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Abstract
Nowadays, most of the commercial resins for VP are composed of (meth)acrylated urethanes, as they are cheap and provide 
good mechanical properties to the thermosets produced by their photocuring. However, such urethanes are still produced 
using toxic and polluting isocyanates, though alternative pathways exploiting cyclic carbonates and biobased amines are 
arising. Unfortunately, the use of biobased amines and carbonates to produce (meth)acrylate urethanes often leads to the 
formation of solid products that display poor solubility in the liquid components of photocurable resins. In this work, we 
describe the synthesis of fully biobased diurethanediols using a biobased diamine and bioderived carbonates functionalized 
with itaconic acid moieties that are liquid at room temperature and that can be efficiently formulated with (meth)acrylic 
and itaconic acid-based formulations for VP leading to 3D printed materials with good mechanical properties, comparable 
to those of commercially available non-biobased alternatives. In fact, depending on the resin formulations, the addition of 
diurethanediols diitaconates led to the obtainment of 3D printed materials with elastic moduli as high as 1 GPa, and tensile 
strengths over 30 MPa, and biobased contents as high as 90 wt.%. These products may serve as candidates for the replacement 
of isocyanate-based components with the aim of increasing the sustainability of resins’ manufacturing for VP.

Keywords  Non-isocyanate urethanes · Itaconic acid · VAT photopolymerization · Biobased materials · Additive 
manufacturing

1  Introduction

The basic principle of additive manufacturing, also known 
as 3D printing, is building up an object layer by layer; in a 
first stage, the design of the desired object is created by com-
puter-aided design (CAD) and the virtual model is then digi-
tally sliced into horizontal layers for a printable command 
sequence. Via a command file usually named G-code, the 
virtual coordinates are sent to the 3D printer, which deposits 
the material in predesigned locations at the x–y plane and 
the entire process is repeated along the z-axis. Compared to 
traditional manufacturing techniques, modifications in the 
shape of the 3D printed manufactures can be easily done by 
modifying the digital object, without the need for unique 
tools for a single modification [1]. Furthermore, 3D printing 
is a sustainable manufacturing process, as additive fabrica-
tion results in much less material waste [2]. Among the dif-
ferent technologies, vat photopolymerization (VP) allows 
to produce three-dimensional objects by selectively photo-
curing monolayers of a monomeric resin into layered 3D 
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objects [3–5]. The use of high-resolution UV light sources 
for triggering the spatially controlled photopolymerization 
of the resins enabled the manufacturing of objects with small 
details at resolutions of the order of tens of microns, depend-
ing on the available implementation [6]. Moreover, the lim-
ited price of the required equipment has made VP the first 
high-resolution 3D printing technique available for private 
consumers’ and everyday use [7, 8]. In addition, by selecting 
the appropriate monomers to be formulated into the photo-
curable resin, it is possible to obtain materials spanning over 
a large range of mechanical, thermal, optical and electrical 
properties, allowing to employ VP in a great variety of high 
added value applications, such as for biomedical, dental, 
jewelry and aerospace [9–11], with potential applications 
spanning from stimuli-responsive materials to tissue engi-
neering [12, 13]. Thanks to its important contribution to the 
good mechanical properties of 3D printed materials, one of 
the most commonly employed monomers for producing VP 
resins is (7,9,9-trimethyl-4,13-dioxo-3,14-dioxa-5,12-diaza-
hexadecane-1,16-diylbis(2-methylacrylate), known simply 
as urethane dimethacrylate, produced by reacting a difunc-
tional aliphatic isocyanate with 2-hydroxyethyl methacrylate 
[14–16]. In the industrial sector, the synthesis of isocyanates 
poses a significant hazard not only in terms of the isocy-
anates themselves, but also concerning the substrates used in 
their production; on an industrial scale, in fact, isocyanates 
are obtained through the phosgene route [17]. Owing to the 
increasing concerns related to the environmental impact of 
isocyanates and their production processes, the scientific 
community has developed alternative routes for the produc-
tion of urethanes and polyurethanes by aminolysis of cyclic 
carbonates, obtained in turn by reacting bioderived epoxides 
with CO2 [18, 19]. Considerable research efforts have been 
devoted to exploring the potential of carbon dioxide as a 
renewable C1 building block for chemical synthesis. The 
rationale behind this stems from the fact that CO2 is abun-
dant, readily available, non-toxic, and non-flammable, mak-
ing it an attractive and cost-effective source for the produc-
tion of chemical products [20]. On the other hand, biobased 
epoxides can be synthesized from waste vegetable oils via 
epoxidation, which not only provides a sustainable alterna-
tive to traditional petroleum-based epoxides, but also utilizes 
a waste product, helping to reduce environmental impact 
[21]. By combining bifunctional primary amines with mono-
functional cyclic carbonates such as ethylene carbonate (EC) 
and propylene carbonate (PC), it is possible to produce diu-
rethanediols (UDOs), which have been previously employed 
for the preparation of poly(ester urethane)s [22, 23]. The 
diamines can be selected in the pool of biobased diamines 
which include 1,3-propanediamine, 1,4-butanediamine, and 
1,5-pentanediamine, obtained by decarboxylation of lysine, 
arginine, and ornithine, respectively [24]. Furthermore, 
UDOs have been recently employed as additives in VP after 

