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ARTICLE INFO ABSTRACT

Three-dimensional (3D) printing parts with excellent resolution and high performance are of great significance
for scientific and engineering applications. In this study, a novel photocurable cellulose acetate butyrate (PC-
CAB) resin was synthesized for continuous liquid interface production (CLIP) to construct 3D objects with high
resolution, tailored mechanical properties, excellent chemical resistance and thermal stability. Particularly, the
tensile and flexural strength of the CLIP 3D printed specimen could reach 44.67 and 64.53 MPa, respectively.
Their solvent resistance against various organic solvents and strong acidic/basic solutions was evaluated. As
expected, the 3D prints could well maintain their structural integrity and exhibited very low swelling ratios
owing to the photo-induced chemical crosslinking structure. Notably, even after immersion in methylene
chloride or 1.0 M acid/alkali for 3 h, the 3D prints still showed excellent mechanical and thermal properties.
Further study demonstrated that when PC-CAB in the CLIP ink was optimized to 20 wt% while the photoinitiator
(PI) was 0.5 wt%, complex-structured 3D printed objects with high surface quality could be obtained under
specific printing parameters.
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technologies applied to produce models with an ideal resolution and
arbitrarily complex geometry (Zheng et al., 2014). Unlike SLA and DLP,

1. Introduction

Three-dimensional (3D) printing is a term to describe the tech-
nology used for rapid production of 3D objects directly from digital
computer aided design (CAD) files (Chua, Leong, & Chu, 2010). This
technology, also known as additive manufacturing, has become popular
in a wide variety of applications, including tissue engineering (Derby,
2012), materials for energy (Sun et al., 2013), chemistry reactionware
(Symes et al, 2012), molecular visualization (Chakraborty &
Zuckermann, 2013), microfluidics (Erkal et al., 2014), low-density and
high-strength materials (Duoss et al., 2014; Zheng et al., 2014).
Nowadays, several 3D printing technologies including fused deposition
modeling (FDM), direct ink writing (DIW), selective laser sintering
(SLS), stereolithography apparatus (SLA), digital light processing (DLP)
and continuous liquid interface production (CLIP) have been developed
to meet different requirements.

Among those various 3D printing techniques, photocuring-based 3D
printing, including SLA, DLP and CLIP, represent the most precise

by which a macroscopic object of several centimeters in height may
take hours to construct, CLIP enables a model drawn out of the ink in
minutes. For example, the gyroid and argyle structures were CLIP
printed at 50 cmh™?, reaching a height of ~5cm in less than 10 min
(Tumbleston et al., 2015). And it was possible to tailor the properties of
printed objects by simply changing the reactive formulations. Briefly,
CLIP printing was realized by repeating the process of projecting an
image onto the photocurable inks followed by raising the platform
(Tumbleston et al., 2015).

