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Introduction

3D printed modular piezoionic sensors using
dynamic covalent bonds+t

Julian Smith-Jones,? Nathan Ballinger,® Naroa Sadaba,? Xabier Lopez de Pariza,”
Yunxin Yao,© Stephen L. Craig, () © Haritz Sardon® and Alshakim Nelson () *2

Flexible and lightweight sensors can assess their environment for a broad range of applications that
include wearables for health monitoring and soft robotics. While 2D and 3D printing enables control over
sensor design in multiple dimensions, customizability of a sensor toward different individual use cases is
still limited because each sensor requires a new design and manufacturing process. Thus, there is a need
for methodologies that produce modular sensor components that can be assembled and customized by
an individual user. Herein, we demonstrate 3D printed, elastomeric ionogels comprising covalent adapt-
able networks (CANs) for modular sensor assemblies. Reversible Diels—Alder connections incorporated
into the network can occur at the interface between two 3D printed objects in physical contact with each
other. As a result, modular components can be combined and assembled on-demand into customized
piezoionic sensors. Thermal curing of these modular blocks triggered the dynamic remodeling of the
polymer networks that caused them to become fused together. Three different configurations (linear,
cyclic, and box assemblies) were demonstrated to afford piezoionic sensors from the same set of 3D
printed building blocks. This study highlights the benefits of dynamic covalent networks toward decentra-
lized manufacturing, wherein a modular approach enables customization of 3D printed parts without the
need for modifying the original design.

required by the end-user can be specific to a particular scen-
ario (or use case), but each one may require a new manufactur-

Flexible electronic devices have gained significant interest as
sensors for soft robotics,'™® artificial skins,”** and biomedical
monitors.”*® At a minimum, the operational device must be
conductive, elastomeric, and maintain functionality after
storage under ambient conditions. Traditional sensor
materials such as carbon nanotubes,"”” " liquid metals,®?**
or organic field effect transistors (OFET)*>>* show great
promise, however, when placed inside a soft matrix such as
silicone, these conductive elements often limit the amount of
deformation the material can withstand. The trade-offs
between electronic performance, device shape, and mechani-
cal flexibility also place limitations on the implementation and
versatility of these sensors. Furthermore, the form factor
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ing process. The ability for an end-user to build a sensor from
a set of simple building blocks presents an opportunity for
greater versatility, design flexibility, and rapid implementation
of these sensors.

Ionic liquids (ILs) are organic salts that are liquid at
ambient temperatures, and these functional solvents are
attractive as components of flexible strain
sensors.' >>7971526729 [1 5 can swell polymer networks to form
ionic liquid gels (ionogels),"****! which can have many simi-
larities to water-swollen hydrogels.”®'*'® The advantages of IL
gels include their intrinsic ionic conductivity and their negli-
gible vapor pressure that limits solvent evaporation. The
chemical structures of ILs are highly tunable, and they can be
made to be stable at elevated temperatures, which affords
ionic sensors with a wide operational temperature range.***?
While the composition of the ionic liquid can have a signifi-
cant effect upon the conductive performance of the material,"*
the polymer network can be optimized to enhance the
mechanical properties. For example, Wang et al>* demon-
strated that ionogels comprised of acrylamide and acrylic acid
in 1-ethyl-3-methylimidazolium ethyl sulfate afforded tough
ionogels (Young’s modulus of 46.5 MPa). Zhao et al.** demon-
strated a fluorescent double network ionogel strain sensor

© 2024 The Author(s). Published by the Royal Society of Chemistry
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which possessed self-healing properties due to dynamic imine
bonds and hydrogen bonds. More recently, Chen et al>®
demonstrated an ultra-tough ionic liquid gel with a Young’s
modulus of 325 MPa and strain at break of 1120%, in addition
to modest self-healing due to dynamic transition metal cross-
links. In all the examples discussed, the sensors were gener-
ated through traditional casting methods, which limits the
range of potential form factors that can be easily fabricated.

