagle’s Medium supplemented with 10% fetal bovine serum,
1% penicillin/streptomycin and 0.5 g/L L-glutamine, all of them
supplied by Sigma-Aldrich, St. Louis, MS, USA) for 24, 48, 72 h or 7
days at room temperature.

For the washing experiments, sterilized samples were pretreated by
immersion in basal media for 24 and 48 h, replacing the media each
day. In this section, resin with MMA (R′) was also analyzed together
with the other composites to discern if the possible effect on
biological testing was due to the addition of GBN or MMA.

Before testing, 5,000 cells/well were seeded in a 96 well-plate and
incubated for 24 h at 37 °C and 5% CO2 with fresh basal media.
Then, the aforementioned eluents were used to replace the nutrient
media and recultivated as necessary followed by Live/Dead staining
using 100 μL of a calcein-AM and PI solution (1.5 μL of calcein-AM
and 10 μL of PI in 1 mL of DPBS) per well. After incubation at 37 °C
and 5% CO2 images were taken with a fluorescence microscope
system (EVOS M5000, Thermo Scientific). Cells treated with fresh
media were used as positive controls in all tests. A quantitative
analysis was carried out to calculate the coverage of green and red
channels with ImageJ 1.35 software. At least three images were
analyzed for each sample.
2.3.2. Nuclear Magnetic Resonance (NMR). Before analysis, all

samples were left in deuterated water (D2O) for at least 24 h before
testing on an Avance-NEO-400 (Bruker, UK) spectrometer in D2O at
298 K. All liquid-state NMR spectra were referenced to the residual
solvent peak, 4.790 ppm in D2O. To analyze them, it is important to
denote the characteristic peaks of the most likely components (MMA
and TPO) to elute. The MMA spectrum is characterized by intense
peaks appearing at 6.10, 5.55, 3.75, and 1.95 ppm, corresponding to
the A, B, C and D hydrogens (Figure 2a).34 The exact acrylate

monomers of the commercial resin are not completely known;
however, the A, B and D hydrogens are common to all acrylate
monomers, facilitating monomer detection. Conversely, the character-
istic peaks of TPO reduce at 7.99, 7.55, 7.50, 6.80, 2.25, and 2.03 ppm
for E to J hydrogens (Figure 2b).35

2.3.3. Mechanical Testing. Compression tests were conducted in
both unwashed and optimally washed samples using a Universal
Testing Machine IBTH/500 (Ibertest, Madrid, Spain) with a load cell
of 5 kN. Compression tests were carried out at a rate of 20 mm/min
with at least 10 samples per condition analyzed.

Shore D hardness was measured on five samples per condition with
a Shore D hardness tester (Bareiss GmbH, Berlin, Germany) applying
50 N, following standard UNE-EN ISO 868.

For both compression and hardness measurements, washed
samples were tested after 1 h of drying at room temperature.
2.3.4. Water Absorption. Changes in sample weight before

washing and after two washing cycles of 24 h were measured. The as-
manufactured sample was used as a reference. Measurements were
conducted using an analytical balance (precision 0.1 mg) after 1 h of
drying and after complete drying at 35 °C. The evaluation of
complete drying involved weighing the sample daily until three
consecutive measurements exhibited a change of less than 0.1 mg. At
least five samples per condition were measured.
2.3.5. Fracture Analysis. Field emission scanning electron

microscopy (FESEM) was used to investigate the fracture
mechanisms and microstructural features of the samples cryo-
fractured in liquid nitrogen. A TENEO-LoVac instrument (Eind-
hoven, Netherlands) was used. Before imaging, the samples were
prepared by cryogenic fracturing in liquid nitrogen to preserve the
inherent fracture characteristics. Following fracturing, the samples
were sputter-coated with a thin layer of gold to enhance conductivity
and improve image clarity.
2.3.6. Statistical Analysis. One-way analysis of variance

(ANOVA) test with a post hoc Scheffe’s test was used to evaluate
the results for statistical significance with the software SPSS 28.0 for
Windows (IBM SPSS, Chicago, IL, USA). A p-value lower than 0.05
was indicative of statistical significance.

