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A B S T R A C T

Stereolithography is a 3D printing technique in which a liquid monomer is photopolymerized to produce a
solid object. The most widely used materials usually belong to the family of acrylate monomers, and photo-
polymerization occurs through a radical pathway. Photoinitiators can absorb UV or (less often) visible light,
producing radicals for direct decomposition or hydrogen abstraction. Due to the toxicity of acrylates, vege-
table oil-derived monomers were used in this study. In fact, vegetable oils contain unsaturations, and thus,
they can be exploited as monomers. In particular, linseed oil, tung oil or edible oils (soybean, sunflower or
corn) could be good candidates as raw materials. Unfortunately, the photoinduced radical polymerization of
these oils either does not occur or is too slow for 3D printing applications. For this reason, the oils were
modified as epoxides. Epoxides are monomers that are more reactive than natural oils, and they can be
polymerized via a cationic mechanism. The aim of this work was to exploit visible light generated by a
common digital projector (like those used in classrooms) as a light source. Since the tested photoacid gen-
erators working under visible light are ineffective for the polymerization of epoxidized oils, a multi-component
photo-initiating mixture was used.

1. Introduction

Additive manufacturing, usually known as 3D-printing, is a tech-
nique introduced a few decades ago to manufacture objects, mainly
for prototyping. The technique has been widely used in the last two
decades, through the adoption of open-hardware and software ap-
proaches, leading to the introduction of the so-called RepRap ma-
chines, in which all the plastic parts of the printer can be created by
the printer itself. In fact, RepRap machines could be built for less than
the price of a laptop PC. Several techniques are used for the creation of
an object: the widely used fused deposition modelling (FDM), selective
laser sintering (SLS), light-induced (including laser) photo-
polymerization (also called stereolithography, STL) and inkjet
printing, and combinations of the techniques are also used. Currently,
3D-printing has become useful for scientists, starting from the building
of custom labware [1,2] as well as dedicated chemical reactors [3]. In
addition, electronic circuits [4] or microwave devices [5] can be
realized with this technique. Moreover, the introduction of bottom-up

manufacturing permits us to tailor technological applications, such as
lithium-ion batteries [6]; in particular, 3D-printing is of special in-
terest when it is used to build materials that cannot be produced under
conventional fabrication techniques, such as metamaterials [7] or
ultra-stiff materials [8]. Other applications are related to medical
applications, such as tissue engineering or bone reconstruction and the
use of living cells as materials (bioprinting) [9–14], or the fabrication
of autonomous soft robots [15]. To compile an exhaustive list of all the
possibilities opened by 3D-printing is not possible, and these are only
some recent examples taken from the literature. It is noteworthy that
chemical research can provide new materials to be used for novel
applications and new technologies are being exploited every day. For
example, the introduction of a new technique leading to speed en-
hancement, together with other improvements, received attention in
scientific literature [16] as well as from the media.

Surprisingly, only a few studies have deepened our understanding of
the possible release of toxic substances such as volatile organic com-
pounds (VOCs) or fine particles during printing [17–19], and these
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studies are related mainly to two (ABS and PLA) of the possible plastic
filaments.

Moreover, 3D printed parts obtained both from FDM and STL can
also show toxicity towards zebrafish embryos [20]. The toxicity of STL
printed objects depends on the curing process after printing. In fact,
printed objects are cured with UV light after printing and this treatment
can reduce their toxicity. However, the treatment does not completely
eliminate the toxicity of these parts. This could be related to the pre-
sence of residual acrylate (and methacrylate) monomers, since they are
well known toxic compounds [21] for inhalation, swallowing and skin
contact. Acrylates are known to cause cytotoxicity, cardiovascular
failure, gastrointestinal problems, respiration issues, and develop-
mental malformations [22,23]. However, most of the widely used resins
available on the market for 3D printing are acrylates photoinitiated
with type I or type II photoinitiators [24] (e.g., resins for dental ap-
plications).

