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DLP-Printable Porous Cryogels for 3D Soft Tactile Sensing

Diana Cafiso,* Federico Bernabei, Matteo Lo Preti, Simone Lantean, Ignazio Roppolo,

Candido Fabrizio Pirri, and Lucia Beccai*

1. Introduction

Three-Dimensional (3D) printed porous materials hold the potential for

various soft sensing applications due to their remarkable flexibility, low
density, and customizable geometries. However, developing versatile and
efficient fabrication methods is crucial to unlock their full potential. A novel
approach is introduced by combining Digital Light Processing (DLP) 3D
printing and freeze-drying to manufacture deformable cryogels featuring

intricate morphologies. Photocurable hydrogels based on

Poly(3,4-ethylenedioxythiophene)Polystyrene sulfonate (PEDOT:PSS),
Polyethylene glycol Diacrylate (PEGDA) and Ethylene Glycol (EG) are
successfully printed and lyophilized. In this way, porous cryogels with
tailorable properties are achieved. Microporosity varies from 68% to 96%,
according to the chemical composition. Ultra-soft cryogels with a compressive
modulus of 0.13MPa are fabricated by adding a reactive diluent. As a result of
the cryogelation process, which effectively removes water from the hydrogels,
microporous structures with details as fine as 100 um are obtained. The
achieved freedom of design is exploited to fabricate resistive force sensors
with a honeycomb lattice morphology. The sensitivity and the working range
of the sensors can be tailored by tuning the size of the cells, paving the way for
sensors with programmable architectures that can meet diverse requirements.
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The rapid progress of soft robotics de-
mands for highly versatile soft sensors
for the detection of mechanical stim-
uli, coming from the outside world or
from the robot itself,/!l which can ful-
fill different requirements in order to ad-
dress new challenges.!>>] Consequently,
there has been a surge in the research
on novel materials and smart technolo-
gies to enable the efficient and tunable
fabrication of soft sensors with arbitrary
architectures, sizes, and configurations.
Within this context, Three-Dimensional
(3D) printing has emerged as a robust
tool for tailoring the properties and en-
gineering the structure of soft sensors.[%]
It enabled the creation of sensors ca-
pable of multi-stimuli detection!”! tun-
able piezoresistivity,®] micro strain gauge
with micro-newton sensing resolution,’!
and integrated systems coupling sensing
and actuation in a seamless process.!1]

Among the various 3D printing tech-
nologies, vat photopolymerization stands
out for its ability to construct components with highly complex
geometries and fine resolution."! Specifically, Digital Light Pro-
cessing (DLP) has been utilized to fabricate soft sensors due to its
advantages in terms of faster building speed, high shape fidelity,
and excellent resolution. Over time, DLP-printed soft mechan-
ical sensors were developed using various materials, including
hydrogels.[1213]

Hydrogels are 3D polymeric networks that contain wa-
ter within their porous structure.'*®] The chemical compo-
sition of the hydrogels can be tailored to meet different re-
quirements, such as high transparency,'®! inherent softness,”]
biocompatibility,['®] and self-healing ability.l'”] These features
have been increasingly exploited in soft sensing, especially in
the field of wearable electronics.?®! This growing knowledge has
been leveraged in the field of soft robotics to obtain hydrogel-
based sensors with diverse mechanical, electrical, functional, and
morphological properties. Over the years, a wide range of hy-
drogel systems has been investigated, exploring different poly-
mers, synthesis’ approaches, solvents, fillers, and various param-
eters such as the ratio between liquid and solid phases and the
polymerization rate.l?!l The electrical conductivity of these hydro-
gels is usually given by conductive nanofillers,[?] salts,[2>24] or
conductive polymers, such as Poly(3,4-ethylenedioxythiophene)
Polystyrene sulfonate (PEDOT:PSS).[?’! In particular, the latter
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Figure 1. Scheme of the fabrication protocol for the 3D porous cryogels. a) The hydrogels were 3D-printed via DLP. During the printing, the formation of
chemical cross-links between the polymer chains resulted in the formation of cured hydrogels. b) The printed hydrogels were frozen and then lyophilized

in order to remove the ice crystals and form porous, dehydrated cryogels.

has been widely explored due to its bio-compatibility, tailorable
electrical properties and stability to air and moisture.[?%]

However, despite the fascinating properties of hydrogel sen-
sors, some limitations remain for reliable sensing applications,
mainly related to the low durability caused by the solvent’s
evaporation, which modifies the hydrogel’s size and deteriorate
its mechanical and electrical properties.?”] This is particularly
important for pressure and force sensors, whose transducers,
which are solicited mechanically in a repeated manner, must
reliably convert the mechanical input into an electrical output.

