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ABSTRACT: Material science is recognized as a frontrunner in achieving a
sustainable future, owing to its primary reliance upon petroleum-based
chemical raw materials. Several efforts are made to implement common
renewable feedstocks as an alternative to common fossil resources. For this
purpose, additive manufacturing (AM) represents promising and effective
know-how for the replacement of high energy- and resource-demanding
processes with more environmentally friendly practices. This work presents a
novel biobased ink for stereolithography, which has been formulated by
mixing a photocurable poly(ester amide) (PEA) obtained from renewable resources with citrate and itaconate cross-linkers and
appropriate photopolymerization initiators, terminators, and dyes. The mechanical features and the relative biocompatibility of 3D-
printed objects have been carefully studied to evaluate the possible resin implementation in the field of the textile fashion industry.

■ INTRODUCTION

Three-dimensional (3D) printing or additive manufacturing
(AM) has emerged over the past 40 years in the academic and
industrial research environments as a cost- and time-effective
technique for the manufacturing of customized complex
objects without the use of molds and excessive waste.1,2 The
main technological originality of AM techniques relies on the
manufacturing of 3D objects by depositing the appropriate
material on a substrate in a layer-by-layer fashion with the
guidance of a printable command sequence achieved exploiting
a digitally sliced computer-generated model created by
Computer-Aided Design (CAD).3 Even though AM was
originally developed for the rapid prototyping of tools of
industrial interest, in the last years it is rapidly spreading
because of its ability to print a broad array of materials,
improving sustainability, design production, and costs
compared to traditional methods.4 This technology offers
indeed the possibility to reduce the cost impact of labor and
materials by enabling the possibility to test the quality of a
product or its parts before moving to large-scale production.
For this reason, the fast-growing industrial and technological
impact of AM is constantly expanding in fields such as tissue
engineering, biomedical applications, jewelry, textile, dentistry,
and soft robotics, depending on the material features.5−8

Among the different techniques known to date, stereo-
lithography (SLA) plays a crucial role. The strategy behind its
working principle relies on a liquid monomeric or oligomeric
resin that is photocured and hardened when exposed to laser
light, generally in the near UV range.9 Taking advantage of the
polymerization of a photocurable ink in the presence of a
photoinitiator, it is possible to obtain fine resolution complex

architectures with elastomers, stretchable hydrogels, stimuli-
responsive, and shape-memory materials.10−13 UV-mediated
photopolymerization is often preferred to thermally driven
radical polymerization since it enables the monomers cross-
linking at or below room temperature, enabling for the
employment of thermally unstable monomers and for
applications that are not compatible with higher temper-
atures.14 In the last decades, the versatility of AM technologies
has been proved highly suitable for applications in the textile
fashion industry, allowing for the exploitation of printable raw
materials for the production of fabrics and clothing.15 The
production strategy can exploit the fabrication of an entire
object in a single setup, but in some cases separately printed
pieces are combined to build a more complex single garment.
Polymeric materials can also be enriched by the incorporation
of hard-wearing parts with comfortable textiles to allow for
increased flexibility and textural properties in the final
manufactured product. The supplementation of wearable
smart textiles and fashion products with small, lightweight,
and sensitive trackers has broadened researchers’ perspective
toward the design and fabrication of e-textiles using 3D
printing technology.16,17 Due to the availability of filaments of
synthetic polyamides, polyethylene terephthalate (PET), ABS,
polyvinyl acetate (PVA), cellulose composites, or polyur-
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ethanes, the main AM technology implemented for textiles
production is Fused Deposition Modeling (FDM).18 Surpris-
ingly, very little effort has been dedicated toward the
implementation of photopolymerizable inks for textile
applications.
In the last decades, the scientific community has directed a