For this reason, we considered using modified vegetable oils as
monomers. Vegetable oils by themselves, excluding siccative oils, pos-
sess very low reactivity towards photopolymerization.

Vegetable oils represent a renewable resource that can be used as
reliable monomers, but many of the applications are based on their
acrylate derivatives ready for radical polymerization [25,26].

Many applications of vegetable oils use their polyurethane mod-
ification [27]. However, although polyurethanes can have interesting
applications, in this work we decided not to use health concerning in-
termediates such as isocyanates, needed for their preparation.

To increase the reactivity of oils, while keeping an eye on their
toxicity, their epoxides were considered instead in this paper. In
fact, epoxidized vegetable oils are greener alternatives that are
suitable for producing epoxy resins and thermosetting materials
[28,29]. Epoxide polymerization can be undergone via cationic
ring-opening polymerization. Thanks to recent advances in the field
[30], it is possible to trigger polymerization with a standard digital
projector.

2. Materials and methods

Reagents are commercially available from Sigma Aldrich (Italy).
Vegetable oils were bought at the local store and used without further
purification. Visible light photoacid generators (PAGs) Irgacure PAG
103 and Irgacure PAG 121 were kindly supplied by BASF.

1H-NMR spectra were recorded with a Bruker AV-300 300MHz
spectrometer in CDCl3. The IR spectra were recorded with a Perkin
Elmer 1600 FT-IR Spectrophotometer equipped with Specac Golden
Gate attenuated total reflectance (ATR). Differential scanning calori-
metry (DSC) analyses were performed by heating approximately 20mg
of the samples in an Al pan at 5 °C/min from −90 °C to 300 °C under
nitrogen flux in a Q2000 apparatus provided by TA Instruments. To
obtain Photo-DSC analyses, the DSC was modified using 3D printed
components (see below). Thermogravimetric analyses (TGA) were
performed with a Mettler Toledo-TGA 1 Stare System. The sample was
placed in an alumina crucible. The temperature programme was a
heating ramp from 25 °C to 800 °C at a rate of 10 °C/min. Nitrogen was
used as a carrier gas (4 L/min) and background (a run performed in the
same conditions with an empty crucible) was subtracted from the
measurement.

2.1. Photo-DSC apparatus

The photo-DSC apparatus is composed of a plano convex lens
(focal length 100 mm, diameter 12.7 mm), one LED (nominal wave-
length 405 nm; viewing angle 120°; electrical power 4830mW), and
3D printed supports. The distance LED-lens is 100mm, while the lens

focus is positioned at the bottom of the aluminium crucible. For each
measurement, 30–40mg of the samples was used. Photo-DSC analyses
were performed in isothermal conditions at 30 °C under argon flux.
The plano convex lens and the LED are commercially available from
ThorLabs.

2.2. Experimental stereolithographic apparatus

The experimental stereolithographic apparatus is made up of a data
projector HDMI IBM M400 with the following features: resolution
1024×768 pixels, lamp (electrical) power 120W, light intensity 1100
lumens; a plano convex lens (focal length 150mm, diameter 70mm); a
front-surface mirror and a stepper-driven vertical motion system
(Fig. 6). The dimension of the projection area was 47× 65mm. The
measured light intensity of the focussed light on the building platform
(measured with instrument DeltaOhm HD9921 equipped with probe
HD9921/S2 sensible in the range 450–950 nm) was 0.2W/m2 and
270W/m2 respectively for black and white colour. The apparatus is
controlled by software written by us in Python, running on a Raspberry
Pi. It allows us to project layers of sectioned objects and to control the
movement of the platform. Section images were calculated using Slic3r
software.