functionalizing the alcoholic termini with methacrylate 
residues [25]. However, the efforts towards an increase 
in the sustainability of VP resins were limited by the use 
of methacrylic acid as the photocurable moiety, and the 
incorporation of diamines from non-renewable resources. 
Disappointingly, the produced methacrylated UDOs were 
solid at room temperature, thus limiting their applicabil-
ity for applications in VP. Currently, the most promising 
candidate that is emerging as a biobased alternative for 
replacing (meth)acrylic acid functionalities in photocurable 
mixtures is indeed itaconic acid, or 4-methylenesuccinic 
acid. Traditionally produced by distillation of citric acid, 
itaconic acid is nowadays produced by direct fermentation 
of glucose-containing biomasses by specifically engineered 
bacterial strains. [26]. Many examples of the incorporation 
of itaconic acid in resins for VP have been recently reported 
in the literature, mainly employing its diesters, polyesters, 
poly(ester-amide)s and poly(ester-thioether)s [27–30]. In a 
single example available in the literature, biobased UDOs 
have been polymerized with itaconic acid to produced fully 
biobased photocurable poly(ester-urethane)s, but their 
physical properties did not make them suitable for the for-
mulations of 3D printable resins, and they were explored 
mostly as coating materials [31]. This paper introduces the 
synthesis and characterization of liquid biobased diurethan-
ediols (UDOs) that have been functionalized with itaconic 
acid monomethyl ester for use in high precision additive 
manufacturing applications. The liquid state of the UDO 
backbones allows them to be combined with high percent-
ages of (meth)acrylic and itaconic acid-based co-monomers, 
resulting in the development of highly biobased photocur-
able resins. The addition of UDOs-I has been thoroughly 
investigated for its impact on the mechanical properties of 
these resins, including tensile, flexural, and hardness proper-
ties, revealing mechanical properties comparable to those of 
commercially available non-renewable urethane monomer-
based alternatives. The biobased content of the prepared 
formulation has also been evaluated and discussed in rela-
tion to the extracted mechanical properties. This research 
presents a fully biobased building block that can be used in 
photocurable mixtures for high precision additive manufac-
turing applications to increase their sustainability without 
significantly affecting their mechanical properties.

2 � Materials and methods

All chemicals were purchased from Sigma-Aldrich (St. 
Louis, MO, USA) and used as received. Chloroform was 
dried by distillation over CaCl2 and used promptly. Grind-
sted Soft-N-Safe (9-hydroxystearic acid monoglyceride 
triacetate, SNS) was purchased from Danisco (Brabrand, 
Denmark).
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2.1 � Synthesis of the diurethanediols 
bis(hydroxyethyl)butane‑1,4‑diyl dicarbamate 
(UDO2) and bis (hydroxypropyl)butane‑1,4‑diyl 
dicarbamate (UDO3)

In a 500 mL round-bottomed flask equipped with a large 
magnetic stirrer 1,4-diaminobutane (DAB, 89.5 g, 1 mol) 
was added dropwise to 2 mol of the appropriate carbonate 
(ethylene carbonate, EC, 176 g, for UDO2 and propylene car-
bonate, PC, 204 g, for UDO3) under a nitrogen atmosphere. 
The mixture was kept at 80 °C for 1 h to ensure the reac-
tion's completeness. Then, the product was rapidly cooled 
to room temperature and precipitated with diethyl ether to 
obtain the desired products as a white solid, which was then 
filtered and dried. ESI–MS: [M+Na+] = 287 for UDO2 and 
[M+Na+] = 315 for UDO3. Yield = 92% for UDO2 and 90% 
for UDO3.

2.2 � Synthesis of monomethyl itaconoyl chloride

In a 1 L round-bottomed flask under nitrogen atmosphere 
equipped with a CaCl2 drying tube, 180 mL of oxalyl chlo-
ride (2.1 mol) was added to itaconic acid monomethyl ester 
(216 g, 1.5 mol). The reaction was allowed to take place by 
stirring overnight at room temperature. Once the reaction 
was completed all acid was dissolved, and unreacted oxa-
lyl chloride was distilled at room temperature under high 
vacuum and recovered for further use. Then, the temperature 
was increased to 120 °C and pure monomethyl itaconoyl 
chloride was distilled off as a colorless liquid from the reac-
tion mixture and stored under inert atmosphere in the dark 
at − 20 °C. 1H NMR (400 MHz, CDCl3) δ 6.72 (s, 1H), 6.18 
(s, 1H), 3.72 (s, 3H), 3.40 (s, 2H). Yield = 86%.