great amount of effort toward the application of renewable
polymers in replacement of fossil-based ones in order to reduce
the environmental impact of materials processing and
production.19 Sustainability in the textile industry requires a
significant reduction of waste generation, material trans-
portation, and energy consumption. To date, polyesters are
considered the most competitive biobased counterpart due to
their unprecedented properties and affordable costs. The
synthesis and characterization of flexible polyesters starting
from itaconic acid and other biobased chemicals have been
recently investigated by some of us.20 The resulting
photocurable ink, obtained after the combination of the
prepolymer with photopolymerization initiators/inhibitors,
cross-linkers, and dyes, showed a good printability resolution
in reasonable time scales, together with a total biobased
content of as high as 96.5%. In the same way, several studies
focused on the synthesis and application of poly(ester amide)s
for additive manufacturing.21−25 The introduction of diamines
into the synthetic pathway results in the formation of amide
moieties in the polymer backbone, that can confer to the 3D
printed material an improved biodegradation rate and
processability, together with the desired mechanical proper-
ties.26 In particular, itaconic-acid-based poly(ester amide)s
have not been widely investigated yet due to the possible
occurrence of an aza-Michael attack of the diamine to the α,β-
unsaturated double bond of the acid. A straightforward
approach allows the use of presynthesized symmetric
diamido-α,ω-diols as a building block, in order to prevent
the activation of undesired collateral reactions.27

Herein, we describe the development of a fully biobased
unsaturated poly(ester amide) for SLA, suitable for applica-
tions in the textile/fashion industry. Using our previous work
as an outline, a long-chain fatty acid is introduced to simplify
the manufacturing process, exerting a lubricating and
plasticizer effect. Finally, the 3D-printed samples are
thoroughly evaluated in terms of their mechanical properties
and biocompatibility after the introduction of amide moieties
into the polymer backbone.

■ EXPERIMENTAL SECTION
All chemicals were purchased from Sigma-Aldrich Co. (St Louis, MO,
USA) and used as received, except for ε-caprolactone which was
freshly distilled after dehydration for 12 h over calcium hydride as a
drying agent. All aqueous solutions were prepared with deionized
water obtained using an ultrafiltration system (Milli-Q, Millipore)
with a measured resistivity above 18 MΩ/cm.
Synthesis of the Diamidodiol N,N′-(Butane-1,4-diyl)bis(6-

hydroxyhexanamide), DAD. 1,4-Butanediamine (0.225 mol, 19.88
g) was placed in a round-bottomed flask equipped with a drip funnel
and under nitrogen atmosphere. Once heated to 120 °C, freshly
distilled ε-caprolactone (0.451 mol, 51.3 g, 50 mL) was slowly added
dropwise to the first reactant. The reaction was performed by keeping
the mixture at 120 °C for 3 h. After cooling the reaction to room
temperature, the white solid product was used for polymerization as-
is, without further purification. The 1H NMR spectrum is available in
Figure S1. 1H NMR (400 MHz, D2O) δ 3.60 (t, J = 6.6 Hz, 4H), 3.21
(d, J = 5.1 Hz, 4H), 2.25 (t, J = 7.3 Hz, 4H), 1.71−1.46 (m, 12H),
1.35 (qd, J = 9.7, 8.9, 6.1 Hz, 4H).

Synthesis of the Poly(ester amide) Poly(diamidodiyl
itaconate-co-vanillate), PEA. The poly(ester amide) (PEA)
oligomer was synthesized by solventless thermal polycondensation,
adapting a method already described.28 Briefly, itaconic acid (0.564
mol, 73.38 g) and vanillic acid (0.0564 mol, 9.49 g) were added to the
previously synthesized DAD (0.226 mol, 71.38 g) and the reaction
mixture was stirred at 150 °C under nitrogen flux. The mixture was
gradually heated until a homogeneous melt formed, and then it was
stirred for 10 h under nitrogen flow. The pressure was then reduced
to approximately 0.025 atm, and the reaction was stirrred for at least
20 h. The molten product was poured in chloroform (150 mL), and
the solution was then washed several times with brine and aqueous
HCl solution (0.5 M). An oily yellow product was then obtained after
drying the organic phase over anhydrous Na2SO4 and evaporating the
solvent under vacuum. The resin was stored in chloroform solution in
the fridge (+4 °C), taking care not to expose it to light. Yield = 58%,
calculated as the ratio between the mass of the obtained polymer and
the sum of the masses of the employed reagents subtracting the
amount of condensed water under vacuum.