2.3. Epoxidation of vegetable oils

The procedure was adapted from reference [31]. In a 500-mL three-
necked flask equipped with condenser, thermometer and dropping
funnel, 100 g of vegetable oil and 13.97 g of formic acid were heated
and stirred at 45 °C–55 °C. When the system reached this range of
temperature, 0.5mL of sulfuric acid 98%w was added as a catalyst, and
then.116.98 g hydrogen peroxide solution 35%w in H2O was gradually
dropped into the mixture during the first phase of reaction (for Tung oil,
160 g of H2O2 solution were used instead). The temperature was kept
between 45 °C–55 °C. The molar ratio of natural oil: formic acid: H2O2 is
1:2.64:8.9. When all the H2O2 was added, the reaction was allowed to
continue for 4–5 h at 55 °C.

Then, the system was cooled down to 25 °C. During this period, the
mixture separated into two parts. Subsequently, by using a separating
funnel, the mixture was washed with distilled water and sodium bi-
carbonate solution (5 g/200mL) repeatedly until its pH was equal to
7.0.

Then, ethyl acetate was added to the organic phase. Brine solution
was added in order to remove excess water in the organic phase. The
cloudy solution was then dried with anhydrous magnesium sulfate at
ambient temperature. After 2 h, the clear mixture was filtered and the
solvent was removed by vacuum evaporation.

2.4. Photopolymerizable epoxide composition photocatalysed with a radical
photoinitiator

The formulation of the solution was adapted from reference [32]. In
5.64 g of epoxidized vegetable oil, 0.066 g of phenylbis(2,4,6-tri-
methylbenzoyl) phosphine oxide (BAPO), 0.12 g of diphenyliodonium
hexafluorophosphate (IOD1), or bis(4-methylphenyl)iodonium hexa-
fluorophosphate (IOD2), or bis(4-tert-butylphenyl)iodonium hexa-
fluorophosphate (IOD3) and 0.25mL tris-(trimethylsilyl) silane
(TTMSS) were dissolved. A small quantity of Sudan I (S1), i.e., 125 μL of
S1 stock solution (10mg/mL), was added. The solution was submitted
to ultrasounds for 0.5 h. The quantity of S1 can be varied between 0.005
and 0.4mg/mL to adjust the thickness of the layers, with an inverse
relationship existing between the quantity of S1 and the thickness of the
layers.
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2.5. Photopolymerizable epoxide composition photocatalysed with
curcumin

The formulation of the solution was adapted from reference [32]. In
5.82 g of epoxidized vegetable oil, 0.066 g of curcumin, 0.12 g of di-
phenyliodonium hexafluorophosphate (IOD1), or bis(4-methylphenyl)
iodonium hexafluorophosphate (IOD2), or bis(4-tert-butylphenyl)io-
donium hexafluorophosphate (IOD3) were dissolved. In this case, no
dye was added. The solution was submitted to ultrasounds for 0.5 h and
heated at 40 °C [33].

2.6. EPR photolysis

EPR spectra were recorded on a Bruker EMX X-band continuous
wave spectrometer equipped with an EPR cavity Bruker ER4102ST.
Working conditions were amplitude modulation 5 G, microwave power
10mW, field sweep 200 G and acquisition time 10.5 s for each scan.
Irradiation was performed with a focussed lamp (Osram HBO 100W
Super Pressure Mercury Lamp) with glass lens (the light spot on the
cavity is approximately 5 cm in diameter).

3. Results and discussion

3.1. Preliminary experiments

The preliminary experiments allowed us to define the behaviour of
the natural oils when they were exposed to the DLP digital projector
light. Untreated natural oils, as expected, do not change after an ex-
posure time of 30min. The addition of 2% photoinitiator (BAPO)
caused skinning and bleaching only on the Tung oil. In another control
experiment, natural oils were mixed with 2% PAG 103 or PAG 121
visible light photoacid generators. As in the previous case, no poly-
merization occurred after irradiation. Only Tung oil showed the for-
mation of a thin film and a change of colour, going from yellow to red/
brown in the irradiated area.