To assess the variability and reliability of material strength, a two-
parameter Weibull distribution was applied, as it is particularly suited
for analyzing materials and mechanical systems with high variability in
strength properties. The compressive strength data obtained from the
mechanical tests were evaluated using this distribution to characterize
the failure behavior of the reinforced resin materials. The Weibull
cumulative distribution function is defined as
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where Pf represents the cumulative probability of failure; σ is the
measured compression strength; σθ is the characteristic compression
strength (the scale parameter); and m is the Weibull modulus (shape
parameter). The characteristic strength, σθ, corresponds to the stress
level at which there is a 63.2% probability of failure, serving as a
critical benchmark for evaluating material reliability. At this stress
level, 63.2% of the samples are expected to fail, while the remaining
samples exceed this strength.

The Weibull modulus, m, provides insights into the variability of
the strength results. A higher m value indicates less dispersion in the
strength data, reflecting greater consistency and predictability in the
material’s mechanical performance.

A statistical fit of the experimental compressive strength data to the
two-parameter Weibull distribution was performed using the
maximum likelihood estimation (MLE) method, implemented via a
custom Python script using SciPy library.36 This approach enables
accurate estimation of the Weibull parameters by directly maximizing
the likelihood function.

In contrast to conventional approaches often used in Weibull
parameter estimation�such as graphical methods based on linear
regression of transformed data and empirical plotting position
formulas like Bernard’s or Hazen approximations�the MLE method
does not require prior assumptions about the cumulative failure
probability of each data point. This results in a more objective and
statistically rigorous analysis, which is particularly advantageous when
working with small sample sizes or data sets with high variability.

Confidence intervals for the characteristic strength were calculated
using the chi-squared distribution, while uncertainty in the Weibull
modulus was assessed through classical approaches such as Fisher
information or profile likelihood methods.

To complement the numerical fitting, cumulative probability of
failure plots were generated for each material. In these plots, the

Figure 2. Depiction of (a) MMA and (b) TPO molecules including
characteristic bonds for their identification in 1H NMR spectra.
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experimental data points were assigned failure probabilities using the
empirical formula (eq 2)

=P
i

N
0.5

f (2)

where i is the rank of the ordered strength value and N is the total
number of observations. This method, known as the Hazen
approximation, is commonly used in Weibull analysis to estimate
empirical cumulative failure probabilities based on ranked data. It
provides a practical visual reference of the experimental behavior
without assuming an underlying distribution. These empirical points
were plotted alongside the theoretical Weibull distribution curves
obtained through maximum likelihood estimation (MLE), enabling a
direct visual comparison between the observed data and the model-
predicted failure behavior.

3. RESULTS

3.1. Cytotoxicity

Cells were cultured with eluents collected after 24, 48, and 72
h of contact with the resin to assess the cytotoxicity of sample
extracts with Live/Dead staining (Figure 3). The base resin, R,
demonstrated high levels of cytotoxicity following 48 and 72 h
of elution (68.2% and 57.6% of viability, respectively),
suggesting the presence of residual monomer or other toxic
constituents that were released into the medium after 48 h.
Notably, the modified resin, R′, which includes additional

MMA, exhibited higher cell viability compared to R (93.1%
and 72.2% after 48 and 72 h, respectively). This result indicates
that the increased MMA content, used for GBN dispersion,
does not negatively affect cytotoxicity.

When comparing the GBN samples (R′ + G and R′ + GO)
to R, there was a variation between nanofiller with G showing
increased toxicity (86.1% of cell viability) after 24 h of elution
compared to the marginally better results of the resin loaded
with GO (100.6%).

To assess the possibility of removing these toxic eluents, the
leachable from washed samples was collected and used on
preseeded MC3T3 cells (Figure 4). These images showed
similar toxicity levels in the unwashed controls as previously
observed, albeit a clear reduction in cells displaying membrane
damage and an increase in metabolically active cells can be
noticed after washing. This effect is dependent on washing
times and material tested with R, R′, and R′ + GO requiring a
single processing step while R′ + G necessitated two washing
cycles to enable cell survival. The observed reduction in
cytotoxicity after two 24-h washing cycles suggests that
leachable residual monomers and/or photoinitiator-related
species are effectively removed during this process. It can be
hypothesized that this reduction may be primarily attributed to
diffusion-driven extraction into the culture medium, potentially
aided by interactions with serum proteins present in the
medium. Cell viability is increased by a 17.2% when R was

Figure 3. MC3T3-E1 cells exposed to eluents collected after 24, 48, and 72 h in contact with R and its composites. (a) Live/Dead micrographs
(scale bar 300 μm) and (b) quantitative cell viability.