3D printing has been gaining significant interest due to the
ability to produce a complex part or product on demand.**™**
In particular, vat photopolymerization 3D printing allows for
facile fabrication of devices with complex geometries which
would otherwise be inaccessible. Wang et al.*> demonstrated
an ionogel comprised of 1-vinyl-3-butylimidazolium tetra-
fluoroborate and acrylate-terminated hyperbranched polymer
swelled with 1-butyl-3-methylimidazolium tetrafluoroborate.
The resin produced strain sensors with high stretchability, sen-
sitivity, and a wide operating temperature range. Hao et al.’
developed an ultra-stretchable ionic skin (strain at break
>10 000%) capable of sensing over a temperature range of —40
to 150 °C. The material comprised of poly (zwitterionic ionic
liquid)-co-poly (acrylic acid) in 1-ethyl-3-methyl-imidazolium
ethyl sulfate could be SLA 3D printed into sensors used for
monitoring human hand motion. Jurinovs et al."” formulated
an SLA 3D printable biobased IL gel by mixing 1-ethyl-3-
methylimidazolium acetate with single walled carbon nano-
tubes (SWCNTSs) in acrylated rapeseed oil. The combination of
IL and SWCNT provided excellent conductivity and allowed the
material to function as electrodes in soft robotics and flexible
sensors. Recently, Narupai et al®® demonstrated an elasto-
meric, SLA printable ionogel containing 1-butyl-3-vinylimida-
zolium bis(trifluoromethanesulfonyl)imide and polyethylene
glycol (PEG). The gels displayed good conductivity, high elastic
recovery, and strong adhesive properties. While 3D printing is
advantageous because new design iterations can be made
easily using computer-aided design (CAD) software, a modular
system based on building blocks that can be arbitrarily
assembled post-3D printing would allow for the facile combi-
nation of individual components without the need to alter the
original design.*>*” Morin et al.*® demonstrated the concept
using “Click-e-bricks”, which are elastomeric bricks fabricated
through molding that can be connected by peg/recess click
connections. The modular structures were pneumatically actu-
ated, and by varying the shape of the bricks they were able to
achieve different geometries and shape transformations. The
designs are applicable to a range of materials (e.g., PDMS,
Ecoflex) and provide access to structures which would be
difficult to create in one molding step. Gomez et al.*® devel-
oped a thiol-acrylate resin which could be photopolymerized
into self-healing elastomeric gels. SLA printing allowed the
researchers to produce individual parts which could be com-
bined using heat to produce modular elastomeric actuators.
Extending this modular approach to sensors would not only
enable personalized devices to be fabricated, but also would
be advantageous under conditions where it may not be poss-
ible to know what form factor is required for the sensor.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Herein, we demonstrate 3D printed, elastomeric ionogels
comprising covalent adaptable networks (CANs) for modular
piezoionic sensor assemblies. CANs are covalently crosslinked
polymer networks (i.e., thermosets) which contain reversible
covalent bonds that enable the network to rearrange in
response to an external stimulus such as mechanical force,
light, or heat.>*™> We developed a resin for vat photo-
polymerization which afforded polymer networks comprising
reversible Diels-Alder connections. The resins were formulated
in ionic liquid solvents, and thus, the resulting networks were
ionogels. The 3D printed components were elastomeric with
failure strains ranging from 600% to 1200%, low hysteresis
over multiple deformation cycles, and high sensitivity (gauge
factor = 3.59). The thermal reversibility of the dynamic bonds
enabled 3D printed components in physical contact to fuse
together via remodeling of the polymer networks. Thus, the
3D printed parts could be assembled into any arbitrary design
and perform as piezoionic sensors.