Preliminary experiments showed that the oils need to be chemically
modified for the applications of 3D printing. The chosen chemical
modification was epoxidation to improve the characteristics of the
natural oils.

3.2. Epoxidation

Epoxidation reaction conditions were optimized. A minimum tem-
perature of 45 °C was found to start the reaction, since temperatures
higher than 55–60 °C lead to a reduced formation of epoxide, likely due
to its thermal decomposition and partial polymerization. In Fig. 1, the
temperature in the course of the reaction is shown for the exploratory

reactor (250mL) and the production (1000mL) reactor. As seen
(Fig. 1), the increase in volume negatively affects the thermal con-
trollability of the reaction. This should be taken into account in the
scaling up of the process.

The internal epoxidation degree (IED) of the natural resins was
calculated by considering the ratio between the 1H-NMR integrals of
epoxy functional groups (EFG), between 2.9–3.1 ppm, and the double
bonds (DB) between 5.3–5.4 ppm. The IED (Table 1) was calculated
using the following equation:

=
+

IED Epoxy Functional Groups
Epoxy Functional Groups Double Bound( )

100

The epoxidation reactions of Tung oil revealed many problems
during the entire process, such as the formations of lumps or the dif-
ficulty to separate the epoxidized oil from water.

The 1H-NMR spectra are reported as Supplementary Material.

3.3. Photoinduced cationic polymerization

3.3.1. Method 1
Preliminary tests with PAGs and epoxides gave no detectable

amount of polymer, except for skinning. For this reason, the method
adopted for polymerization was based on the mechanism of free radical
promoted cationic polymerization (FRPCP) [34]. The reaction me-
chanism (Fig. 2) is initiated by an acylphosphinoxide visible-light
photoinitiator (BAPO) having a high quantum yield in radical produc-
tion. The acyl radical generated undergoes hydrogen abstraction on the
silane (H-Donor in Fig. 2), giving a silyl radical. Subsequently, the io-
donium salt (IOD1 or IOD2 or IOD3) has sufficient oxidation potential

Fig. 1. Temperature-time graph for a reaction with a 250-mL(B) and a 1000-mL
(A) vessel.

Table 1
Measured internal epoxidation degree of oils and yields of epoxidation.

Starting material Internal Epoxidation Degree [%] Epoxidation yield [%]a

SOYBEAN OIL 90%±5% 31%
CORN OIL 89%±5% 24%
SUNFLOWER OIL 89%±5% 34%
LINSEED OIL 86%±5% 25%
TUNG OIL* 33%±11% 31%

a calculated on the amount of dried epoxide at the end of the process.

Fig. 2. Reaction mechanism for the polymerization of epoxides.
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to oxidize the silyl radical, giving the silyl cation that is the reactive
specie the ability to initiate cationic ring-opening polymerization. The
iodonium radical produced after the oxidation underwent a fast de-
composition, giving an aryl iodide and aryl radical that ultimately led
to benzene formation if IOD1 was used. For this reason, in order to
avoid the release of benzene from the polymerized matrix, IOD2 and
IOD3 were used instead. It is noteworthy that, in this reaction me-
chanism, the silane has the dual role of radical intermediate and oxygen
scavenger. Nevertheless, TTMSS can be substituted with an equal molar
amount of N-vinylcarbazole. In this case, the polymer formed has an
increased mechanical stiffness.

3.3.2. Method 2
The BAPO/H-donor system can be simplified by using a visible

light photosensitizer able to form cations. For this reason, curcumin, a
natural occurring dye extracted from the spice turmeric, can be used
efficiently [35]. However, curcumin alone is not able to start the
polymerization of the epoxides. Nevertheless, the photoreaction of
curcumin produces radicals that can be easily oxidized by iodonium
salts. For this reason, the complexity of the mixture is reduced and the
silane is no longer necessary. Moreover, due to the high absorptivity of
curcumin in the visible range, no dye is necessary for efficient
printing.