Figure 4. MC3T3-E1 cells exposed to eluents collected after 24 h in contact with R and its composites after 0, 1, and 2 washes. (a) Live/Dead
micrographs (scale bar 300 μm) and (b) quantitative cell viability.
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Figure 5. MC3T3-E1 cells were exposed 24 h, 48 h, and 7 days to eluents collected after 7 days in contact with washed samples. (a) Live/Dead
micrographs (scale bar 300 μm) and (b) quantitative cell viability.

Figure 6. NMR spectrum of unwashed and washed (a) R, (b) R′, and (c) R′ + G. Peaks boxed in green are due to MMA and in orange are due to
TPO.
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washed twice. Nonetheless, the filler’s nature remains a critical
factor, with the addition of GO demonstrating the potential to
elevate cellular performance to that of the washed native resin.

In light of these findings, twice-washed samples were treated
with basal media, and eluents were collected after 7 days.
Cultured cells after 1, 3, and 7 days showed a reduced presence
of damaged cell membranes with a general increase in
population across all samples over the 48 h and 7 days of
incubation, with ∼100% of cell viability for all the samples
(Figure 5). This shows that toxic compounds present in the
resin can be effectively removed from the base resin and the
nanocomposite samples through pretreatment in nutrient
media.

To determine the nature of the released components
responsible for the cytotoxic behavior of the eluents, 1H
NMR spectra were obtained.

1H NMR spectra of the unwashed samples (Figure 6)
showed small peaks at approximately 6.7 ppm, corresponding
to the aromatic protons region, which, taking into account the

resin composition, suggests the presence of the TPO
photoinitiator. Conversely, the peaks observed at 3.7−3.8
ppm can be ascribed to the residual monomer, still noticeable
in all conditions tested. When comparing each treatment, it
was found that the R’ samples showed an overall increase in
peak intensity, suggesting that the addition of MMA led to a
slightly higher amount of residual monomer and TPO release.
More importantly, all aforementioned peaks disappeared when
the samples were washed twice for 24 h. Therefore, the
majority of the residual monomer and photoinitiator have been
removed through the washing procedure, which could explain
the increased cell viability (Figure 5).

To confirm if the residual monomer and photoinitiator were
released, Shore D hardness and weight change were measured
(Table 1). It was found that the presence of water in the
polymer network produced a plasticization effect, reducing the
surface hardness of the sample. This plasticization is caused by
the separation of the polymer chains due to the presence of a
water molecule, which does not form primary chemical bonds

Table 1. Shore D Hardness and Weight Change of As-Printed, Washed and Washed + Dried Samplesa

R R′ + G R′ + GO

As-printed Shore D hardness 81 ± 3a 78 ± 2a 84 ± 2a,b

Washed Shore D hardness 78 ± 4a 79 ± 5a 81 ± 2a

Weight change (%) +0.57 ± 0.02A +0.50 ± 0.03A* +0.54 ± 0.05A

Washed and Dried Shore D hardness 84 ± 3a 80 ± 4a 85 ± 2b

Weight change (%) −0.11 ± 0.01B −0.13 ± 0.02B −0.11 ± 0.01B

aVertically, groups with identical small letters were not significantly different (p > 0.05) in hardness. Groups with identical capital letters were not
significantly different (p > 0.05) in weight change. Horizontally, * means significantly different (p < 0.05) taking R as a reference.

Figure 7. Compression tests for the base and GBN resins including (a) strength, (b) maximum deformation, and (c) characteristic stress−strain
curves. * Means significantly different (p < 0.05).
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with the polymer chain.37 However, when water was desorbed,
a decrease in weight accompanied by an increase in hardness
was found in all cases suggesting that some components, i.e.,
residual monomer and photoinitiator, were removed.34 These
changes were only significant (p > 0.05) for R′ + GO.
3.2. Mechanical Properties
From stress−strain curves, compressive strength and the
maximum deformation of the samples were calculated (Figure
7). For the as-printed samples, the addition of G did not
change the compression strength from the base resin, while
loading with GO led to a 30% increase. When comparing as-
printed and washed samples, the washing process reduced the
compression strength in R and R′ + GO samples (−6.7% and
−8.3%, respectively) while increasing it in the case of R′ + G
(+10.7%). However, differences between as-printed and
washed samples are not significant in any case (p > 0.05). In
the case of maximum deformation, differences between
samples and post-treatments are very negligible (p > 0.05).
These similarities can be observed in the stress−strain curves
analyzed through UNE-EN ISO 604 with all samples
demonstrating catastrophic failure (Figure 7c). Compression
tests also provided information regarding the material
toughness by analyzing the area under the curve. The
stress−strain curve of GO (Figure 7c) shows a higher Young’s
modulus, compression strength and maximum strain than the
other materials. Therefore, the addition of GO increases this
toughness to a larger extent than the compression strength.
Again, G did not change this parameter.
3.3. Weibull Analysis
Table 2 presents the results of the Weibull analysis for each
experimental group, including the estimated Weibull parame-