Various photocurable resins including epoxy, polyurethane, polye-
ster and acrylic resin have been employed in SLA and DLP 3D printing
(Alhnan et al., 2016; Compton & Lewis, 2014; Duoss et al., 2014; Gurr
et al., 2008; Wendel et al., 2010; Williams, James, Chae, & Hunter-
Smith, 2015). However, due to the poor performance, most of these
printed objects cannot be directly used as parts of devices for some
special applications, such as robotics, automotive, aerospace, etc.,
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where solvent resistance and mechanical properties are very crucial
(Crivello & Reichmanis, 2014). For example, the tensile strength of the
3D prints from bisphenol A-type epoxy acrylate ink was only 5.8 MPa
(Cui et al., 2017). Kucherov et al. printed 3D objects via FDM from
polylactic acid (PLA), acrylonitrile butadiene styrene (ABS), glycol
modified poly(ethylene terephthalate) (PETG). However, they all lost
structural integrity in methylene chloride (DCM) medium in just 5 min
(Kucherov, Gordeev, Kashin, & Ananikov, 2017). Therefore, it is highly
desired to develop new materials compatible with advanced 3D
printing technologies that can produce objects with excellent mechan-
ical and chemical resistance properties for various applications.
Cellulose (Fig. S1) is one of the most abundant and inexhaustible
natural polymers on earth with many fascinating properties such as
biodegradability, reproducibility, biocompatibility, low density, high
strength, and ease for chemical modification (Dieter, Brigitte, Hans-
Peter, & Andreas, 2005). Cellulose acetate butyrate (CAB) (Fig. S1) is a
typical cellulose derivative, whose hydroxyl groups are esterified by
acetyl and butyryl groups. It has many unique properties, including
excellent solubility, good resistance to moisture and cold, structural and
ultraviolet stability (Ceccorulli, Pizzoli, & Scandola, 1993; Wertz,
Bédué, & Mercier, 2010). Therefore, CAB has been widely reported as
microcapsule materials (Fundueanua et al., 2005; Wang et al., 2011),
biodegradable materials (Edgar et al., 2001), compatibilizers (Wibowo,
Desai, Mohanty, Drzal, & Misra, 2005), coatings (Miyazaki, Yakou,
Nagai, & Takayama, 2003), films and medical materials (Shanbhag,
Barclay, Koziara, & Shivanand, 2007; Xu, Huang, Huang, & Yu, 2013).
However, CAB has rarely been applied in 3D printing. In this study, we
attempted to chemically modify CAB with 2-hydroxyethyl methacrylate
(2-HEMA) units to produce a photocurable CAB (PC-CAB) resin with the
ambition for its CLIP 3D printing. The results turned out to be quite
exciting. Various 3D objects with complex structures could be suc-
cessfully printed. Impressively, the printing parts demonstrated out-
standing mechanical properties and solvent resistance to a series of li-
quids, such as organic solvents, acid and alkali solutions. It should be
noted that the oligomer PC-CAB was soluble in the reactive diluents
including 1,6-hexanediol diacrylate (HDDA), trimethylolpropane tria-
crylate (TMPTA), 1-vinyl-2-pyrrolidone (NVP). Hence, this CLIP com-
patible photocurable ink could be made in a solvent-free manner.

2. Experimental
2.1. Materials

2-HEMA (96%), isophorone diisocyanate (99%, IPDI), analytical
grade hydroquinone (HQ), ditin butyl dilaurate (95%, DBTDL), CAB
(hydroxyl group 1-1.6%), HDDA (80%), TMPTA (85%), NVP (99%),
were all purchased from Aladdin Co. (Shanghai, China). Bis-(2,4,6-tri-
methylbenzoyl) phenylphosphineoxide (Irgacure 819), oil red O and
carbon black were provided by Sigma-Aldrich Chemical Co. (St. Louis,
MO, USA). Analytical grade ethyl acetate, petroleum ether (90-120 °C),
DCM, hexane, tetrahydrofuran (THF), ethanol, dimethyl formamide
(DMF), N-methyl-2-pyrrolidone (NMP), chloroform, toluene, hydro-
chloric acid, sodium hydroxide were supplied by Chengdu Kelong Co.,
Ltd. (Sichuan, China). The chemical structures of some chemical re-
agents were depicted in Fig. S1.

2.2. Synthesis of PC-CAB oligomer

The synthetic route of PC-CAB was shown in Fig. 1. Firstly, 6.28 g
IPDI and 4.00 g 2-HEMA were added into a three-necked round-bot-
tomed flask containing 15g ethyl acetate. Then, 0.20 g DBTDL and
0.20 g HQ were added as the initiator and inhibitor, respectively. And
the mixture was magnetically stirred under air atmosphere. After that,
the temperature was raised to 75 °C to initiate the reaction. The reaction
lasted for 5.5h at 75°C under constant magnetic stirring. Next, 26 g
CAB well dissolved in 104 g ethyl acetate was added. The reaction
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lasted for 12 h at 75 °C under constant magnetic stirring to complete the
grafting of methacrylate groups. The reaction was terminated by
cooling to the room temperature. The primary product was subjected to
twice precipitation by petroleum ether. After that, the precipitate was
placed in a freeze-drying chamber (FD-1A-50, Biocool, China). The
freeze-drying process was maintained at —68°C for 24h. Finally,
25.80 g white powder was fabricated by a high speed pulverizer (JP-
150 A, Harui, China). And the yield was 80%.

2.3. Preparation of PC-CAB ink and 3D printing

The PC-CAB ink was prepared by homogeneously mixing PC-CAB
with reactive diluents (2-HEMA, HDDA and TMPTA) and the photo-
initiator Irgacure 819. The ink formulation was showed in Fig. S1.