3.4. EPR measurement

The irradiation of a BAPO/silane/iodonium/epoxide mixture in the
EPR cavity gave the immediate peak of a silane radical. The radical
could survive in the mixture for several minutes after the irradiation
was stopped. If the irradiation was prolonged for some minutes, sec-
ondary radical species appeared in the centre of the EPR spectrum
(carbon-centred radicals), but only when IOD2 was present (Fig. 3).

This dynamic could be related to the formation of benzyl radicals,
but due to the poorly resolved spectrum, it was not possible to make a
clear attribution.

As seen in Fig. 4, the silyl radicals rapidly increased under irradia-
tion, reaching a photostationary equilibrium. At the same time, carbon
radicals accumulated in the matrix. When irradiation was stopped, the
silyl radicals showed an exponential decay, while the concentration of
carbon radicals was stable. It is possible that carbon radicals are loca-
lized and blocked in the polymerized part of the mixture, while silyl
radicals are reacting with IOD2, producing (cationic) EPR-silent spe-
cies.

When curcumin was used instead of the BAPO/H-donor system,
only the radicals derived from curcumin decomposition were visible by
EPR, giving a broad singlet (Fig. 5). The observed radicals disappeared
immediately when the light is turned off.

3.5. Photo-DSC measurement

Photo-DSC analysis of formulations with BAPO and curcumin were
done in isothermal conditions at 30 °C under an inert argon atmosphere.
The heating due to the focalized light of the LED on the aluminium
crucible (0.6 mW) was subtracted from all data. When the LED was
turned on, the analysis showed how the samples that contained the
BAPO released more energy (2.47–10.43 J/g) than the samples with the
curcumin (0.146–0.616 J/g). The same was true for the speed of reac-
tion; indeed, BAPO samples were faster (1200–2400 s) than the cur-
cumin (3600–7200 s). All graphics are included in the support material
(Figs. S6–S10).

3.6. Printing process

A visible light absorber is necessary in order to prevent light from
also promoting polymerization in the deeper layers. The amount of the
dye influences decisively the time of polymerization. For this reason,

Fig. 3. EPR spectrum recorded during irradiation (see text). Dotted line: after
1 s of irradiation; continuous line: after 1min irradiation.

Fig. 4. EPR signal intensity of silyl radicals (continuous line) and carbon ra-
dicals (dotted line) during irradiation. The vertical line represents the end of
irradiation.

Fig. 5. EPR signal obtained during irradiation of the mixture containing cur-
cumin.

Table 2
Effect of S1 concentration on time of polymerization.

Test A
S1 concentration
0.117mg/ml

Test B
S1 concentration
0.124mg/ml

Test C
S1 concentration
0.146mg/ml

Polymerization time
[s]

90 s 150 s 280 s
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different tests were done using three types of natural resins that were
obtained by changing the concentration of S1 and timing the poly-
merization process. In this way, the minimum required quantity of S1 to
obtain a perfect level of polymerization was determined. During the
three tests, S1 was dosed by adding a stock solution (10mg/ml) to the
natural resin (Table 2).

The exposure tests showed that the optimal quantity of S1 to get a
good degree of polymerization is 0.117mg/ml, for an exposure time of
90 s and layer thickness of 0.1 mm. As a sake of comparison, a com-
mercial acrylate resin (Maker Juice TM) with our system gave a poly-
merization time of 7–10 s for layer.

Printing tests were done using the system built and optimized by us.
The apparatus used is similar to the setup presented by Muskin [36],
which is made up of a data projector, a converging lens, a front-surface
mirror and a vertical motion system. To improve the control of the
printing, a Raspberry Pi was chosen, which allowed us to make the
process completely automatic (Fig. 6). The clamps and ring stands were
used to place the lens and mirror appropriately to ensure an optimal
quality of the projected images.