Photocurable Ink Formulation and SLA 3D printing. The
photocurable resin was obtained upon mixing in a round-bottomed
flask 48.5 g of the oligomer PEA, 25 g of BHI, 8 g of THC, 7.5 g of
lauric acid, 7.5 g of 2-hydroxyethyl methacrylate, 0.5 g of
diphenyl(2,4,6-trimethyl benzoyl)phosphine oxide, 0.5 g of phenyl
bis(2,4,6-trimethyl benzoyl)phosphine oxide, 0.5 g of 2,2-diethoxy
acetophenone, and 2 g of 4-methoxy phenol. The mixture was
magnetically stirred for 20 min to ensure the homogeneous mixing of
all components. The organic solvent was then removed first by rotary
evaporation and then with a high vacuum (<0.5 mmHg).

Dog-bones and bars for tensile and flexural trials have been realized
via computer-assisted design (CAD), with the former matching the
ISO 527-2 Type 1BA (75 × 10 × 2 mm3) specifications and the latter
being an 80 × 10 × 4 mm3 rectangular bar. The virtual model was
then sliced by exploiting Ultimaker Cura (4.9.1), the software
provided to the costumers by the printer manufacturer. All items were
printed using a Peopoly MOAI 130 SLA printer equipped with a 405
nm UV-LED laser with a spot size of 70 μm. The printer is
characterized by the presence of a fluorinated ethylene-propylene
(FEP) vat which is able to achieve a total building volume of 13 × 13
× 18 cm3 with a layer height resolution beyond 5 μm. All the
optimized printing parameters are described in detail in the
Supporting Information. Once the printing process is complete, the
items are gently detached from the building plate and rinsed in an
acetone−isopropanol solution (1:1) to remove the excess resin. Then,
the raw 3D printed objects were postcured for 4 min at room
temperature in a UV chamber (Sharebot CURE, Sharebot, wave-
length 375−470 nm, 34.7 mW/cm2). For some of the printed objects,
an additional postcuring treatment in a UV chamber (FormCure,
Formlabs), performed for 60 min at 60 °C with a light source of 405
nm and power of 1.25 mW/cm2, was done.

Characterization. 1H and 13C NMR spectra were obtained on
Varian Inova (14.09T, 600 MHz) and Varian Mercury (9.39 T, 400
MHz) NMR spectrometers. In all recorded spectra, chemical shifts are
reported in ppm of frequency relative to the residual solvent signals
for both nuclei (1H: 7.26 ppm for CDCl3 and 4.79 ppm for D2O;

13C:
77.16 ppm for CDCl3).

13C NMR analysis was performed using the
1H broadband decoupling mode.

Size exclusion chromatography (SEC)/gel permeation chromatog-
raphy (GPC) was performed on a Knauer system (controlling a
Smartline Pump 1000 equipped with a K-2301 refractive index
detector). A Shimadzu Shim-Pack GPC-803 column (0.8 cm × 30
cm) and a Shimadzu Shim-Pack GPC-800P (10.0 × 4.6 mm) guard
column were used as column systems. HPLC grade tetrahydrofuran
(THF) was used as the eluent with a flow rate of 1 min mL−1. The
system was calibrated with polystyrene (PS) standards obtained from
PSS covering a molar mass range from 300 to 50 000 g mol−1