2.3 � Synthesis of diurethanediols bis(methyl 
itaconate) (UDO2‑I and UDO3‑I)

In a three-necked dry 500 mL flask equipped with a large 
magnetic stirrer and a rubber septum, 200 mL of dry chlo-
roform in which 0.115 mol of UDO2 (28.3 g) or UDO3 
(33.4 g) was dissolved was added under a nitrogen flow. 
Subsequently, 32.5 mL (230 mmol) of triethylamine was 
added and the mixture was cooled down to 0 °C using an 
ice bath. Then, 29 mL (0.23 mol) of monomethyl itaconoyl 
chloride were slowly added dropwise over 1 h using a drop-
ping funnel. When the addition was complete, the ice bath 
was removed, and the mixture was left under stirring and 
nitrogen atmosphere for 2 h. The mixture was washed sev-
eral times with water to remove triethylamine chloride, 
residual monomethyl itaconoyl chloride, and traces of the 
corresponding carboxylic acid. Then, the organic phase was 
dried over Na2SO4 and evaporated to afford the diurethan-
ediol bis(methyl itaconate)s. ESI–MS: [M+Na+] = 553 for 

UDO2-I and [M+Na+] = 567 for UDO3-I. Yield = 83% for 
UDO2-I and 85% for UDO3-I.

2.4 � Synthesis of 1,4‑butanediyl bis(methyl 
itaconate)—I2B1

In a 1-L round-bottomed flask, dimethyl itaconate (474 g, 
3 mol) and butanediol (132 mL, 1.5 mol) are mixed with 
5.25 g (21 mmol) of dibutyltin (IV) oxide. The mixture is 
heated to 160 °C for 1 h during which the methanol pro-
duced by the transesterification reaction is removed by dis-
tillation. At the end of the reaction, the mixture is cooled 
to room temperature, dissolved in ethyl acetate and washed 
with water three times. The organic phase is therefore dried 
over sodium sulfate and evaporated to afford I2B1 as a pale-
yellow liquid. 1H NMR (400 MHz, CDCl3) δ: 6.32 (2H), 
5.71 (2H), 4.15 (4H), 3.76 (3H), 3.69 (3H), 3.33 (4H), 1.72 
(4H). ESI–MS [M+Na+] = 365. Yield = 87%.

2.5 � Formulation of photocurable resins

The synthetized photocurable monomers were mixed with 
a fixed-speed planetary mixer (Precifluid P-MIX100) for 
4 min according to the compositions reported in Table 1, 
then poured into the 3D printer vat for spatially controlled 
photopolymerization (Fig. 1). To all formulations were also 
added ethyl (2,4,6-trimethylbenzoyl) phenylphosphinate (Et-
APO, 2.0 wt.%) as the photoradical polymerization initiator, 
2-isopropylthioxanthone (ITX, 0.3 wt.%) as the photoab-
sorber, and 2,6-ditert-butyl-4-methylphenol (BHT, 0.5 wt.%) 
as the radical trapping stabilizer, while Grindsted Soft-N-
Safe (9-hydroxystearic acid monoglyceride triacetate, SNS, 
7.2%) was added as the plasticizer.

Table 1   Weight compositions of the prepared photocurable formula-
tions and the corresponding overall biobased contents

Percentages sum up to 90% because the remaining 10% is composed 
of the photoinitiating system and the plasticizer

Resin GDMA (%) GPT (%) I2B1 UDO3-I Biobased 
content (%)

A0 45 45 – – 29.6
A1 40 40 – 10% 37.1
A2 30 30 – 30% 52.1
A3 20 20 – 50% 67.1
B0 34 34 22% – 46.1
B1 15 15 10% 50% 74.7
C0 11 11 68% – 80.7
C1 5 5 30% 50% 89.7
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2.6 � 3D printing of photocurable resins

