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Highly Stretchable and UV Curable Elastomers for Digital
Light Processing Based 3D Printing
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and Shlomo Magdassi*

Additive manufacturing (AM) which is commonly referred to
3D printing, has gained great attention in recent years as it
allows the creation of complex 3D geometries with precisely
prescribed microarchitectures, which enable new function-
alities or improved performance. Compared to other existing
3D printing technologies, such as fused deposition modeling
(FDM), Polyjet, selective laser sintering (SLS), direct ink writing
(DIW), and stereolithography (SLA), the digital light processing
(DLP) technique is considered as a low cost, high throughput
additive manufacturing technique. DLP printing is based on
localized photopolymerization process which is triggered by
UV radiation and takes place within a bath containing liquid
monomers, oligomers, and photoinitiators. It is capable of
generating a variety of highly complex, 3D structures from
micro- to mesoscales with microscale architecture and sub-
micrometer precision.ll In addition, as the printing process
takes place in a liquid environment, the DLP printing tech-
nique does not require any support materials to print porous
and hollow structures, which makes this an ideal solution to
fabricating lattice metamaterials,>?l pneumatically actuated soft
robots,*! and many other structures and devices constructed
with trusses or cavities.®”] Over the last few years, researchers
have made exciting advances in DLP 3D printing technology,
such as projection micro-stereolithography providing micro/
sub-micrometer printing resolution,® continuous liquid
interface production enabling 100 times faster printing,”! and
large-area projection micro-stereolithography creating 3D fea-
tures spanning seven orders of magnitude from nanometers to
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centimeters.l¥! However, so far the studies on developing DLP
compatible high-performance, multifunctional materials are
comparatively very limited.[1011]

Elastomers, due to their excellent material properties of elas-
ticity, resilience, and electrical and thermal insulation, have
been used in myriad of applications including automotive
bumpers, rubber seals, flexible electronics, energy absorbers,
and many others. In addition, elastomers are also considered
as ideal materials for fabricating soft robots!>'¥ and smart
biomedical devices!'>'®l which require soft and deformable
material properties to establish safe and smooth interactions
with humans, externally and internally. The most widely used
elastomers in these applications are silicon rubber, that is,
Ecoflex (Smooth-On), SE 1700 (Dow Corning), and Sylgard
(Dow Corning). However, the thermal curing process of these
silicon rubbers constrains the fabrication of objects to only tra-
ditional ways, such as cutting, molding/casting, spin-coating,
etc. In order to enrich the design and fabrication flexibility,
researchers have developed a few direct ink writing (DIW)
based methods to 3D print silicon rubbers!'’~!% by developing
printing inks which are composed of two parts of a silicone
elastomer, that is, base and cross-linker with an expensive plat-
inum-based catalyst.?>-22] However, after printing out the two
parts, a few hours curing process is still needed at room tem-
perature.['% In addition, the lateral resolution of the DIW tech-
nique is determined by the size of the printing nozzle which is
at hundreds micrometer scale, and the requirement of support
materials in the case of printing overhanging structures signifi-
cantly constrains the structure complexity. In addition to the
thermal curable silicon rubbers, there are a few commercially
available UV curable elastomers that are suitable for UV curing
related 3D printing techniques such as digital light processing
(DLP), stereolithography (SLA), and Polyjet. These UV curable
elastomers include Carbon EPU 40,23 Stratasys TangoPlus,?
Formlab Flexible,*’! and Spot-A Elastic.?®) However, compared
to silicon rubbers, those UV curable elastomers still have very
significant limitations. First, the highest elongation at break of
these elastomers is about 170-220%,* which is not sufficient
for certain advanced applications. Second, as they are commer-
cial product, users are not able to tune the mechanical prop-
erties, that is, the Young’s modulus. In addition, in order to
guarantee the printing resolution, light absorbing dyes are usu-
ally added to these commercial resins, which results in opaque
printed objects and therefore are not applicable in applications
requiring good light transmittance.