The whole printing process is based on the following steps:

• Exposure. The section image of the model was projected on the
surface of the resin for the necessary time to have a complete
polymerized layer (Fig. 7a).
• Immersion. After a first sinking of the support for the specified layer

height (Fig. 7b), the support was lowered (Fig. 7c) and raised
(Fig. 7d) for a few millimetres (3–5mm).This feature was in-
troduced to resolve the problems related to viscosity of the resins. In
fact, the high viscosity and surface tension of the resin made it
difficult to form a new layer of liquid on the top of the printed
object.
• Settling time. When a new layer of resin was ready, a pause between
two consecutive exposures was provided.

The first layer height was manually fixed and a different and long
exposure time was used to improve the adhesion to aluminium support
of the printed object.

The printed objects showed a good resolution even if the high
viscosity of the medium tended to deform the first layers (Fig. 8, left),
which are subjected to increased stress due to the immersion-emersion
system.

To reduce the viscosity of the resin, tri(ethylene glycol) divinyl
ether can be added as a cationic reactive diluent. A concentration of
20% by weight was found to be optimal to improve the printability of
the material (Fig. 8, right).

3.7. Characterization of printed material

The IR spectrum of the polymerized material showed the dis-
appearance of the epoxide ring bands at 821 cm−1 and 902 cm−1

(Fig. 9), in agreement with literature data [37].
The thermogravimetric analysis, performed under inert gas, showed

an initial loss of volatiles (7%) approximately 180 °C, probably due to
residual initiators. Noticeably, the polymer possessed a high thermal
stability and thermal decomposition occurs only at temperatures higher
than 350 °C (Fig. 10).

Differential scanning calorimetry (Fig. 11) showed that the printed
material possessed an exothermic peak approximately 150 °C. The peak
disappeared during the second heating. This indicated that the poly-
merization process needs to be completed after the printing (curing).
Both thermal curing (70 °C for 6 h) and curing by light (the objects were
exposed to sunlight for a few days) were investigated. The best results

Fig. 6. Scheme of the apparatus used for 3D printing.

Fig. 7. Phases for the printing process: exposure (a), lowering of support (b),
sinking (c), emersion (d), settling time (e).

Fig. 8. Objects printed with linseed oil based resin. Left: neat linseed epoxide
(112 layers, 0.2 mm each, 90 s exposure time for each layer), right: linseed
epoxide with 20% tri(ethylene glycol) divinyl ether (102 layers, 0.2 mm each,
60 s exposure time for each layer).
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in terms of mechanical resistance were obtained for objects cured
slowly under sunlight. From the calorimetric curve, it was also possible
to see that the cured polymer possessed a reversible glass transition at
approximately −26 °C.

4. Conclusion

Vegetable oils without chemical modifications, mixed with the ra-
dical or cationic photoinitiators tested, did not undergo polymerization
to the extent needed for 3D printing applications. The epoxidation of
the oils, together with the FRPCP reaction mechanism, was instead
suitable to prepare them for stereolithography. Moreover, a simplified

formulation with curcumin and iodonium salts was also effective, even
if the exposure time increased. In particular, the best results, in terms of
quality of the object printed and durability, were obtained with epox-
idized linseed oil as the monomer. Unexpectedly, in our conditions,
epoxidized soybean oil was reactive only when TTMSS was replaced by
N-vinylcarbazole. To the best of our knowledge, the results presented in
this work are the first to exploit vegetable oils’ derivatives without
acrylates in 3D printing. The biggest issue found was due to the high
viscosity of the epoxides that rendered difficult the formation of a liquid
layer over the printed material and ultimately led to shear stress during
the printing process. This can be fixed, for example, by admixing dif-
ferent cationic reactive diluents having lower molecular weights.

Fig. 9. FT-IR spectrum of linseed, epoxidized (dashed line), and polymerized linseed (solid line).

Fig. 10. Thermogravimetric analysis (TGA, solid line) and first derivative of the mass signal (DTG, dashed line) of epoxy resin based on linseed oil.
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