Dog bones for the tensile test were designed by a com-
puter-assisted design (CAD) following the ISO-37 Type 2 
specifications (5 × 2 mm2 of section, 25 mm gauge length), 
and 100 × 40 × 10 mm3 rectangular bars were designed for 
three-point bending tests according to ISO 178. The 3D 
models were sliced using Chitubox v1.7.0 software by 
importing, at first, the *.stl files corresponding to tensile 
and bending test specimens onto the virtual plate and then 
configuring the printing parameters (such as layer height 
and exposure time) before slicing the final objects for 
printing into the corresponding g-code. The layer’s height 
was 0.1 mm, while the irradiation time per layer was opti-
mized for each formulation, ranging from 80 to 120 s. The 
g-codes were then exported into a VP Phrozen Sonic 4 K 
3D printer equipped with a 6.1 inch 50 W monochrome 
405 nm, ParaLED Matrix 3 UV screen (3840 × 2160 reso-
lution, 4 K), and the formulated resins were poured into its 
vat. After the printing, the samples were detached from the 
build plate and washed with acetone/isopropanol mixture 
(up to 20 vol.% acetone) to remove the non-polymerized 
resin, detached from the plate, and dried for 2 h hours at 
room temperature. Then, 3D printed objects were post-
cured at 25 °C for 10 min in a UV curing oven (Share-
bot CURE, Nibionno, Italy, λ = 375–470 nm, 120 W) and 
exposed to air and environmental light conditions for 
1 week prior to mechanical testing. The potential effect of 
the washing step on the mechanical properties of the pho-
tocured materials was assessed by comparing the mechani-
cal properties of washed and unwashed samples, and no 
appreciable differences were detected.

2.7 � Chemical and mechanical characterization

1H and 13C NMR spectra were obtained on Varian Inova 
(14.09 T, 600 MHz) and Varian Mercury (9.39 T, 400 MHz) 
NMR spectrometers. In all recorded spectra, chemical shifts 
were reported in ppm of frequency relative to the residual 
solvent signals for both nuclei (1H: 7.26 ppm and 13C: 
77.16 ppm for CDCl3). 13C NMR analysis was performed 
using 1H broad band decoupling mode. Mass spectra were 
recorded on a micromass LCT spectrometer using electro-
spray (ES) ionization techniques. ATR–FTIR analysis was 
performed using a Cary 630 FTIR spectrometer (Agilent). 
Rotational viscosity measurements were performed on an 
Anton Paar Rheometer MCR102 with a cone-plate CP50-1 
configuration (1° angle and 25 mm diameter). The experi-
ments were achieved with a constant rotational frequency of 
1 Hz in the temperature range + 10/+ 40 °C and a heating 
rate of 5 °C/min. A Remet TC10 universal testing machine 
was used to perform all the tensile and flexural tests. The 
instrument was equipped with a 10 N cell, with a crosshead 
speed of 1 mm min−1 for both tests, according to the ISO 37 
Type 2 and ISO 178 specifications. Hardness was evaluated 
using an analogic Shore D durometer (Remet).

3 � Results and discussion

Diurethane diols UDO2 and UDO3 were prepared by ami-
nolysis of cyclic carbonates (ethylene carbonate, EC, and 
propylene carbonate, PC, respectively) using the double-
functionalized primary amine 1,4-diaminobutane without 
the requirement for any solvent. This diamine can be in the-
ory considered as biobased, thanks to the widely explored 
possibility to obtain it by decarboxylation of the amino acid 
l-arginine [24, 32]. The aminolysis reaction involves the 
nucleophilic attack of the amine on the carbonate carbon, 
leading to the opening of the five-membered ring and the 
formation of a linear carbamate bearing a free alcoholic 
group (Scheme 1). To minimize the possibility of the for-
mation of monourethane amines, the diamine was added 
dropwise into the cyclic carbonate, leading to the immedi-
ate formation of urethanediols thanks to the large excess 
of carbonate at every addition of diamine. Due to the non-
selective nature of the aminolysis, the opening of the cyclic 
carbonates can take place on either side of the C=O; while 
thanks to the symmetric structure of EC the two possible 
mechanisms lead to the same product, UDO2, PC aminolysis 
is expected to lead to the formation of two structural isomers 
in comparable concentrations [33].

This effect, combined with the bifunctional nature of the 
selected amine, leads to the formation of UDO3 as three 
regioisomers: one bearing two secondary OH moieties 
(UDO3-1), one bearing two primary OH groups (UDO3-2), 

Fig. 1   Schematic representation of the additive manufacturing pro-
cess employed in this work. Biobased synthetic monomers were 
firstly synthetized and purified, then they were formulated in concen-
trations ranging from 10 to 80  wt.% with non-biobased monomers 
and the photoinitating system. The obtained formulation was then 
poured into the vat of the 3D printer and selectively photocured into 
high-resolution biobased polymeric materials
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and one bearing one primary and one secondary OH func-
tionalities (UDO3-3) as depicted in Scheme S1. Due to their 
similar physical–chemical properties, the isomers were 
not separated and underwent successive functionalization 
with itaconic acid as a mixture. With respect to UDO2, the 
product was characterized by ESI–MS and NMR spectros-
copy (Figure S1), which confirmed the predicted molecu-
lar weight and chemical structure, respectively. Similarly, 
the outcome of PC aminolysis was confirmed by ESI–MS, 
which suggested the presence of the diols as the only reac-
tion products, with the expected molecular ion peak com-
mon to all regioisomers. 1H–, 13C–, 1H–1H–COSY and 
1H–13C–HSQC NMR spectroscopies revealed the presence 
of all isomers in comparable concentrations, allowing also 
for the unambiguous assignment of NMR peaks (Fig. 2a, 
Figure S2-S4 and Table S1). Moreover, by comparing the 
NMR integrals, it was possible to assess that the aminolysis 
of PC took place with a preference toward the formation of 