Here, we report a family of highly stretchable and UV cur-
able (SUV) elastomer systems that are suitable for UV radia-
tion based 3D printing. We present here printing with a DLP
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Figure 1. Highly stretchable and UV (SUV) curable elastomers. a) Comparison of elongation at break between not UV curable silicone rubbers, com-
mercially available UV curable elastomers, and our SUV elastomer. b) A 3D printed highly deformable isotropic truss: (i) isometric perspective view,
and (ii) the undeformed shape and (iii) deformed shape in a compressive test. c) A 3D printed highly deformable negative Poisson’s ratio structure:
(i) front view, and (ii) the undeformed shape and (iii) deformed shape in a compressive test. d) A 3D printed highly deformable balloon: (i) undeformed
shape, (ii) inflated into three times the original size, and (iii) an FEA simulation indicates that in the radial direction, the balloon’s wall was compressed

by =160%. The scale bar is 10 mm.

printer, but the same compositions are suitable for a variety of
UV 3D printers, such as SLA, Polyjet, and dispensing, while
adjusting the viscosity. The DLP printable SUV elastomer resin
formulations were prepared by mixing a monofunctional mon-
omer consisting of epoxy aliphatic acrylate (EAA), and a difunc-
tional cross-linker consisting of aliphatic urethane diacrylate
(AUD) diluted with 33 wt% of isobornyl acrylate (Figure S1,
Supporting Information). The AUD oligomer is comprised
of “soft domains” made up of aliphatic chains, and “hard
domains” made up of urethane units. Hydrogen bonds mainly
form between N—H groups and C=0 groups on the hard
domains.”-?l The detailed chemical structures are presented
in Table S1, Figures S1-S3 (Supporting Information). By mixing
EAA and AUD with different ratios, we are able to readily tune
the mechanical properties for different applications. The elas-
tomer composition contains 2% of trimethyl benzoyl diphenyl
phosphine oxide (TPO) as photoinitiator, that is suitable for use
in low-cost DLP printers®% and also in two-photon polymeriza-
tion printers.?132 The printed elastomers can be stretched by
up to 1100% (Figure 1a shows comparison with available elas-
tomers) which is more than five times the elongation at break
of the commercial UV curable elastomers and is competitive to
that of the most stretchable silicon rubber. Using DLP-based
3D printing technique with our SUV elastomers, we are able
to directly create complex 3D lattice structures such as an iso-
tropic truss structureB3 (Figure 1b), negative Poisson’s ratio

wileyonlinelibrary.com

© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

structure®¥ (Figure 1c), and hollow structures such as a printed
balloon (Figure 1d) exhibiting extremely large deformation
(Movie S1, Supporting Information), which previously could
be fabricated only by combining traditional methods with 3D
printing 3433 The SUV elastomer system reported in this paper
will significantly enhance the capability of the DLP-based 3D
printing for fabricating soft and deformable 3D structures and
devices including soft robots and actuators, flexible electronics,
acoustic metamaterials, and in many other applications.

Figure 2a presents the hyperelastic behavior of the SUV
system with EAA-AUD mixing ratio ranging from 5:5 to 0:10.
It was observed that the increase in the AUD cross-linker con-
centration not only leads to the increase in Young's modulus
from 0.58 to 4.21 MPa, but also significantly increases the
elongation at break from =240 to =1100% which is about five
times that of the best existing commercial UV curable elas-
tomers.?! We note that in the SUV system, the elongation at
break increases with increasing in the cross-linker concentra-
tion, and this trend is opposite to that of a normal thermoset
system.[193637] We attribute the high stretchability to the pres-
ence of hydrogen bonds (Figure S4, Supporting Information)
between hard domains of the AUD.*”?°l Upon mechanical
loading, the breakage of hydrogen bonds dissipates energy
and therefore results in the high stretchability of the elastomer
system.¥l Adding more EAA into the elastomer system does
not only reduce the cross-linking density, but also narrows

Adv. Mater. 2017, 1606000
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Figure 2. Material properties of SUV elastomer system. a) Highly stretchable stress—strain behavior of the SUV elastomers with various EAA-AUD
ratios. b) Snapshots of stretching a transparent SUV elastomer specimen by about ten times. c¢) Comparisons on stretchability, Young’s modulus,
and toughness between SUV elastomers and TangoPlus. d) Comparisons on light transmittance between SUV elastomers and other commercially

available elastomers.