ters and their corresponding confidence intervals. Specifically,
the table summarized the characteristic compressive strength
(σθ) defined as the stress level at which 63.2% of the samples
are expected to fail and the Weibull modulus (m), which
reflects the variability of the strength values within each group.

Figure 8 illustrates the cumulative probability of failure as a
function of compressive strength for all studied groups. The
dotted lines represent the theoretical Weibull distributions
fitted to the data using the MLE method, while the individual
data points correspond to the empirical failure probabilities of
each experimental data calculated using the Hazen approx-
imation. This combined representation provides a clear visual
comparison between the experimental results and the fitted
model, offering insight into the goodness of fit for each
material group. In this context, lower Weibull modulus (m)

values are associated with increased scatter in the experimental
data, which is reflected by a larger dispersion of the data points
around the theoretical Weibull distribution.

The Weibull analysis reveals significant differences in the
mechanical performance and reliability of the tested resins,
both across material formulations and as a function of washing
treatment.

The base resin (R) in the as-printed condition exhibited the
lowest characteristic compressive strength (σθ = 110.7 MPa;
95% CI: 109.1−113.1 MPa), indicating reduced resistance to
stress before failure. However, it showed the highest Weibull
modulus (m = 36.7; 95% CI: 7.8−65.7), reflecting minimal
variability and high consistency in mechanical performance.
This indicates that the failure strengths for R were tightly
clustered around the characteristic value.

In contrast, the graphene oxide-modified resin (R′ + GO)
showed a substantially higher characteristic strength in the as-
printed condition (σθ = 149.0 MPa; 95% CI: 141.9−160.0
MPa), clearly above the upper limit of the confidence interval
for R, suggesting a statistically significant improvement in
mechanical strength. However, the modulus decreased to m =
11.5 (CI: 2.4−20.5), indicating greater dispersion in the failure
data.

The R′ + G resin exhibited a lower σθ than the formulation
reinforced with GO, and a m that partially overlaps with both R
and R′ + GO, suggesting that its performance is intermediate
and not significantly distinct from the others in terms of
variability.

These trends are also reflected in the cumulative probability
of failure curves. At a compressive strength of 110 MPa, the
probability of failure was approximately 40% for R, 70% for R′
+ G, and only 5% for R′ + GO, underlining the reinforcement
effect due to the addition of GO in enhancing strength and
lowering failure probability.

Washing altered the mechanical performance of all resins,
generally reducing their characteristic strength and reliability.
This was reflected in downward shifts in the Weibull
parameters and increased failure probabilities across all groups.
The reduction in the m parameter after washing indicates
greater data dispersion and decreased consistency in
mechanical behavior. These trends suggest that washing may
affect the internal structure or surface integrity of the resin,
possibly by removing unreacted components or inducing
microstructural changes, ultimately leading to reduced
predictability in failure behavior.

Table 2. Weibull Parameters: Characteristic Compressive
Strength (σθ), Weibull Modulus (m), and Their 95%
Confidence Intervals (95% CI) for As-Printed and Washed
Samples

R R′ + G R′ + GO

As-printed σθ (MPa) 110.7 108.0 149.0
(95% CI) (109.1−113.1) (101.8−117.0) (141.9−160.0)
m 36.7 9.2 11.5
(95% CI) (7.8−65.7) (2.5−15.8) (2.42−20.5)

Washed σθ (MPa) 104.4 118.3 143.7
(95% CI) (101.2−109.2) (111.9−127.6) (131−163.1)
m 16.8 9.7 5.8
(95% CI) (4.5−29.0) (2.6−16.8) (1.6−10.0)