Results and discussion

Butyl-vinyl imidazolium bis(trifluoromethanesulfonyl)imide
([BVIM][TFSI]) is an ionic liquid that can be co-polymerized
with dimethacrylate cross-linkers to form polymer networks
(Fig. 1).">*7° The vinyl substituent on the imidazolium is
reactive to photo-initiated free radical polymerization, while
the length of the alkyl substituent influences the resin vis-
cosity of the uncured resin and the mechanical properties of
the resulting network. We chose butyl as the alkyl chain based
on the viscosity of the resin, as well as the viscoelasticity of the
resulting polymer network (in general, as the length of the
alkyl chain increases, Young’s modulus decreases and the
elongation at break increases).”” Networks solely comprising
of the polymerizable ILs are brittle,””*® but the presence of
oligo- and poly-ethylene glycol (PEG) is known to reduce
brittleness."®*® To introduce reversible Diels-Alder linkages
into the polymer network, PEG cross-linker DA-PEG 1 was syn-
thesized (Scheme S1t). The telechelic polymer has reversible
Diels-Alder adducts at each end, and the polymer is termi-
nated by methacrylate functionalities to facilitate its incorpor-
ation into the polymer network. DA-PEG-1 was synthesized
from PEG (M, = 8000 g mol™"), which was transformed into a
bis-maleimide terminated polymer. Separately, furfuryl meth-
acrylate was synthesized by reacting furfuryl alcohol with
methacrylic anhydride. The Diels-Alder reaction between fur-
furyl methacrylate and bis-maleimide terminated polymer was
performed neat at 70 °C overnight to yield DA-PEG-1.

Resins for vat photopolymerization were formulated com-
prising cross-linker DA-PEG-1, [BVIM][TFSI], photoinitiator,
and photoabsorber. The amount of DA-PEG-1 included in the
resins varied from 10, 15, to 20 w/w% to modulate the visco-
elastic properties of the polymer network. The resin formu-
lations were labelled according to the w/w% of polymer
present (10-BVIM, 15-BVIM, and 20-BVIM). For example, a
resin containing 10 w/w% DA-PEG-1 dissolved in [BVIM][TFSI]
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Fig. 1 Overview of resin components and representation of dynamic polymer network. (a) The network-forming components in the ionic liquid
resin. The resin also includes BAPO (photoinitiator) and Sudan 1 (photoabsorber), which are not shown. (b) A vat photopolymerization process was
used to fabricate modular building blocks (cube, cross, and bent arm) that were then assembled into a box, loop, or linear form. The building blocks
are fused together using (c) the reversible Diels—Alder interactions that can occur at their interfaces. The mixture of dynamic and permanent cross-

links improved shape retention after heating.

was labeled 10-BVIM, while 20-BVIM corresponds to 20 w/w%
DA-PEG-1 in [BVIM]|[TFSI]. To further improve the structural
integrity of the gels at elevated temperatures, we formulated a
resin with a 1:1 ratio of the non-dynamic crosslinker PEG bis
(urethane) methacrylate (PEG-BUM)***® in addition to the
dynamic crosslinker DA-PEG-1 in [BVIM][TFSI] (we refer to this
resin as 7.5-7.5-BVIM). Phenyl bis(2,4,6-trimethylbenzoyl)
phosphine oxide (BAPO) was included (0.75 w/w%) as a photo-
initiator in all of the formulations. Sudan I was included
(0.025 w/w%) as a photoabsorber to improve the resolution
during the printing process. Two important parameters to con-
sider for SLA printing are the resin viscosity and rate of photo-
curing. It is important that the viscosity of the resin remains
below 10 Pa s to allow the resin to flow properly during print-
ing. The resin must also cure rapidly during printing to adhere
to the build plate, while at the same time not polymerizing too
quickly which may result in poorly resolved features. This can
be controlled with the quantity of photoabsorber used in for-
mulating the resin. The viscosity of the ionic liquid resins pre-
sented here were approximately 1 Pa s, well within the range
required for printing.*® The rheological properties of the
resins are provided in the ESI (Fig. S127).