the distribution of the hard segments of the cross-linked
network,3% which significantly reduces the presence of the
hydrogen bonds, therefore decreases the system's stretchability
as well as stiffness. We proved this assertion by carrying out
uniaxial loading—unloading cyclic tests using elastomers pre-
pared with different EAA-AUD mixing ratios (Figure S5, Sup-
porting Information). Figure 2b shows snapshots of examining
the high stretchability of a transparent elastomer sample with
the 0:10 mixing ratio (Movie S2, Supporting Information). In
Figure 2c, we compare the elongation at break, Young's mod-
ulus, and the material toughness extracted from the stress—
strain curves of the elastomers with different compositions. By
integrating the stress—strain curves in Figure 2a, we found that
the toughness varies from 1 x 10° to 50 x 10° ] m~ with the
mixing ratio from 5:5 to 0:10. In comparison, the mechanical
properties of the typical and highly used commercial print-
able elastomer, TangoPlus, broke at =190% with Young's
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modulus 0.6 MPa and toughness 0.9 x 10° ] m~. Along with
good mechanical properties, the new SUV elastomer system
also possesses a good optical property. Figure 2d shows the
material's light transmittance at 300-800 nm. The SUV elasto-
mers are opaque to UV light (below 400 nm), which is attrib-
uted to the UV light absorption by the TPO photoinitiator3!
and partly by the oligomer (Figure S6, Supporting Informa-
tion). Within the light range of 400-800 nm, the transmittance
of the SUV elastomers increases with the increase in the EAA
monomer concentration. By comparing the transmittance at
550 nm, it can be seen that the transmittance increases from
34 to 91.6% with the EAA-AUD mixing ratio from 0:10 to 5:5,
which is comparable to that of the commonly used transparent
elastomer polydimethylsiloxane (PDMS) (90.6%) that has found
a myriad of applications in optical devices.***!l The transpar-
ency is also higher than that of the commercial TangoPlus
elastomer (=30%).
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Figure 3. 3D printed pneumatically actuated soft actuators. a—d) Snapshot of a soft actuator exhibits large deformation bending under pressurized air
along with FEA simulations. e) FEA simulation reveals large local deformation. f) A 3D printed gripper opens in g) under pressurized air. h) The 3D

printed gripper is in process of grabbing an object.

Overall, the new highly stretchable elastomer system is very
suitable for the DLP-based 3D printing technique that has
advantages including high printing resolution, fast processing
speed, and high freedom of design of very delicate structures
as will be shown below. In addition, this technique does not
require support materials for printing porous/hollow struc-
tures, which is crucial for 3D printing delicate structures, as the
process of removing the support materials might cause severe
damage to the printed structures. Using our DLP printable
SUV elastomers, we are able to print highly deformable and
complex 3D structures which have not been achieved by any
other approaches. In the following, we will present 3D printed
soft actuators and Bucky ball electronic switches to demonstrate
the unique strengths of the SUV elastomer system.