(Merck).
Differential scanning calorimetry (DSC) was performed with a

Q2000 setup (TA Instruments, New Castle, DE, USA) according to
the following method: (1) Heating ramp 20 °C/min, from −85 to
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170 °C (1st heating); (2) ramp in cooling 20 °C/min, down to −85
°C (cooling); (3) ramp in heating 20 °C/min, from −85 to 170 °C
(second heating). The Tg value was obtained from the endothermal
peak in the second heating curve.
Tensile and Flexural Tests. Tensile testing was performed in a

universal testing machine (Shimadzu) at a constant speed of 1 mm/
min according to ISO 527-2. Young’s modulus, tensile strength, and
elongation at break values were dissected for each one of the
measured specimens. Young’s modulus was determined as the slope
between 0.05% and 0.5% strain in the stress−strain plots, and tensile
strength was obtained as the maximum stress value in the curve.
Elongation at break was obtained as the strain value at the rupture
point (maximum value in the x-axis). In the same way, flexural testing
of standardized specimens was performed in a universal testing
machine (Shimadzu) at an interval of 0−5% strain at a constant speed
of 1 mm/min, according to ISO 178. The flexural modulus was
calculated as the slope between 0.05% and 0.25% strain. At least five
specimens were tested in all cases. Results were averaged, and
standard deviations were presented as error bars.
Cell Viability Tests and Statistical Analysis. In order to assess

the release of cytotoxic compounds from the 3D printed material, 1 g
of the material was placed in 10 mL of cell culture medium (DMEM
with 10% FBS, 1% L-Glu, 1% Pen/Strep) for 15 and 60 min, after
which the solid material was removed. HaCat cells (1 × 104) were
seeded on polystyrene 12-wells culture plates and incubated with the
cell culture medium. Treated cells and control samples were
incubated at 37 °C, 5% CO2 for 24 h. Cell viability was assessed
using a live/dead Double Staining Kit (Sigma-Aldrich). A dual
fluorescent staining solution with cyto-dye and propidium iodide was
added to each well according to manufacturer’s protocols. The kit
utilizes cyto-dye, a permeable green fluorescent dye, to stain live cells,
and propidium iodide, a nonpermeable red fluorescent dye that can
only enter the cells when their membrane is damaged (dead cells).
The images were acquired using a Leica DMI3000 B fluorescence
microscope. All quantitative data were expressed as the mean and
standard deviation. Cell count was performed using Volocity software,
and data were analyzed using GraphPad Prism 6. For each analysis,
statistical significance was tested using a t test for the selected point. p
< 0.05 was considered statistically significant.

■ RESULTS AND DISCUSSION
Synthesis of DAD and PEA. Among the few examples of

biobased photocurable monomeric compounds, itaconic acid is
a promising candidate for the production of bioderived
polymers, being synthesized by distillation/dehydration of
citric acid or by fermentation of biomasses by appropriately
engineered bacteria.29 Despite it undergoing slower photo-
polymerization compared to commercial acrylates because of
its hindered unsaturation, itaconic acid represents an
economically and green alternative to petrochemical mono-
mers.30 On the other hand, several synthetic routes have been
designated to produce biobased aliphatic and aromatic
diamines from renewable resources such as biomasses.31

Generally, they are mainly obtained in biotechnology via
fermentation, enzymatic processes, or different engineering
strategies. The biosynthesis of small amounts of 1,4-
diaminobutane, also known as putrescine, occurs in healthy
living cells via L-arginine or L-ornithine. Otherwise, bioen-
gineered synthetic strategies such as gene expression, protein
engineering, deletion of byproduct pathways, or enhancement
of metabolic flux can be applied for the production of
putrescine in Escherichia coli or Corynebacterium glutamicum. As
reported in our previous work,20 vanillic acid, obtained by
oxidation of naturally occurring vanillin, was demonstrated to
play a major role in allowing for the production of biobased 3D
printable inks for stereolithography. Besides imparting a
pleasant vanilla smell, its light absorption properties limit of

the diffusion of UV photons through the resin, allowing one to
obtain high printing resolutions on the x−y plane.
The synthetic route is adapted from previous work by