Ionogels were 3D printed on a Formlabs Form 2 printer.
Stereolithographic apparatus (SLA) 3D printing is a form of vat
photopolymerization wherein a tray with a transparent base is

436 | RSC Appl. Polym., 2024, 2, 434-443

filled with a photo-curable resin, and a 405 nm laser photopat-
terns cross-sectional areas of a 3D structure in a layer-wise
fashion. Tensile specimens were printed to characterize
mechanical properties, and modular building blocks were also
printed to demonstrate the modularity of the system. All of the
samples were subjected to a 1 h post cure in which both sides
of the structure were irradiated with 405 nm light for 30 min
each. Gel fraction experiments revealed that printed and cured
specimens have a gel content of approximately 64.8% (Tables
S2-S57). The unpolymerized ionic liquid remaining in the net-
works is important because it contributes to the ionic conduc-
tivity and viscoelasticity of the materials, which enables the
printed objects to function as strain sensors.

Fig. 2 shows the mechanical characterization data for the
printed ionogels. Uniaxial tensile experiments were performed
using ISO 527-2 5B specimens on a TestResources universal
testing machine. The mass fraction of cross-linker DA-PEG-1 in
the resin has substantial effects on the viscoelastic properties of
the ionogels. The data in Fig. 2a shows that with increasing
mass fraction of DA-PEG-1, the Young’s modulus decreases and
the ionogels show lower nominal tensile strain prior to failure.
The Young’s moduli for 10-BVIM, 15-BVIM, and 20-BVIM were
739.3 +217.9 kPa, 119.1 + 18.7 kPa, and 67.3 + 16.2 kPa, respect-
ively, and the corresponding strains at break were 1184.9 +
121.5%, 860.6 + 21.1%, and 693.5 + 33.2% (Table S61). The

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Characterization of ionic liquid gels. (a) Tensile strength of gels
with varying amounts of copolymer. (b) Tensile experiments of formu-
lation 7.5-7.5-BVIM after printing, after being cut and mechanically
mended (pushed together), and after being thermally mended at 85 °C.
(c) Electrical Impedance Spectroscopy (EIS) data of formulation 7.5-7.5-
BVIM as a resin (red) and after printing (blue) over a range of tempera-
tures (20-100 °C).

decrease in elongation at break is consistent with a higher
degree of chemical cross-linking in the polymer network. The
decrease in Young’s modulus is likely due to the plasticizing

© 2024 The Author(s). Published by the Royal Society of Chemistry
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effect of PEG, which has been shown to improve the chain
mobility of polymerized ionic liquid networks.>®*”*® For
7.5-7.5-BVIM gels, the Young’s modulus was 235.7 + 25.3 kPa
and the strain at break was 898.0 + 30.2% (Fig. 2a). The
increased Young’s modulus relative to 15-BVIM is due to the
presence of permanent crosslinks, while the similar strain at
break is because both networks possess the same w/w% of
crosslinker.

We next investigated the ability of these networks to
remodel at the interface between two different substrates.
Tensile specimens were printed, cut in half, and mended
either mechanically (pushed together) or thermally.
Interestingly, the Young’s modulus is comparable between the
mechanically reattached and thermally treated samples. As
expected, both of these values are lower relative to the original
sample before cutting due to the loss of the permanent cross-
links within the network. Tensile specimens of 7.5-7.5-BVIM
which had been cut and mended thermally exhibited a larger
strain at break (1086.3 + 180.7%) compared to samples which
were cut and mechanically reattached (773.6 + 34.4%)
(Fig. 2b). This difference can be attributed to a greater number
of Diels-Alder cross-links re-forming across the damaged inter-
face. In comparison, we observed a similar trend for mechani-
cally mended 15-BVIM samples, which exhibited a strain at
break of 240.0 + 27.7% versus the thermally mended 15-BVIM
samples which improved to 654.9 + 22.5%.

A crucial element of any material intended for sensing is its
conductivity. Electrical impedance spectroscopy (EIS) measure-
ments carried out on an Autolab 302N potentiostat galvanostat
(Fig. 2c) demonstrated the material is conductive both as a
resin and as a printed gel. Conductivity in the cured material
is decreased due to immobilization of the IL.