Recently, the emerging field of soft robots has gained con-
siderable attention as they are composed of soft, elastic, flex-
ible components that provide multiple degrees of freedom
and many useful capabilities including the ability to exhibit
large deformation, establish safe and smooth interaction with
humans, manipulate delicate objects, and conform to irregular
surrounding geometries. Currently, researchers are mainly
using silicon rubber such as Ecoflex and Sylgard-184, to fabri-
cate soft robots.['>1442-45] However, currently the complex, mul-
tistep molding and casting manufacturing approach, signifi-
cantly constrains the geometric complexity and functionality of
the created soft robots. To overcome these challenges, there are
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a few attempts(*’l to use 3D printing methods to fabricate soft
robots, while the mechanical performance of the printable soft
material, especially stretchability, becomes a major challenge to
enhance the functionality of soft robots.’) The SUV elastomer
developed in this paper provides a key solution to developing
complex 3D functional soft robots within a simple, single,
and rapid 3D printing step. Figure 3 demonstrates pneumati-
cally actuated soft actuators fabricated using DLP 3D printing.
Compared to previous studies, the excellent stretchability of
this elastomer results in 3D printed soft actuators that exhibit
much larger bending deformation (Figure 3a-d, Movie S3,
Supporting Information). In Figure 3e, the finite element (FE)
simulation reveals that the local strain increases to =170%
when the straight actuator deforms into a half circle. This
could not be realized by printing a similar soft actuator with
a comparatively brittle commercial elastomer which breaks
at 50%.°! In Figure 3f-h, we demonstrate a completely 3D
printed soft gripper (Figure 3f) which is actuated by pressur-
ized air (Figure 3g, Movie S4, Supporting Information) and in
the process of grasping an object (Figure 3h, Movie S5, Sup-
porting Information). It should be noted that using the one-step
3D printing method to fabricate such a 3D soft gripper signifi-
cantly reduces the fabrication complexity and time. By the tra-
ditional molding and casting method, it is impossible to build
a complete 3D mold that can be used to replicate the entire
3D gripper. Therefore, until now, additional time-consuming

Adv. Mater. 2017, 1606000
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we also selectively coated Bucky ball where a
nonconductive layer is sandwiched between
two conductive layers which are connected to
two separated conductive wires. After com-
pressing the ball, the two conductive layers
contacted each other, which completes the
circuit and turns on the LED light (Figure 4d,
Movie S7, Supporting Information). An
FEA simulation was conducted to simulate
this compressing/uncompressing process.
In Figure 4e, the strain contour shows that
the maximum local deformation occurs at
the middle of the Bucky ball where it is bent
most. The maximum compressive strain is
only about 55% even when the two conduc-
tive layers are in contact, which ensures the
compressed ball stays within the safe elastic
region without damaging it. To examine the
Bucky ball's electric repeatability, we con-

Resistance (Q)

ducted a cyclic compressive test by repeatedly
compressing the ball over 2000 times (Movie
S8, Supporting Information). An ohmmeter
was connected to the silver coating of the
Bucky ball to measure the resistance change
during the cyclic test. As shown in Figure 4f,
within 1700 compressive loading/unloading

= cycles, the resistance increases from 6 Q to

around 60 Q, and it increases to 190 Q after

11 ’ . ' i 1900 cycles. A dramatic increase to 1100 Q in

0 500 1000 1500 2000 resistance is observed only after 2000 cycles
Compressive cycle

Figure 4. Conductive Bucky balls working as an electric switch. a) A Bucky ball completely
coated with silver nanoparticles. b) A LED turns on after compressing the Bucky ball. c) A Bucky
ball selectively coated with silver nanoparticles. d) A LED turns on after compressing the selec-
tively coated Bucky ball. e) Finite element simulation. f) Bucky ball’s conductivity under 2000

times cyclic compressive testing. The scale bar is 10 mm.

assembly steps must be employed to assemble all the separate
molded parts.

Not only do our SUV elastomers sustain large elastic defor-
mation, but also maintain a good mechanical repeatability over
more than 1000 times of loading/unloading cycles. Based on
this, we fabricated a 3D Bucky ball light switch by combining
the DLP printing with a silver nanoparticle coating and a room-
temperature sintering process.'14#8] As shown in Figure 4a, a
deformable Bucky ball with the Cgy chemical structure*’! was
printed. To achieve the electrical conductivity, we coated the
Bucky ball with silver nanoparticles by immersing it into a silver
nanoparticles dispersion, and exposed the coated Bucky ball to
hydrogen chloride vapors.” Figure 4a shows a Bucky ball that
is fully covered by the sintered silver nanoparticles. We dem-
onstrate the Bucky ball as a switch by mounting it onto a cir-
cuit board where the conductive wires are not connected. After
compressing the ball, the deformed Bucky ball bridged the two
disconnected wires to form a complete circuit, and the light-
emitting diode (LED) turned on (Figure 4b). After releasing the
compressive force, the Bucky ball returned to the original shape
due to good elasticity, and the LED turned off as the circuit dis-
connected (Movie S6, Supporting Information). In Figure 4c,
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implying most likely a slight mechanical
failure on the silver coating or the Bucky ball.
Overall, the excellent mechanical and elec-
tric repeatability make the silver nanoparticle
coated Bucky ball a good candidate in the
field of 3D printed electronics, but further
improvement of this layer is required. Obvi-
ously, coating the structure with other conductive materials
such carbon nanotubes and metal nanowires will overcome the
mechanical failure of the conductive layer, and it may be even
used as a pressure sensor.