The CAD designs were drawn using Autodesk 123D Design and
exported as STL files. A CLIP 3D printer (500 nm laser, Chengdu
Laichuang 3D Science & Technology Co. Ltd.) was employed to produce
3D prints from the PC-CAB ink in a defined area (60 x 70 X 190 mm?).
And the smallest feature sizes in the horizontal and vertical planes
determined by the optical resolution of the projector and the stepping
motor were about 90 and 10 pm, respectively. For 3D printing, the slice
thickness was set to 10 um and the exposure time for each layer was
0.1s with a light power density of 10 mW cm? The 3D printing was
conducted by repeating the process of projecting an image onto the ink
followed by raising the platform. Above the dead zone, the curing layer
was continuously drawn out of the tank, thereby creating suction forces
that constantly renewed the reactive ink. After 3D printing, all products
were soaked in an ethanol bath for 5min to remove the unreacted
monomers and then allowed to dry under ambient conditions. Final UV
post-treatment (UV-PT) was performed by exposing the 3D prints to UV
irradiation (A 365nm) for 10 min. Fig. 2a displayed the schematic
structure of a CLIP printer and the printing and UV-PT processes for a
dog-bone sample, and Fig. 2b showed its possible photo-initiated
crosslinking mechanism.

2.4. Characterization

The nuclear magnetic resonance (NMR) spectra of A or B, CAB and
PC-CAB were recorded by a 600 MHz *H NMR, '3C NMR spectrometer
(Bruker BioSpin GabH, Switzerland), in CDCl; at 296 °C respectively.
The Fourier transform infrared spectroscopy (FTIR) spectra of A or B,
CAB and PC-CAB were recorded on a Fourier transform infrared spec-
trometer (Nicolet Magna-IR 550, USA). Gel permeation chromato-
graphy (GPC) was performed on a Waters GPC 2410 (Malvern, USA)
with a series of Waters Styragel columns in conjunction with a Waters
refractive index detector. The mobile phase was THF at a flow rate of
1.0 mL min ~ !, The UV-vis spectrum of the Irgacure 819 was measured
using a UV-1800 spectrophotometer (Mapada Instruments Co., China).
Rheological measurements were performed using a rheometer
(AR2000ex, TA Instruments Ltd., Crawley, UK). Thermogravimetric
analysis (TGA) was performed with a TG209 F1 instrument (NETZSCH
Co., Germany). Dynamic mechanical analysis (DMA) was carried out
using a TA Q800 dynamic mechanical analyzer (TA Instruments, USA).
Tensile and flexural testing were measured by an Instron 5567 universal
testing machine (Instron Co., USA) at a crosshead speed of 20 mm
min~'. The flexural stress-strain properties were measured at a cross-
head speed of 2mm min~". Scanning electron microscopy (SEM) was
performed on a microscope (JEOL JSM-7500F, Japan) at 10 kV. Laser
scanning confocal microscopy (LSCM) was conducted with Zeiss LSM
710 (Carl Zeiss, AG, Germany). The laser source of ~500 nm was blue-
green light. Swelling test was performed by immersing the 3D prints in
different solvents at room temperature for 24 h. The mass swelling ratio
was calculated by the following formula:

Mass swelling ratio = 100 X (M; — Mg)/M, @))
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Fig. 1. Scheme for the synthesis of PC-CAB.

Where M, is the mass of the 3D print after swelling and My is the mass of (Mishra, Mishra, & Raju, 2009). Additionally, the peak at 7.1 ppm
the dry 3D print before swelling. corresponding to —OCONH — was detected (Hs), indicating —NCO of
IPDI had reacted with —OH of 2-HEMA (Pardini & Amalvy, 2008). For
CAB, the hydrogen protons of cellulose backbone and cellulose ester
could be observed at the peaks of 3.5-5.0 and 0.8-2.5 ppm, respectively
(Hu et al., 2015). And these peaks were also visible in PC-CAB. For PC-
CAB, the —CHj; protons from the methacrylic units (H;) was at 1.9 ppm.
There was an overlapped peak at 4.3 ppm associated with the —CH,—
3.1.1. NMR and GPC analysis groups bonded to oxygen in the ester groups, which was designated as

The 'H NMR spectra of A or B, CAB, PC-CAB were shown in Fig. 3. Hj and H,. The two peaks at 5.6 and 6.1 ppm designated as H, (also in

The peak at 7.3 ppm was assigned to CDCls. For A or B, the two peaks at A or B) were assigned to the —OCH,CH,0CO — groups (Bai, Zhang, Dai,
1.1 and 1.8 ppm (H,, Hg) were from —CH, and —CH3 of IPDI molecules
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3. Results and discussion

3.1. Synthesis of the PC-CAB oligomer
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Fig. 2. (a) Scheme of a CLIP printer showing its structures and working mechanism and the printing and UV-PT processes for a dog-bone sample. (b) Reaction
mechanism of the PC-CAB ink under light radiation.