Figure 8. Cumulative probability of failure as a function of
compressive strength derived from Weibull distribution for all
materials (R, R′ + G, and R′ + GO) before and after washing.
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These results highlight the trade-offs between mechanical
strength and reliability in resin composites. While GO
inclusion clearly improves strength, its associated variability,
as seen in the reduced m parameter, must be controlled for
consistent performance. Moreover, washing resulted in a
substantial decrease in characteristic strength and reliability
across all groups. However, the washed R′ + GO formulation
still exhibited higher strength and lower failure probability
compared to the other washed resins, underscoring its
mechanical advantage even after postprocessing.
3.4. Fracture Analysis

To better analyze the fracture mechanics of the base and
reinforced composites, the resulting surfaces of cryogenic
fracture were analyzed by SEM (Figure 9). For the base resin
(Figure 9a), a clean, smooth surface displaying a river-like
pattern can be observed, with clear characteristics associated
with brittle fractures.35,38 However, the addition of GO (Figure
9c) has led to a series of multileveled features, accompanied by
the significant presence of tortuous cracks and tear ridges.
These observations strongly suggest instances of crack
deflection and matrix/filler debonding within the material.39

On the other hand, R′ + G (Figure 9b) presents a notably
smoother surface, which may arise from the reduced
entanglement or interlocking of polymer chains with the
nanofiller particles. In addition, the presence of deep dimples
likely indicates the aggregation of G, serving as a clear indicator
of the nonuniform dispersion of G within the acrylic matrix.40

4. DISCUSSION
The results of the indirect cytotoxicity tests on the as-printed
samples clearly indicate that the extracts from unwashed
samples exhibited cytotoxic behavior, in agreement with
previous observations from Xu et al.41 on acrylic resin and
the importance of washing to limit toxicity. Previous studies
have explored different methods to reduce this cytotoxic effect
by reducing the amount of residual monomer through rinsing
in IPA,41 water26 or autoclaving.28 In our experiments, washing
the 3D-printed materials twice for 24 h each proved to be an
effective method for enhancing their biocompatibility.
According to ISO 10993-5, in vitro cytotoxicity may be
assessed using extract-based methods to evaluate the biological
effects of leachable substances released from a material. Within
this regulatory framework, a material is considered non-
cytotoxic when cell viability remains above 70% relative to the
negative control. In this study, all washed samples tested using
the extract-based approach exhibited cell viability values
exceeding this threshold, confirming that the washing
procedure effectively reduced the cytotoxic potential associated
with residual monomers and photoinitiator-related species
released from the printed resins.

NMR analysis indicated that the potentially toxic compo-
nents, MMA and TPO, were either removed or no longer
released into the media following this treatment. Previous
researchers42,43 have indicated a clear relationship between
residual monomer and hardness with the residual monomer
acting as a plasticizer, reducing hardness and rigidity. Although
the effect is subtle due to the low amount of residual monomer
and photoinitiator, the presented results support a reduction in
weight and an increase in hardness after washing in basal
media, suggesting the release of residual photoinitiator and
monomer.

Based on the results of this study, the addition of MMA,
employed as a strategy to achieve adequate dispersion of GBN
in the polymer matrix, did not significantly impact cytotoxicity.
However, it resulted in higher peak intensities in the NMR
spectra, indicating a slightly increased release of residual
components. Previous studies44 proved that an increase in the
amount of monomer in the formulation of acrylic resins results
in a decrease on degree of conversion and, therefore, an
increase in residual monomer. Consequently, the higher peak
intensities can be due to a higher amount of residual monomer
when adding MMA to the resin. Regarding the nano-
composites with GBN, interestingly, R′ + G required
additional washes to achieve biocompatibility levels compara-
ble to R′ + GO. Despite these differences, all washed samples
demonstrated cell viability above 90%, indicating that with
proper washing protocols, these materials can be considered
biocompatible for biomedical applications.

The higher toxicity observed in G is likely attributed to the
increased presence of residual monomers and photoinitiators,
resulting from the lower degree of polymerization in R′ + G, as
reported by previous studies,32 where an inhibition of the
polymerization process was found due to the presence of G.
This lower degree of polymerization was also observed in the
reduction of double bond conversion (DBC) found in previous
studies when G was added to the resin.45