Papadopoulos et al., where itaconic acid was reacted under a
standard polycondensation reaction with different diamines to
achieve a photocurable liquid poly(ester amide) to examine its
thixotropic behavior.27 However, the reactivity of primary
amines toward the α,β-unsaturated double bond of itaconic
acid was previously demonstrated to make it significantly more
difficult to avoid side reactions in the formation of biobased
unsaturated poly(ester amide)s. In fact, the nucleophilicity of
primary amines allows for aza-Michael addition reactions to
the unsaturation of itaconic acid, generating non-photocurable
pyrrolidone rings. Trying to circumvent this phenomenon, we
propose an innovative strategy using a symmetric diamido-α,ω-
diol as the building block, starting from 1,4-diaminobutane and
ε-caprolactone.26

The synthesis of the diamidodiol (DAD, Figure 1) was
conducted without the use of solvents and under dry
conditions that required freshly distilled reactants.

1H NMR analysis reveals the absence of unreacted reagents
and shows the presence of the characteristic peaks of the
desired compound without byproducts (Figure S1). Thus, it
was used for polymerization as-is without the need for further
purifications.
Following the standard polycondensation synthetic proce-

dure, the unsaturated poly(ester amide) (PEA) photocurable
resin has been obtained by reacting at high temperatures
itaconic acid with predetermined percentages of vanillic acid
and the aforementioned DAD (Figure 2 and Table S1). From
the polycondensation reaction, a fully random copolymer was
formed, with itaconic and vanillic acid esterified either with the
DAD or with the phenolic group of vanillic acid.
The synthesized itaconic-acid-based photocurable ink was

characterized by NMR spectroscopy (1H- and 13C NMR), to
evaluate the outcome of the polycondensation reaction and to

Figure 1. Chemical reactions for the synthesis of the diamidodiol
DAD.

Figure 2. Synthetic route for the synthesis of the diamidodiol-based
poly(ester amide). The photocurable group of itaconic acid is
highlighted in orange.
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assess whether undesired side reactions had altered the
monomers functionalities. (Figure 3). As expected, NMR
analysis has revealed the full structural integrity of the
employed monomers, and no signal coming from unreacted
reagents was detected.
In order to evaluate weight and molar composition of the

obtained polymer, NMR analysis was performed after full
alkaline hydrolysis of a polymer sample. (Figure S2). The
composition is reported in Table 1, whereas the whole
calculation is available in the Supporting Information (SI). The
notation for repeating units (m, n, and x in Figure 2 for vanillic
acid, DAD, and itaconic acid, respectively) has been
determined by setting m = 1 and using the molar composition
to calculate the corresponding values of m and n. Following

this procedure, it is possible to monitor and set the number of
photopolymerizable bonds, attributable to the percentage of
itaconic acid that enters the polymeric chain. As described in
SI, the synthetic strategy was optimized by careful screening of
the reaction conditions, to obtain mechanical features of the
product in accordance with its possible applications (Table
S1).
The average molecular weight of the poly(ester amide) was

determined by size exclusion chromatography (SEC)/gel
permeation chromatography (GPC), revealing that for the
prepared polymer Mn = 1050 g mol−1 and Mw = 1575 g mol−1,
corresponding to PDI = 1.500. This low polymerization degree
is in accordance with the catalyst-free thermal polycondensa-
tion selected synthetic route, allowing for the obtainment of a
relatively low-viscosity liquid with rheological properties
compatible with its formulation in liquid resins for stereo-
lithography. Finally, differential scanning calorimetry (DSC)
has been performed on the printed objects (Figure S3). DSC
analysis of the photocured material reveals the presence of one
small endothermic process around room temperature, which
can be attributed to the glass-to-plastic transition of the
polymeric chains in the PEA network.