Stress relaxation experiments were performed to determine the
relaxation time across a range of temperatures from 75 °C to
105 °C (Fig. 3a). A 5% strain was applied to the network, and the
relaxation times were determined by using the normalized
modulus of the sample at 1/e of its initial value. This data was
plotted versus 1000/T to determine an activation energy for the
Diels-Alder adducts of 84 + 5 k] mol™" (Fig. 3b). This value is
similar to those reported in the literature that had a range of
98-115 kJ mol".>° The position of the functional groups on furan
and maleimide derivatives, as well as the solvent, are known to
strongly influence the activation energy of the reverse Diels-Alder
reaction and can lead to the range of values observed.

To explore the suitability of the resin formulations for pro-
ducing mechanically robust modular piezoionic sensors,
blocks in the shape of a cube, bent arm, and cross, were
printed and arranged into a linear, cyclic, or cubic configur-
ations (Fig. 4). Blocks composed of 10-BVIM, 15-BVIM, or
20-BVIM were placed in contact with one another and heated
at 60 °C overnight to initiate the reversible Diels-Alder reaction
at the interface between the blocks. The modular pieces were
successfully fused into one continuous structure, however,
there was a significant loss in the resolution of the printed
shape when PEG-BUM was not included in the resin formu-
lation. Heating the dynamic networks above their T, and

RSC Appl. Polym., 2024, 2, 434-443 | 437
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Fig. 3 (a) Stress relaxation of 7.5-7.5-BVIM gels at varying temperatures. Relaxation times () are determined when the normalized modulus
reaches 1/e of the initial value. (b) Activation energy (E,) of Diels—Alder bonds in the network was determined from the slope of the natural logarithm
of 7 plotted against 1000/T (E, = 84 + 5 kJ mol™).

Fig. 4 Demonstration of the mechanical robustness of assembled and fused piezoionic sensors as a (a) linear, (b) box, and (c) loop. The weight
shown is 500 g. The scale bar for linear and box structures represents 5 mm. Scale bar for loop represents 20 mm.

under fast Diels-Alder exchange caused the material to reflow network. Heating these samples at 85 °C for 4.5 h was
under the forces of gravity (ESIT). In contrast, the 7.5-7.5-BVIM  sufficient to fuse the polymer networks at the interface
ionogels successfully maintained their shape fidelity as a con- between two modular building blocks without diminishing the
sequence of the non-reversible cross-links present in the resolution of the printed features.

438 | RSC Appl Polym., 2024, 2, 434-443 © 2024 The Author(s). Published by the Royal Society of Chemistry
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We investigated the hysteresis in these materials over mul-
tiple deformation cycles.’*™*® Cyclic uniaxial tensile experi-
ments show the hysteresis of 7.5-7.5-BVIM gels under different
strain rates ranging from 5 to 100 mm min~" at 50% strain
(Fig. 5a). The results showed that sensors stretched at slower
strain rates experienced lower amounts of hysteresis and lower
stress values because the network had more time to relax
between cycles. When the material was stretched at higher
strain rates, more force was required, and a larger hysteresis
was observed. In all cases, the greatest amount of hysteresis
was observed between the first and second cycles and
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decreased significantly after the second cycle. Similarly, when
the sensors were stretched at a constant strain rate of 50 mm
min~' at strains ranging from 5-100%, lower amounts of
strain resulted in smaller hysteresis and lower stress (Fig. 5b,
Fig. S16%). As the % strain increased, the stress experienced by
the network increased along with a slight increase in
hysteresis.