R. Huetal

Carbohydrate Polymers 207 (2019) 609-618

78 o or B 7 8
87 D x(jo 4 l 7 6 ";’"""\“/\o)‘\l(' i TMS
2
CDC13| 5 j f 23 P 1l g 6
e WAESO A
R-H ©O
CAB ORO e o or R')okm'l., ’_L%”
o

OR )
Cellulosc backbone  OR

Celluloselbackbone

2
n or R.)I\/\Cf,

PC-CAB

OR
OR RO OR
{’ﬁi Ve = °
o o o ] o
RO OR rO™ OR
o n 0-C=0]n
19 8|

o=C-N
C MIs 78 0 e 7>8Q.\u9 ° °
7 NH—C—0 NH—C—0. 1
b‘ s NNo 1 76 & o
8 = 4 = 4

7
2

1 “Hy

| Cellulosejb s S
el OSeL a
5,9 .2 g L.
7.5 6.5 5.5 4.5 3.5 2.5 1.5 0.5 -0.5
f1 (ppm)

Fig. 3. 'H NMR spectra of A or B, CAB and PC-CAB.

& Li, 2006; Dzunuzovic, Tasic, Bozic, Babic, & Dunjic, 2005;
Dzunuzovi¢, Tasi¢, Bozi¢, Jeremi¢, & Dunji¢, 2006). Moreover, a peak
at 7.1 ppm was detectable suggesting the successful grafting of A or B
onto the CAB backbone (Mishra et al., 2009).

The '3C NMR spectra of A or B, CAB, PC-CAB were shown in Fig. S4.
For A or B, the peaks at 136.3, 125.4 and 18.6 ppm were assigned to
—C(CH3)=CH, (Cs, C;, C¢) from the 2-HEMA units (Ferrari, Yu,
Morbidelli, Hutchinson, & Moscatelli, 2011). The other peaks at 28.0
and 45.2 ppm were attributed to the carbons on the cyclohexyl rings
from IPDI units (Mendoza-Novelo, Mata-Mata, Vega-Gonzalez, Cauich-
Rodriguez, & Marcos-Fernandez, 2014). These peaks also presented in
PC-CAB. And the peaks at 155.2 and 158.8 ppm were attributed to the
carbons of -NH—COO— (C,, Cg) in the PC-CAB chains (Torini, Argillier,
& Zydowicz, 2005). These results consistently indicated that PC-CAB
had been successfully synthesized via the reaction of —NCO with —OH.

Furthermore, the molecular weight (M,) of CAB measured by GPC
was determined to be 22843, while the M, of PC-CAB was 27,945
(Table S1), which manifested that something (IPDI, 2-HEMA) had al-
ready been grafted onto the CAB backbone. The PC-CAB oligomer only
had one main peak at 23 min in its GPC curve (see Fig. S2, other peaks
during 30-40 min were ascribed to tetrahydrofuran), suggesting its
high purity. In addition, the isocyanate contents of IPDI, A or B and PC-
CAB were determined by titrations (the detailed experimental can be
found in the supplementary file) to be 24.0%, 10.8%, 0.1%, respec-
tively, in agreement with the reaction mechanism proposed in Fig. 1.

3.1.2. FTIR and solubility analysis

The FTIR spectra of A or B, CAB and PC-CAB were shown in Fig. 4.
For the intermediate A or B, the peaks at 2267 and 3354 cm ™! were
attributed to the —NCO and —N—H stretching, respectively (Wang,
Feve, Lam, & Pascault, 1994; Wang, Hu, & Tu, 2008). In the spectrum of
CAB, the sharp absorption peak at 1754 cm ™! was attributed to the
stretching vibration of —COO groups and the intense absorption peak at
3491 cm ™~ ! was due to the presence of —OH groups. Whereas PC-CAB
exhibited a less intensive —OH peak in this region. And the appearance
of the 3383 cm ™! peak manifested that —NCO had reacted with —OH to
form —NHCOO (Pardini & Amalvy, 2008). The new peaks at 1640 and
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802cm ™! were assigned to C=C stretching vibration and =C—H
bending vibration respectively, indicating that the acrylate double
bonds had been grafted to the CAB backbone.