Ink Formulation. The classic composition of a resin
suitable for SLA 3D printing requires the presence of different
components, including the photocurable substrate with
reactive acrylate/methacrylates moieties, cross-linkers, photo-

Figure 3. 1H NMR (top) and 13C NMR (bottom) spectra (600 and 151 MHz, respectively, in CDCl3) of PEA, with the peak assignments to the
related monomers.

Table 1. Monomer Composition of the Synthesized PEA
and the Corresponding Values for the Number of Repeating
Units in the Average Polymer Structure, Obtained by
Integration of the 1H NMR Spectrum of a PEA Sample after
Alkaline Hydrolysis

itaconic acid vanillic acid diamidodiol

molar composition 28 mol % 5 mol % 67 mol %
weight composition 14 wt % 3 wt % 84 wt %

x m n
5 1 12
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polymerization initiators, and terminator. Although the
obtained ink is rich in photopolymerizable bonds, the latter
alone is not enough to support the realization of sophisticated
constructs that would collapse on themselves during the
printing process. For such purposes, the formulation is
enriched with some synthetic cross-linkers. Among these,
bis(2-(methacryloyloxyethyl) itaconate (BHI) and tris(2-
(methacryloyloxyethyl) citrate (THC) have already been
extensively described in our previous work.20 Such esters of
2-hydroxyethyl methacrylate (HEMA) can be considered as
biobased due to the renewable source of the carboxylic acids
(itaconic and citric acid). As the methacrylic ester of ethylene
glycol, HEMA can be considered biobased because while
ethylene glycol can be produced by fermentation of xylose in E.
coli, methacrylic acid can be manufactured by catalytic
oxidative dehydrogenation of biosynthetic isobutyric acid.32−34

The generation of reactive free radicals by the interaction of
the appropriate photoinitiating system with UV light is
required for the activation of the monomers in the mixture,
generating larger radicals that allow for the polymer chain
growth.14 In particular, we explored the combination of two
acyl phosphine oxides such as phenyl bis(2,4,6-trimethyl
benzoyl)phosphine oxide (Figure 4a, BAPO, 0.5 wt %) and

diphenyl(2,4,6-trimethyl benzoyl)phosphine oxide (Figure 4b,
MAPO, 0.5 wt %) together with 2,2-diethoxy acetophenone
(Figure 4c, DEAPH, 0.5 wt %). Interestingly, one method to
control photoinduced polymerization and to avoid the
overcure phenomenon is to use radical terminators, which in
our case is represented by 4-methoxy phenol (Figure 4d,
MHQ, 2 wt %) that has been selected due to its low cost and
its relatively high effectiveness and safety.
On the other hand, lauric acid (Figure 4e, LA) is a medium-

chain fatty acid found in nature in triglycerides, being
particularly abundant in coconut milk and oil, laurel, and
palm kernel oil.35 As reported in the literature, the usage of this
naturally occurring compound, in addition to the modulation

of mechanical properties, has been extensively described as a
lubricant and plasticizer in 3D printing by material extrusion
and composite biofilm realization, due to its ability to form H-
bonds.36,37 In this case, it is expected to efficiently lubricate
and plasticize surfaces, making the process of detaching the
final product from the build platform easier and avoiding
fractures of the finished product. A saturated acid was
deliberately chosen so as not to have possible interference
with the polymerization and printing process. The effects of its
addition are shown in Figure S4. LA is solid with a melting
point around 43 °C, so this issue must be considered during
the formulation of the printing resin. It cannot be used at high
concentrations; otherwise, the risk of inducing solidification of
the ink during the polymerization process inside the vessel
increases. The optimized value of its concentration within the
printing formulation corresponds to 7.5 wt %. Finally, the right
amount of photocurable bonds in order to optimize printability
and to reach the predetermined target has been achieved by
adding a small amount of HEMA (7.5 wt %). The
photocurable resin was obtained upon mixing in a round-
bottomed flask a certain amount of the prepolymer (PEA) with
the relative proportions of the other components, as reported
in Table 2. This approach allows for the formulation of a

renewable resin with a biobased content as high as 96.5% since
all the building blocks employed for the synthesis of PEA and
the cross-linkers can be considered as renewable and biobased.