the primary alcohol (63%) compared to the secondary alco-
hol (37%), in agreement with previously published results 
[34]. Assuming that the regiochemistry of the aminolysis 
of PC performed by the intermediate monohydroxyure-
thanes was not dependent on the type of alcoholic func-
tionality formed at first, the UDO3 mixture can be expected 
to be composed of 14% UDO3-1, 40% UDO3-2, and 46% 
UDO3-3. Furthermore, ATR–FTIR spectroscopy confirmed 
the presence of main functional groups expected in the prod-
uct: N–H/O–H stretching at 3314 cm−1; C–H stretching at 
2930–2868 cm−1, carbamate C = O stretching at 1677 cm−1, 
and N–H bending at 1521 cm−1 (Figure S5). Diurethanediol 
bis(methyl itaconate) UDO2-I and UDO3-I were synthesized 
by acylation of the corresponding UDO using monomethyl 
itaconoyl chloride, produced by chlorination of itaconic acid 
monomethyl ester, as recently reported [35]. The chlorina-
tion of monomethyl itaconic acid took place in an excess of 
oxalyl chloride, and the unreacted chlorinating agent was 
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Scheme  1   Synthesis of diurethane diols and their functionaliza-
tion with itaconic acid moieties to achieve difunctional photocurable 
UDO2-I and UDO3-I monomers. Due to the non-regioselective nature 

of the cyclic carbonate opening, all isomers are formed in comparable 
proportions, but only one of them is depicted here to represent the 
whole class of isomers
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removed by distillation and recovered for further use. Fur-
thermore, the obtained monomethyl itaconoyl chloride was 
purified by distillation, allowing for its isolation with high 
purity. Once isolated, monomethyl itaconoyl chloride was 
added dropwise to a solution containing triethylamine and 
the selected UDO to be functionalized, and the esterification 
reaction took place instantaneously between the itaconic acid 
chloride and the urethanediols. Such esterification required 
anhydrous conditions to prevent undesired hydrolysis of the 
acyl chloride into the corresponding carboxylic acid and the 
presence of triethylamine that could trap the produced HCl. 
The expected product structures were confirmed by ESI–MS 
and NMR spectroscopy (Fig. 2b and Figure S6-S7). Since 
monomethyl itaconoyl chloride prepared with this method 
is composed of a mixture of roughly 95% α,β-unsaturated 
acyl chloride and 5% α,β-unsaturated methyl ester, UDO3-I 
is expected to be formed as a mixture of nine isomers where 
propanediol and itaconic acid residues display all possible 
orientations. This reflected into highly split NMR signals, 
which still allowed to confirm the presence of the photocur-
able moiety of itaconic acid residues and the absence of 
monosubstituted UDOs derivatives. In addition, ATR–FTIR 

spectroscopy (Fig. 3a) was further employed to characterize 
the functional groups present in UDO3-I. The first impor-
tant difference between the prepared itaconic acid-modified 
diurethanediols lies in their physical state around room tem-
perature. In fact, while UDO2-I is a solid with a melting 
temperature significantly above 25 °C, UDO3-I is a liquid. 
This is believed to be related to the presence of nine iso-
mers in the product mixture that hinders its assembly and 
prevents its solidification. To further characterize UDO3-I 
on this aspect, its rheological properties were evaluated by 
measuring its viscosity both over a range of temperatures 
(10–40 °C) at constant shear rate (1 Hz) and at constant 
temperature (27 °C) over a range of shear rates (0.1–100 Hz) 
(Fig. 3b,c). Rheological analysis confirmed the stability of 
UDO3-I as a liquid over all the explored range of tempera-
tures, with viscosities ranging from over 100 Pa s at 10 °C 
to around 2 Pa s at 40 °C. At room temperature, UDO3-I dis-
played a viscosity of 10 Pa s which was observed to be not 
dependent on the shear rate, suggesting an ideal Newtonian 
behavior characteristic of small molecular liquids. Unlike 
previously reported methacrylated diurethanediols and the 
herein presented UDO2-I, the liquid form of UDO3-I makes 