In order to examine the performance of the modular
sensors, conductivity measurements were performed with a
Keithley 2400 source measure unit (SMU). Blocks of 7.5-7.5-
BVIM were first fused into a loop-shaped structure. Electrodes
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Fig. 5 Dynamic properties of modular sensors. (a) Cyclic uniaxial tensile experiments performed at strain rates of 5, 25, and 100 mm min~! at 50%
strain; two cycles for each strain rate are shown and additional cycles are included in the ESI.{ (b) Cyclic uniaxial tensile experiments performed at
5%, 25%, and 100% strain at a strain rate of 50 mm min~?; two cycles for each % strain are shown and additional cycles are included in the ESL.} (c)
Electrical response of sensors attached to a source measuring unit, applying a 5% of strain. Current passing through the device decreases as the
device is placed under tension, as predicted by modified Ohm's Law. (d) A plot showing the cyclic loading and unloading to different strains to deter-
mine the gauge factor for strains ranging from 50-200%. (e) Adhesive strength of 7.5-7.5-BVIM gels in contact with a variety of substrates. (f)
Square adhesive ion gel patch supporting a 100 g weight on glass slides.
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were attached to opposite ends of the loop and connected to
the SMU (Fig. S15%). Stretching the loop provokes a decrease in
the measured current. The decrease in current is a result of an
increase in length and a decrease in the cross-sectional area of
the structure as described by the equation:

vV L
1A

which relates resistance (R), resistivity (p), length (L) and cross-
sectional area (A) of the sample. Since the applied voltage and
resistivity are constant, the current drops in response to the
deformation. Once the applied strain is removed, the current
increases (Fig. 5¢). To evaluate the performance of a piezoionic
device under compression, printed blocks were arranged into
a box configuration and thermally cured into a continuous
network structure. The box was connected to the SMU using
electrodes and copper plates (Fig. S15%). As expected, com-
pression led to an increase in current due to the decrease in
the shortest path between the electrodes. The strain-dependent
sensitivity of the sensors is evaluated as the gauge factor (GF),
which is the ratio of change in electrical resistance to applied
mechanical strain The GF was 2.08 under 5-50% strain
(Fig. S277), which increased to 3.59 under 50-200% strain
(Fig. 5d). Larger strains cause a larger deformation to the
network, which interrupts conductive pathways by increasing
the separation between anions and cations, leading to higher
resistance.®® The GF for our system was comparable or higher
than those reported in the literature for other ionogels.®®™®

All of the ionogels also exhibited an adhesive character,
which was characterized using lap-shear adhesion tests. The
adhesive strength of the ionogels were evaluated for glass,
aluminum, cardboard, and Teflon substrates (Fig. 5¢). The gels
adhered best to glass (5.45 MPa) and maintained their
adhesive strength after being detached and reapplied (5.37
MPa). The strong adhesive properties of these materials are
attributed to the broad range of noncovalent interactions
(hydrogen bonding, electrostatic, ion-dipole, and van der
Waals interactions) between the ion gels and the
substrate.”'®%%%” The adhesion to different substrate types
could be advantageous for these sensors to remain in place
once they are installed.

Conclusion

A photopolymerizable ionic liquid resin was developed for 3D
printing ionogel CANs that can be fused together to create
piezoionic sensors. During the 3D printing process, the resin
was transformed into dynamic ionogel networks, wherein
Diels-Alder adducts were utilized to create reversible cross-
links. The printed structures demonstrate high print quality,
as well as desirable mechanical properties such as good elas-
ticity (1184% strain at break) and strength (739 kPa), which
can be tuned by altering the number of dynamic crosslinks in
the material. These dynamic covalent bonds imbued a mecha-
nism for self-repair in the material and were also active at the
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substrate surface, such that two different 3D printed networks
could be fused into a single continuous network. Within these
ionogels, the unpolymerized ionic liquid is mobile within the
network. Thus, the printed and fused ionogels were conductive
and performed as piezoionic sensors. As a representative dem-
onstration, three different modular building blocks were 3D
printed. Using these building blocks, an end-user can assem-
ble a piezoionic sensor with any arbitrary design, as necessary.
This strategy, wherein 3D printed parts can be assembled into
a larger functional system, showcases a decentralized manu-
facturing approach for future on-demand production of active
devices.
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