Excellent solubility was of great importance for PC-CAB to become a
photocurable 3D printing material. As shown in Table S2, PC-CAB could
be easily dissolved in various reactive diluents including NVP, 2-HEMA,
HDDA and TMPTA to form a 3D printing ink, as well as many organic
solvents such as DCM, acetone, THF, DMF, etc. Obviously, the in-
troduction of IPDI and 2-HEMA groups as the side chains of PC-CAB had
disturbed the ordering of molecules, leading to its excellent solubility.

3.2. Properties of the PC-CAB ink

3.2.1. Rheological properties

The rheological behaviors of the PC-CAB ink were illustrated in
Fig. 5. As is well recognized, the viscosity of the printing ink is highly
relevant to the printing speed as well as the resolution and appearance
of CLIP products (Tumbleston et al., 2015). The PC-CAB ink exhibited a
viscosity (n) of ~7144 mPas that was independent of shear rate over
the range of 0.1-10 st (Fig. 5a). Due to the strong shear-thinning
behaviors, the ink exhibited an apparent viscosity of ~5000 mPas at
the shear rate of ~580s~'. The shear-induced reorganization of PC-
CAB chains to a more stretched conformation would lead to decreased
entanglement and thereby viscosity (Malda et al., 2013). The resultant
ink displayed good fluidity at ambient conditions, which was crucial for
CLIP 3D printing.

Oscillatory measurements at low strains were carried out to assess
the viscoelastic properties of the PC-CAB ink. As shown in Fig. 5b, the
ink exhibited a plateau value of loss modulus G” ~44.3Pa that ex-
ceeded the storage modulus G’ ~1.7 Pa by about an order of magnitude
at 10-100 Pa shear stress, suggesting its predominantly viscous beha-
vior. Too viscous ink (> 20 wt%) may result in failure of 3D printing as
the building plate cannot generate enough suction forces (Gibson,
Rosen, & Stucker, 2010). Hence, the 20 wt% PC-CAB ink was chosen for
the printing of 3D architectures.
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Fig. 4. FTIR spectra of A or B, CAB and PC-CAB.

3.2.2. Mechanical properties of the 3D prints

The mechanical properties of 3D printed parts were compared in
Fig. 6 and Table S3. After 10 min UV-PT, the elastic tensile modulus (E)
and tensile strength (o) of the 3D prints were increased to
971.93 *+ 47.19MPa and 44.67 + 1.88 MPa respectively, corre-
sponding to an improvement of nearly 115.54% in modulus and
227.97% in strength as compared with those without post-treatment
(WPT). Interestingly, the elongation at break also slightly increased
from 5.56% to 8.51% (Table S3), indicating less brittle failure with UV-
PT. For the flexural tests, the elastic modulus and flexural strength of
the UV-PT samples were 178.82% and 165.27% higher than those of
the WPT samples, respectively. These results suggested that UV-PT
could further strengthen the interfacial adhesion between the curing
layers and increase the crosslinking degree inside each layer. It was
important to note that the mechanical properties of the 3D objects were
comparable or even higher than those made by extrusion, FDM and
DLP, including CAB (extrusion) (E = 1.20-1.26 GPa,
op = 25.9-29.3 MPa) (Gindl & Keckes, 2004; Siqueira, Mathew, &
Oksman, 2011), ABS (FDM) (E = 1.6 GPa, o, = 22-34 MPa) (Rocha
et al., 2014), PLA (FDM) (E = 1246-1538 MPa, o}, = 31-38 MPa)
(Afrose, Masood, lovenitti, Nikzad, & Sbarski, 2016), polyether ur-
ethane acrylate (PUA) ink (DLP) (E = 44-56 MPa, o}, = 4.7-6.6 MPa),
polyimide ink (DLP) (E = 1400-3100 MPa, o, = 5-25MPa) (Guo, Ji,

(:zal)roooo:
8000 é

7000 B8R~

Viscosity (mPa-s)

6000 -

5000 L L 1

—

0.1 1 10
Shear rate (1/s)

(b),

Zhang, Wang, & Zhou, 2017), etc.