Fig. 2   1H-NMR (CDCl3, 400 MHz) analysis of UDO3 (a) and UDO3-I (b), together with the corresponding signal attributions. For UDO3-I the 
structure of only one isomer is reported, but the attribution applies to all nine isomers formed
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it possible for its formulation in photocurable resins with 
virtually no limit related to its solubility with the other mon-
omeric components, and therefore expanding its applicabil-
ity for such purposes. In fact, the high polarity and strong 
H-bonding capabilities of the carbamate group strongly limit 
its solubility in organic mixture such as those composed of 
photopolymerizable monomers. While this is not the first 
ever reported example of liquid bifunctional photocurable 
diurethane, it has to be underlined that such examples are 
always produced using isocyanates and are characterized by 
very low biobased content and sustainability. Therefore, the 
presented UDO3-I represent the first biobased liquid bifunc-
tional photocurable diurethane ever reported, so far. To sup-
port the claimed advantages of liquid diurethanes compared 
to their solid counterparts, the prepared UDO2-I and UDO3-I 
were then formulated with photocurable monomers for the 
preparation of resins for VP. However, it was immediately 
clear that UDO2-I displayed very little solubility in the 
selected monomer mixtures, while UDO3-I could be mixed 
virtually in all proportions (Table 1). In fact, no more than 
5 wt.% of UDO2-I could be efficiently dissolved into the res-
ins; since the increase in biobased content of photocurable 
mixtures would not be significantly altered by such a small 
amount of added UDO2-I, its applicability as VP monomer 
was not explored any further.

A first set of resin was prepared by mixing UDO3-I with 
a 1:1 mixture of glycerol dimethacrylate (GDMA, mixture 
of isomers) and glycerol propoxylate triacrylate (GPT, 
average Mn = 428), to evaluate its effect on the mechani-
cal properties of fossil-based (meth)acrylate formulations 
while increasing their biobased contents (resins A0–A3). 
Then, resins with higher biobased contents were prepared 
by employing the bifunctional itaconic acid-based reactive 
diluent 1,4-butanediol bis(methyl itaconate) (named I2B1) 
as a partial replacement of the mixture of glycerol-based 
photocurable monomers (resins B0 and C0). Finally, UDO3-I 
was introduced at 50 wt.% on such formulations, to evaluate 
once again its effect on their mechanical properties (resins 
B1 and C1). This is the highest attempted loading of non-
isocyanate urethane-based photocurable components for VP, 
and it has been possible thanks to the liquid state of UDO3-I 
at room temperature. In addition to the photopolymeriz-
able component, all formulations contained a photoinitiator 
(ethyl phenyl (2,4,6-trimethylbenzoyl) phosphinate Et-APO, 
2 wt.%), a radical inhibitor (2,6-diterbutyl-4-methylphenol, 
BHT, 0.5 wt.%), and a photosensitizer (2-isopropyl thiox-
anthone, ITX, 0.3 wt.%). Moreover, a biobased plasticizer 
(Grinsted Soft-N-Safe, SNS, 7.2 wt.%) was added to each 
mixture. The biobased content of the prepared formula-
tions was evaluated by calculating for each component of 
the resin the percentage of their molecular weight that is 

Fig. 3   Spectroscopic and 
rheological characterization of 
UDO3-I. a ATR–FTIR spectrum 
with the assignment of the most 
characteristic absorption bands; 
b viscosity as a function of tem-
perature at constant shear rate 
(1 Hz); c viscosity as a function 
of shear rate at constant tem-
perature (27 °C)
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composed of building block of renewable derivation. In 
particular, itaconic acid-based monomers and the plasti-
cizer SNS were characterized by 100% biobased derivation, 
while the photoinitiating system was considered fully non-
renewable. For the glycerol-based monomeric components 
GDMA and GPT, their biobased contents were calculated 
to be equal to 32.4% and 17.3%, respectively, considering 
as fully biobased their glycerol core. This approach has 
allowed to calculate the biobased contents for each for-
mulation (Table 1). All resins were efficiently printed into 
3D shapes with high spatial accuracy and resolution, also 
supporting the addition of small amounts of a natural dye 
(purpurin, 0.005 wt.%) to print colored 3D objects (Fig. 4). 
Furthermore, with each formulation, tensile and flexural test 
specimens were printed and tested according to the speci-
fications for ISO 37 Type 2 and ISO 178, respectively. Due 
to the well-known lower reactivity of itaconic acid residues 
when compared to acrylates and methacrylates with respect 
to radical polymerization, the replacement of commercially 
available non-biobased urethane methacrylates with UDO3-
I, and other itaconic acid-based reactive diluents require a 
re-optimization of instrumental printing parameters. In our 
case, the employed LCD 3D printing technology limited 

the explorable parameters to the exposure time per layer, 
which was increased to up to 2 min every 0.1 mm of object 
height (Table 2). However, more advanced implementations 
allow for the optimization of additional parameters such as 
light power, with the aim of reducing the lengthening of 
the 3D printing process caused by the presence of biobased 
components.