In terms of mechanical properties, the addition of GO
increased compressive strength by 30%, whereas G did not
produce significant improvements. The influence of G and GO
on mechanical performance stems from their ability to deflect
crack fronts and hinder crack propagation, effects that are more
pronounced in terms of toughness and dynamic loading rather
than static mechanical strength.12 In this study, the addition of
GO significantly increased the area under the compression test
curve, indicating enhanced toughness in the nanocomposite.
Achieving such improvements with nanofillers requires good
dispersion within the polymer matrix and strong interfacial
adhesion, as widely documented.46,47 The interaction between
GO and the matrix confirmed through SEM analysis,
demonstrated effective bonding that contributed to these
enhancements. In contrast, the lack of mechanical improve-

Figure 9. SEM micrographs of cryogenic fracture of (a) R, (b) R′ + G, and (c) R′ + GO (scale bar 50 μm).
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ment with G is attributed to poor adhesion between the
nanographene filler and the resin, resulting in diminished
mechanical performance, as previously found by Hanon et al.48

when using graphene as a filler in a biobased photocurable
resin.

The use of Weibull analysis in this study aligns with its
proven utility in evaluating the mechanical reliability of
materials for orthopedic and tissue engineering applications.
Previous studies, such as Prakash et al.,30 demonstrated the
effectiveness of Weibull distribution for assessing the reliability
of 3D-printed PLA/HA scaffolds, highlighting its relevance for
tissue engineering and biomedical applications. Similarly, Barui
et al.31 applied Weibull analysis to 3D-printed Ti-6Al-4 V
biomaterials, emphasizing its importance in evaluating the
strength reliability of orthopedic implants. These studies
validate the application of Weibull analysis as a robust tool
for assessing variability and predictability in mechanical
performance, providing a deeper understanding of the
material’s suitability for load-bearing and long-term biomedical
applications.

The Weibull analysis proved essential for complementing
traditional mechanical testing, offering insight not only into
average material strength but also into the reliability and
consistency of performance. While GO-modified resins
reached characteristic strength values (σθ) within the range
reported for cortical bone (130 and 200 MPa).49 Their lower
Weibull moduli revealed higher variability in failure behavior.
This variability may limit their applicability in scenarios
requiring predictable mechanical responses. In contrast, the
base resin (R), despite its lower strength, demonstrated
superior reliability through a higher m value. These findings
highlight the critical role of Weibull statistics in identifying
trade-offs between strength and reliability�information that
remains hidden in conventional average-based analysis. For
biomedical applications, where both high strength and
consistent performance are required, such dual-parameter
evaluation becomes a key decision-making tool.

The findings from this study highlight the importance of
such evaluations, demonstrating that understanding and
addressing variability are as critical as improving mechanical
performance when developing materials for prosthetics,
scaffolds, and other biomedical products. In addition, a
preliminary cost estimation was performed for the best-
performing formulation (R′ + GO), indicating that the
incorporation of graphene oxide leads to an approximate
14% increase in material cost compared to the neat commercial
resin (R). Although this represents a moderate rise in
production expenses, it may still be justified in biomedical
applications, where material selection is primarily driven by
mechanical performance, reliability, and functional benefits
rather than purely cost-minimization, supporting the potential
feasibility of the proposed formulation for specialized clinical
and research-oriented uses.

5. CONCLUSIONS
Based on the study findings, the photocurable acrylic resins
studied here, including those modified with graphene (G) and
graphene oxide (GO), exhibit sufficient biocompatibility and
mechanical reliability for biomedical applications when
subjected to an appropriate washing protocol. These attributes
are particularly important for biomedical products, where
consistent and predictable performance under mechanical
stress is essential to ensure patient safety and functionality. The

washing process achieved cell viability above 90%, confirming
the safety of these materials for extended interaction with the
human body.

GO-modified resins showed a marked improvement in
mechanical strength, with increases observed in both the
maximum compression strength and the characteristic strength
(σθ) compared to the base resin (R). However, Weibull
analysis showed that GO-modified resins exhibited slightly
greater variability in mechanical performance compared to R,
indicating differences in reliability. While G-modified resins did
not enhance mechanical strength significantly, they maintained
reliability comparable to the base resin.

This study highlights the potential of stereolithography as a
versatile platform for fabricating intricate, biocompatible, and
mechanically reliable materials for biomedical applications,
such as prostheses and scaffolds. GO-modified resins offer a
combination of enhanced mechanical performance and
biocompatibility, paving the way for their use in biomedical
applications where product safety and reliability are para-
mount. However, the slightly lower predictability in mechan-
ical performance observed with GO-modified resins suggests
that further evaluation may be necessary to ensure consistent
performance under diverse biomedical conditions.
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