The influence of UV-PT on the microscopic morphology of the
fractured surface of CLIP printed object was examined by SEM (Fig. S4).
After UV-PT, the width of the printed stripe decreased from 10.44 to
10.06 mm, while its height changed from 3.98 to 3.95 mm, leading to
slight volumetric contraction. Examination on the cross-section of the
WPT sample showed a uniform morphology with a few isolated mi-
croscale voids (Fig. S4a, b). This could be possibly ascribed to the
nonconsistent motions between PC-CAB molecules and cured macro-
molecules, which resulted in void formation. However, after UV-PT,
those voids disappeared (Fig. S4d—f). This was well in line with the
tensile testing results that UV-PT could significantly improve the me-
chanical properties of CLIP printed samples.

3.2.3. Thermomechanical properties and TG/DTG analysis
Thermomechanical properties of the 3D printed parts were char-
acterized by DMA. The loss factor (tand) and storage modulus (E’) were
demonstrated in Fig. 7a. The E’ of the 3D prints reached up to 3.21 GPa
at room temperature (25°C) and decreased to 99.72 MPa when the
temperature increased to the glass transition temperature (Tg)
(125.14 °C). It also suggested that the 3D prints could be employed for
long term service at 100°C (E’ = 0.81 GPa) (Guo et al., 2017). The
thermal stability of the PC-CAB resin and the resultant 3D prints was

—a— G', Storage modulus (Pa)
= —e— G", Loss modulus (Pa)

W—Q—Q—W

Moduli (Pa)
s
T

aal " P L

" 1
1000

10000

00
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Fig. 5. Log-log plots of (a) apparent viscosity as a function of shear rate, (b) shear storage and loss moduli as a function of shear stress for PC-CAB ink.
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Fig. 8. (a) Evaluation of the overall stability of a 3D printed bar (6 cm X 1 cm x 4 mm) with an appropriate indicator (200 g load) in DCM. Comparative mechanical
(b, ¢) and thermal properties (d, e) of the 3D prints subjected to treatments in DCM, 1.0 M HCI, 1.0 M NaOH solutions for 3 h, respectively. The inset picture in (b)

shows the appearance of a dog-bone sample during 3h immersion in DCM.

transformed to CO, and some volatile hydrocarbon species. PC-CAB
started to degrade at 228.2°C with its maximum decomposition rate
temperature (T,.x) of 354.8 °C, whereas the thermo-degradation of 3D
prints initiated at 316.1 °C and its Ty, occurred at 412.2 °C. This could
be ascribed to the chemical crosslinking structure that further improved
its thermal stability. The sharp weight loss of the 3D prints in the zone
(260-480 °C) could be attributed to the volatilization of the Irgacure
819 (Fig. S5a) and some residual active monomers trapped in the cross-
linked network during the irradiation process (Jansen & Machado,
2005). The zone (640-700 °C) for the 3D prints was seen as a tail in the
DTG curve where the weight loss slowed down. This zone was identified
as the thermal decomposition of the char (Chen, Liu, Yu, & Mao, 2011;
Chen, Yu, Zhang, & Lu, 2011).

3.2.4. Solvent resistance study on the 3D prints

Solvent resistant assessment and related morphological changes of
the 3D prints were demonstrated in Fig. 8 and 9. DCM, a typical polar
organic solvent, was selected as a model solvent in the test. As shown in
Fig. 8a, a rectangular CLIP printed bar was placed in a beaker filled
with DCM and an appropriate indicator (200 g load) was placed on the
top of a culture vessel. The indicator could clearly show the point of loss

of structural integrity (load drops upon destruction of the bar). The
rectangular bar retained its initial shape and was not crushed after a
prolonged 3 h experiment. After 6 h, the bar only swelled slightly. Even
after 12 h, it was still not crushed yet. However, the DCM became red as
the bar had been swelled for a little bit and released some red dyes in
the solvent.

To determine the solvent resistance in a quantitative manner, the 3D
prints were immersed in DCM, 1.0 M HCl and 1.0 M NaOH solutions for
3 h, respectively. The mechanical and thermal properties of the treated
samples were shown in Fig. 8b-e and Table S5. As expected, the tensile
and thermal properties of the untreated 3D prints were slightly higher
than those of DMC or strong acid/alkali treated ones. After 3h DCM
immersion, SEM studies on the 3D prints’ surface and fractured section
were performed (Fig. 9). Compared with the untreated ones, the DCM
treated sample displayed a porous structure on the surface due to sol-
vent erosion (Fig. 9¢, d). However, the fractured surface seemed un-
changed (Fig. 9e-g). This revealed that the solvent was not capable to
penetrate deeply into the inner part of the 3D prints even after 3h
immersion. Only the surface could be affected by the solvents. Such
outstanding solvent erosion resistance was mainly attributed to the
covalent cross-linking structure in the 3D prints (Grubbs, Dean, And, &
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Fig. 9. Investigation on the morphology of solvent-treated samples. (a) Scheme of the locations selected for SEM imaging on the DCM treated sample. (b-g) SEM
images of untreated and solvent-treated sample (b, surface of untreated model; c, d, surface of DCM treated model; e, fractured surface of untreated model; f, g,

fractured surface of DCM treated model).