In summary, we report a family of highly stretchable and UV
curable elastomers that are suitable for the DLP-based direct 3D
printing technology. By mixing EAA and AUD at various ratios,
we developed DLP printable elastomers that can be stretched
by up to 1100% which is more than five times the elongation
at break of the commercial UV curable elastomers. Using DLP
printing with the SUV elastomer compositions enables the
direct creation of complex 3D lattices or hollow structures that
exhibit extremely large deformation. The SUV elastomer system
will significantly enhance the capability of the DLP-based 3D
printing of fabricating soft and deformable 3D structures and
devices including soft actuators and robots, flexible electronics,
acoustic metamaterials, and many other applications.

Experimental Section

Material Preparation: The SUV elastomer polymer resin was prepared
by mixing AUD (Ebecryl 8413, Allnex) and EAA (Ebecryl 113, Allnex)
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with a certain mixing ratio from 0:10 to 5:5. 2% TPO (BASF) of total
weight of the polymer resin was added as the photoinitiator. The PDMS
samples were made by mixing Elastrosil RT 601 A & B (Wacker) in 9:1
ratio at 70 °C for 30 min. TangoPlus samples were printed by Objet
260 Connex printer 3D printer, Stratasys using TangoPlus (FLX930,
translucent).

Characterization: The mechanical properties were measured using
Universal Testing Machine (INSTRON 3345, 500 N load cell). The
dimensions of the specimens are about 50 mm x 5 mm x 0.75. The
transmittance was measured using UV spectrophotometer (UV-
1800, Shimadzu). The cyclic compressive tests were performed using
homemade compression instrument, and resistance was measured
during and after compressive cycles using Aim TTi BS 407 ohmmeter
ranging from 1 pQ to 20 kQ. The photos and videos were recorded
using Canon camera EOS 1200D equipped with Tamron SP Di
macrolens.

3D Printing: 3D printing was performed using DLP-based 3D printer
(Free form Plus 39, Asiga) with a custom-made heat resin bath and
bath was maintained at 70 °C during printing process.'l This printer
operates by a top-down DLP system with a digital mirror device (DMD)
and a UV-LED light source (385 nm). Each layer was irradiated for 10 s
and layer thickness was 100 um. The printed structures were sonicated
with isopropyl alcohol (IPA) for 3 min to remove uncured monomer/
oligomer followed by a 3 min postcuring in a UV oven. Isotropic truss,
negative Poisson's ratio structure, soft actuator, gripper, and Bucky balls
were printed using the SUV elastomer with composition 5:5.

Silver Coating on Printed Structure: The 3D printed structures,
that is, the Bucky balls, were immersed in a silver dispersion in the
dipropylene glycol methyl ether (DPM) solvent containing 16.5 wt%
silver nanoparticles (Xjet Ltd., Israel). The process was performed in a
vacuum chamber for 1 min. The immersed structures were then removed
from the dispersion and dried in a vacuum oven at 50 °C for 30 min to
evaporate the solvent. In order to achieve conductivity, the structures with
silver nanoparticles were exposed to hydrogen chloride vapor for 10 5.0

Simulation: To investigate the local strains on the deformed 3D
structures, the finite element simulations were performed using a
commercial FE software ABAQUS (Simulia, Providence, RI, USA).
The geometries were meshed using four-node linear tetrahedron and
hybrid elements (C3D4H) for all the elastomeric components of the
printed structures. The Mooney—Rivlin model was used to capture the
hyperelastic behavior of the SUV elastomers (Figure S7, Supporting
Information).

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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