Optimization of 3D Printing Parameters. Printing
parameters are optimized to reach products with good surface
quality, sufficient mechanical strength, negligible dimensional
error, and minimum production time. The first step involves
the slicing of the virtual models that have been performed by
exploiting Ultimaker Cura (4.9.1) software (Figure S5). The
variation of some key parameters in the slicing phase (referred
to as external, since are not machine-dependent) such as the
print speed, the layer height, and the travel speed, allows
optimization of the total printing process. However, the initial
layer print speed must be kept under control, to ensure the
correct photopolymerization of the base layers, which will be
subjected to greater stress during the detachment from the
building plate and which will ensure the adhesion of the resin
to the build stage. The final object can be more or less compact
according to the number of the top/bottom layers, inner/outer
wall lines, and their relative thickness, in agreement with the
final object target. In the same way, the printing speed can be
tuned by varying the infill density and its relative pattern to
create objects that can cover a wide range of applications. The
next step foresees the optimization of the printer parameters
(referred to as internal parameters), which include a first

Figure 4. Chemical structures of the employed photoinitiators (a−c),
radical terminator (d), and plasticizer (e).

Table 2. Weight Composition of the Developed Biobased
Ink for SLA 3D Printing

photocurable ink formulation

poly(ester amide) (PEA) 48.5 wt %
bis(2-(methacryloyloxyethyl) itaconate (BHI) 25 wt %
tris(2-(methacryloyloxyethyl) citrate (THC) 8 wt %
lauric acid (LA) 7.5 wt %
2-hydroxyethyl methacrylate (HEMA) 7.5 wt %
diphenyl(2,4,6-trimethylbenzoyl)phosphine oxide (MAPO) 0.5 wt %
phenylbis(2,4,6-trimethylbenzoyl)phosphine oxide (BAPO) 0.5 wt %
2,2-diethoxy acetophenone (DEAP) 0.5 wt %
4-methoxyphenol (MHQ) 2 wt %
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calibration of the instrument and subsequently the custom-
ization based on the type of resin. The first attempts must be
aimed at identifying the minimum laser power value necessary
to allow the resin photopolymerization, to ensure the
maximum printing resolution. Standard printing parameters
suggested by the printer manufacturer were first employed,
leading to limited polymerization and incomplete 3D printing.
To improve the quality of the 3D printing process, laser speed
was gradually decreased and laser power and infill density were
gradually increased until tensile test dog-bones were
successfully formed with good resolution. The exposure to
the laser must be enough to allow the object to harden and
self-sustain, but at the same time too long irradiation times
would lead to overcuring phenomena with a loss of resolution
as a consequence. Most of the other tunable parameters are
related to the movement of the printing plate toward the ink
vat during the separation of two subsequent layers, in terms of
the degree of inclination and tilt speed. All the optimized
parameters are shown in the Supporting Information (Tables
S2 and S3). However, it is very difficult to standardize this type
of optimization because it is strongly dependent on the 3D
printer since the laser power is not constant during the lifespan
of the 3D printing machine.
Mechanical Properties of the 3D Printed Objects.

After the optimization of the printing parameters as described
in the Supporting Information, dog-bone specimens for tensile
testing were printed according to ISO 527-1BA, while 80 × 10
× 4 mm3 rectangular bars were produced for flexural tests
according to ISO 178 (Figure S6). After printing, all 3D
printed specimens were first cured at room temperature for 4
min in a UV chamber equipped with a 34.7 mW/cm2 UV light

source; then, in order to evaluate the effect of further cross-
linking on the mechanical properties of the printed material,
we explored the effect of a secondary postcuring process
performed at higher temperature (60 °C) with lower light
power (1.25 mW/cm2) and for longer times (60 min). Figure
5 shows the tensile and flexural strain−stress curves of five
independent measurements of the PEA samples printed after
UV curing for 4 min at 34.7 mW/cm2 (PC-1) and subsequent
postprocessing for 60 min at 60 °C at 1.25 mW/cm2 (PC-2).
Average results dissected from the 5 repeats tested for each
sample are summarized in Table 3.