Bates, 2000; Montarnal, Capelot, Tournilhac, & Leibler, 2011). Ob-
viously, the CLIP printed PC-CAB was superior in chemical resistance as
compared to many other 3D printing materials such as poly(ethylene-
2,5-furandicarboxylate) (PEF), PLA, ABS and PETG, which were sensi-
tive to DCM. For example, the FDM printed PEF tablet displayed serious
erosion in its inner region when contacting with DCM in just 5min
(Kucherov et al., 2017).

In addition, the swelling ratios of 3D prints soaked in different
solvents were also evaluated at room temperature for 24 h (Fig. S6).
The 3D prints were immersed in various non-polar or weakly polar
organic solvents, polar protic/aprotic organic solvents, strong acid and
base. They only showed slight swelling rather than dissolution in or-
ganic solvents such as hexane, DMF, toluene, etc. For example, the
swelling ratio was only 3.6% when the sample was put in NMP.

3.3. 3D printing resolution and complex architecture from the PC-CAB ink

For CLIP 3D printing of the PC-CAB ink, Irgacure 819 was chosen as
the photoinitiator owing to its high reactivity, low cytotoxicity, low cost
and strong absorption in the blue-green light region (Fig. S5b) (Maza,
2007). The samples shown in Fig. 10 were all directly printed with UV-
PT. The size of the image projected on the tank bottom could be ad-
justed by setting the parameters of the projector to match the actual
model. The printed objects presented remarkable printing resolution
with a smooth surface (Fig. 10a). The LSCM image clearly showed that
the relative surface roughness of the 3D prints was 2.37 pm (Fig. 10b).
As the resolution of 3D printed products directly determined their
quality (Stansbury & Idacavage, 2016), the limitation of this PC-CAB
ink towards the smallest possible feature size was investigated by
printing a 5mm high column array with varied diameters from 0.5 to

616

2 mm. As shown in Fig. 10d, all the columns with designed diameters of
2, 1, 0.8 and 0.5 mm were successfully printed, whereas none could be
obtained if the diameter was set less than 0.5 mm. Hence, the guaran-
teed smallest feature size was 0.5 mm. We further applied the PC-CAB
ink for the 3D printing of different architectures, such as stars, honey-
comb, etc. (Fig. 10c, f-g). Based on different ink formulations, the
printed objects may display multiple colors and possess different
properties. It was discovered that dark color dyes could improve the
printing accuracy to a certain extent by preventing the leakage of light
from the desired illuminated area and allowed to control the thickness
of each layer during the printing process (Lee et al., 2015).

4. Conclusions

In this study, a novel PC-CAB ink suitable for CLIP 3D printing was
developed by using CAB as the raw material which was grafted with 2-
HEMA groups in the chain, together with 2-HEMA, HDDA, and TMPTA
as reactive diluents, and Irgacure 819 as the photoinitiator. Various
complex architectures with high resolution, excellent mechanical
properties and solvent resistance were 3D printed in a direct prototype
manner. After UV-PT, the tensile and flexural strength of the 3D prints
could reach 44.67 and 64.53 MPa, respectively. Furthermore, due to the
crosslinking structure generated during CLIP printing, the 3D prints
exhibited excellent resistance against a variety of organic solvents.
Specifically, the model sample could maintain its shape even after im-
mersing in the aggressive solvent of DCM for 12h. This simple and
high-efficiency CLIP 3D printing of PC-CAB combined with its out-
standing mechanical and solvent resistance properties promised it an
ideal candidate for various applications such as aviation and auto-
mobile manufacturing.
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Fig. 10. (a) SEM and (b) LSCM image of the surface finish of a CLIP printed PC-CAB object under different magnifications. (d) 3D models of columns with various
diameters and a height of 5 mm for printing accuracy evaluation. (e) The 3D prints from the digital models. (c, f, g) The 3D prints of different architectures. The inset

pictures in (f, g) show the macroscopic size of 3D prints.
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