From the tensile and flexural stress–strain curves (Fig-
ure S8-S9), the main mechanical properties of the 3D 
printed materials were extracted, collected in Table 2, 
and summarized in Fig. 5. By taking into consideration 
the first group of 3D printed materials (resins A0–A3) 
composed of increasing amounts of UDO3-I in a 1:1 mix-
ture of GPT and GDMA, its effect is immediately evident. 
The gradual replacement of the glycerol (meth)acrylate 
mixture with UDO3-I lead to a continuous decrease in 
the elastic modulus, with subsequent increase of the 
elongation at break and an overall improvement of the 
mechanical properties represented by the increasing ten-
sile strength, up to a UDO3-I loading of 30 wt.% (cor-
responding to resin A2). However, when the loading was 
increased to 50 wt.% (resin A3), a drop in elongation at 
break and tensile strength was recorded, revealing a limit 

Fig. 4   Digital camera pic-
ture of high-resolution 3D 
printed objects. a Tensile test 
specimens obtained by printing 
resins A3, B2 and C2 (from 
left to right). b, c Small lizard 
(60 × 35 × 25 mm3), watch 
strap and a stag, printed with 
resin C2. Details of the stag’s 
antlers are smaller than 1 mm 
and clockface dimensions are 
40.5 × 35.8 × 8.95 mm, to serve 
as a reference
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in the performances of UDO3-I as a monomer, when for-
mulated with GPT and GDMA. To verify this assumption, 
GPT and GDMA were partially and almost completely 
replaced with the biobased cross-linker I2B1 and printed 
with and without the presence of 50 wt.% UDO3-I (resins 
B0–C1). The tensile testing of such materials revealed that 
the addition of the butanediol-based reactive diluents was 
able to amplify the effect of UDO3-I on the mechanical 
properties; in fact, the addition of 50 wt.% UDO3-I to a 
resin composed of GPT, GDMA, and I2B1 in 3:3:2 pro-
portion (resin B1 vs B0) caused a limited decrease in the 

elastic modulus (− 15%) and a significant increase in elon-
gation at break (+ 226%) and tensile strength (+ 129%). 
This effect is even more evident when the resin composi-
tion is changed to higher I2B1 contents (resin C1 vs C0), 
where the GPT, GDMA, and I2B1 are changed to 1:1:6. 
In this case, the addition of UDO3-I caused a less nota-
ble decrease in the elastic modulus (− 11%) accompanied 
by a remarkable increase in elongation at break (+ 400%) 
and tensile strength (+ 264%). It is worth underlining that 
resin C1 is the first ever reported resin with a biobased 
content as high as 89.7 wt.% displaying tensile modulus 

Table 2   Tensile, flexural, and hardness properties of 3D printed materials and the comparison for some reported data on commercially available 
resins. Data are expressed as mean ± SD obtained on four replicate measurements

Resin Elastic modulus (GPa) Elongation 
at break (%)

Tensile 
strength 
(MPa)

Flexural 
modulus 
(GPa)

Deformation 
at break (%)

Flexural 
strength 
(MPa)

Hardness 
(shore D)

Irradiation 
time (s/
layer)

A0 1.25 ± 0.26 1.8 ± 0.8 22.6 ± 9.7 2.54 ± 0.17 3.2 ± 0.4 76.5 ± 6.4 89 ± 1 120
A1 1.20 ± 0.07 3.6 ± 0.8 31.4 ± 3.7 2.60 ± 0.09 2.7 ± 0.3 63.3 ± 7.4 88 ± 1 80
A2 0.904 ± 0.115 3.7 ± 0.5 31.3 ± 3.9 2.42 ± 0.15 3.3 ± 0.4 67.3 ± 5.5 87 ± 1 80
A3 0.685 ± 0.044 1.60 ± 0.3 10.6 ± 1.9 1.01 ± 0.14 3.5 ± 0.3 30.2 ± 2.7 80 ± 1 110
B0 1.19 ± 0.08 1.9 ± 0.4 19.3 ± 2.5 2.49 ± 0.13 3.1 ± 0.5 66.7 ± 6.7 88 ± 1 80
B1 1.01 ± 0.11 6.2 ± 1.2 44.2 ± 2.7 2.24 ± 0.07 3.4 ± 0.1 67.5 ± 1.9 87 ± 1 110
C0 1.02 ± 0.08 0.80 ± 0.1 8.5 ± 1.2 2.57 ± 0.13 2.9 ± 0.3 72.0 ± 7.1 88 ± 1 80
C1 0.910 ± 0.025 4.0 ± 0.4 30.9 ± 2.7 2.15 ± 0.13 1.8 ± 0.3 39.9 ± 6.7 83 ± 1 120
Phrozen-speed 0.9 20 25 – – – 79 –
SUNLU 3000G 0.65 5 20 – – – 80 –