These resins show a characteristic viscoelastic behavior with
two distinct linear regions with different slopes, contrary to
other polymeric materials which show first a defined elastic
behavior and then a plastic deformation characterized by a
plateau. Samples that underwent a longer postprocessing (PC-
2) exhibit higher Young’s modulus, tensile strength, and
flexural modulus, indicating that this treatment allowed further
cross-linking of the material without a noticeable loss in the
ductility. Regardless of the postprocessing performed, the
resins exhibited elongation at break values above 30% strain.
Also, the resins did not fail during the flexural testing,

Figure 5. (a,b) Tensile and (c,d) flexural testing curves of 3D printed PEA structures. PC-1 samples were UV-cured for 4 min at 34.7 mW/cm2,
while PC-2 samples were subjected to a further UV postcuring for 60 min at 60 °C at 1.25 mW/cm2. Five independent tests are presented for each
sample.

Table 3. Summary of the Mechanical Parameters Dissected
from Tensile and Flexural Testing

Young’s
modulus
(MPa)

tensile
strength
(MPa)

elongation at
break (%)

flexural
modulus
(MPa)

PC-1 53.0 ± 17.7 3.9 ± 0.5 37.8 ± 1.4 53.5 ± 13.9
PC-2 84.7 ± 5.9 5.4 ± 0.6 34.2 ± 2.4 133.8 ± 16.9
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indicating that they are able to withstand strains of 5%. The
bars recovered their initial shape after nondestructive flexural
bending after ca. 30 min, indicating that this material might be
suitable for memory shape applications. Nonstandard, longer
flexural experiments applying strains above 5% were done, and
it was found that the resin breaks at strain above 15%,
indicating high flexibility. These experimental pieces of
evidence show values that are completely in line with the
current trend and with mechanical properties of the latest
generation biobased resins, for which Young’s modulus is in
the range of 3.5 and 40 MPa.38,39 Moreover, Young’s and
flexural moduli are in line with the requirements for the
application of the described PEA resin for the production of
textiles.
Cell Viability Tests. In order to preliminarily assess the

biocompatibility of the printed resin for possible future textile
applications, an in vitro analysis of cell viability was carried out.
Human keratinocytes seeded on polystyrene Petri dishes and
exposed for 24 h to the eluate did not display any difference in
terms of adhesion, morphology, and viability compared to the
control experiment (Figure 6), demonstrating no intrinsic
cytotoxicity of the reported material.

■ CONCLUSIONS
In the present work, a photopolymer resin based on biobased
raw materials is prepared for application in stereolithographic
3D printing. The proposed ink offers a reliable green and low-
cost alternative to fossil-based formulations available on the
market. Straightforward application of the formulation in a
commercial SLA printer is demonstrated by the successful
fabrication of tensile and flexural bars, on which a careful

mechanical characterization was evaluated. The manufactured
prototypes demonstrate an elastic modulus and elongation at
break comparable to those of recently published biobased
resins, which suggests good applicability in the identified
target. In addition, samples that underwent a longer
postprocessing time exhibit even more encouraging data,
indicating that this treatment allowed further cross-linking of
the material without affecting their performance. Cellular
viability on human keratinocytes has been assessed and
confirmed that no cytotoxicity response is revealed. Taken
together, the last two features suggest a possible future focus
on the development of stereolithography-based formulation of
green textiles that would allow the employment of the reported
formulation for the manufacturing of fashion products and
accessories.
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