Fig. 5   Tensile and flexural 
properties of 3D printed materi-
als. Plotted data are reported in 
Table 2
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almost reaching 1 GPa and tensile strength above 30 MPa, 
being therefore able to serve as a promising candidate for 
the formulation and the production of biobased resins for 
VP able to display improved properties compared to many 
fossil-based counterparts. The flexural properties, on the 
other hand, do not seem to depend strongly on the resin’s 
composition, except for two isolated cases. Resin A3 dis-
played a strong reduction in flexural strength related to a 
significant decrease in its flexural modulus, while resin 
C1 still showed reduced flexural strength but, this time, 
related to a reduction in the deformation at break, with 
a slight observed increment in the flexural modulus. It is 
crucial, however, to keep in mind the intrinsic anisotropy 
of 3D printed materials, especially when evaluating their 
mechanical properties. In fact, during tensile testing the 
mechanical stress is applied along the photocured layers, 
with virtually no component laying perpendicular to it, 
and therefore the interlayer adhesion gives little to no con-
tribution to the tensile properties. On the other hand, in 
this configuration, three-point flexural testing generates 
compressive and tensile stresses perpendicular to the layer 
planes and consequently the flexural properties are more 
related to interlayer adhesion. Therefore, the comparison 
between tensile and flexural properties is not trivial, as 
they describe different aspects of the materials’ mechani-
cal behavior. While UDO3-I demonstrated to act as a sof-
tening agent that reduces rigidity and increases deform-
ability under tensile stress with an overall improvement 
of the materials’ strength in all tested formulations except 
A3, its effectiveness on the flexural properties is limited. 
Furthermore, the formulation in which UDO3-I showed the 
most relevant improvement in tensile properties (resin C1) 
is also the one that suffered most significantly from the 
flexural point of view. Finally, with respect to hardness, all 
materials displayed hardness in the 80–90 Shore D range, 
following the trend observed for the elastic modulus, as 
can be expected from photocured thermosets. Finally, 
when compared to commercially available resins based on 
urethane diacrylates, the proposed biobased resins display 
comparable elastic modulus, generally lower elongation at 
break and often higher tensile strength, therefore under-
lining the potential of UDO3-I as a viable replacement 
for isocyanate-based urethane photocurable monomer 
for high-performance additive manufacturing. Because 
of their similarity with commercially available alterna-
tives, their typical applications are those associated with 
this class of materials, ranging from general merchandise 
to high-value products such as jewelry and textiles, but 
representing a significant step toward the improvement of 
sustainability in the 3D printing industry.

4 � Conclusions

In conclusion, the presented approach described the prep-
aration of biobased and photocurable diurethanediols 
bis(methylitaconate) named UDOs-I by aminolysis of cyclic 
carbonates and further functionalization with itaconic acid 
monomethyl ester, to be employed as monomers for the for-
mulation of biobased resins for VP. While the use of sym-
metric ethylene carbonate led to a solid compound (UDO2-I) 
that could not be efficiently formulated into photocurable 
mixtures, our objective was the introduction of asymmetry 
using propylene carbonate that hindered the solidification of 
the mixture, allowing for the obtainment of a liquid mono-
mer (UDO3-I) that could be easily formulated for the first 
time with (meth)acrylic and itaconic acid-based co-mono-
mers in all proportions. By analyzing the materials in terms 
of their tensile and flexural properties, it was possible to 
conclude that resins formulated with up to 50 wt.% UDO3-I 
and I2B1 displayed mechanical properties that are better 
or equal to the ones of the (meth)acrylate-based formula-
tions, this suggests the remarkable potential of this kind of 
biobased photocurable monomers for increasing the sustain-
ability of the VP manufacturing process. Finally, resins B1 
and C1 are the first ever reported example of a resin for VP 
associated with a biobased content as high as 75 wt.% and 
90 wt.% that are able to be photocured into solid materials 
showing tensile strength around 1 GPa. At present, there are 
no biobased resins that can entirely supplant acrylate- and 
methacrylate-based formulations in terms of both printabil-
ity and mechanical properties. Nonetheless, researchers are 
making headway in this domain by creating fresh monomers, 
for instance, UDO3-I, which can enable the formulation to 
have a higher biobased content while maintaining its per-
formance. This advancement presents a viable avenue for 
industrial producers to enhance their sustainability practices.
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