Porous materials have also piqued the interest of researchers
in soft sensing due to their promising electrical and mechan-
ical properties. The presence of pores enables the alteration
of conductive paths within the cells during the loading phase,
while it increases the material’s deformability leading to higher
sensitivities.[?®] Various methods, such as chemical etching,!*!
emulsions,?%3! and particle templating,[****! have been utilized
to fabricate porous sensors.

A low-cost and feasible method to introduce porosity involves
the removal of the solvent from hydrogels. Hydrogels can be
dried in various ways under different temperatures and pres-
sure conditions. Among them, freeze-drying is a simple and cost-
effective technique that limits the collapse of the pores and struc-
ture, resulting in the formation of a cryogel.** The term “cryo-
gelation” is used herein to refer to the process involving the poly-
merization of the hydrogel, freezing the sample, removing ice
crystals through freeze-drying and thawing, to obtain a porous
material without any liquid phase. To the best of our knowl-
edge, there are only a few works on soft sensors based on 3D
printed cryogels.!*>-38] Notably, these sensors were manufactured
via direct ink writing, which, however, can limit both the de-
sign’s degrees of freedom and the printing accuracy, compared to
photopolymerization-based 3D printing.[**) Notably, no examples
of 3D soft sensors obtained by combining DLP additive manufac-
turing and cryogelation have been reported so far.

In this study, we present a simple and tunable fabrication
approach for soft porous sensors with 3D-printed architec-
tures. Light-curable hydrogels were synthesized by combining
Poly(ethylene glycol) diacrylate (PEGDA) and PEDOT:PSS. The
ratio between these two components was carefully designed to
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achieve a compromise between mechanical and electrical prop-
erties. The resulting hydrogel was then 3D printed using DLP
technology, allowing the creation of complex shapes with high
resolution and shape fidelity. This enabled exploring the feasibil-
ity of customizable conductive structures. As a proof of concept,
soft force sensors with honeycomb morphology having different
dimensions were fabricated and evaluated.

2. Results

Figure 1 shows the fabrication of the conductive cryogels. For
the synthesis of the precursors’ hydrogels, the pre-polymer
PEGDA was selected as the hydrogel's backbone due to its
strong hydrophilicity and fast reaction kinetics under UV light,
which is related to its acrylate groups.l“*!l The photocurable
monomer PEGDA and the photoiniator Lithium phenyl-2,4,6-
trimethylbenzoylphosphinate (LAP) were dissolved in a water-
based solution of PEDOT:PSS, ((PEDOT:PSS)s). Both PEGDA
and LAP, being hydrophilic, exhibited good solubility in (PE-
DOT:PSS)s.

2.1. Material Study

The adsorption profiles of the formulations were determined
by Ultraviolet-Visible (UV-Vis) spectroscopy and reported in
Figure 2a. All the compositions absorbed light in the working
range of the DLP, i.e., 385 — 405 nm, confirming their suitabil-
ity for printing. The samples with larger fractions of PEGDA
showed a higher absorbance at these wavelengths due to the
higher amount of the photoinitiator, which exhibited a broad ab-
sorbance between 350 nm and 420 nm, with a peak at 380 nm.[*?]
The pristine (PEDOT:PSS)s had higher absorbance than PEGDA
in the range of interest, which may compete with the absorp-
tion of LAP in the formulation with larger amounts of (PE-
DOT:PSS)s. The formulation reaction to UV exposure was in-
vestigated through real-time photo-rheology analysis. The experi-
ments were performed at a strain amplitude of 0.1%, at which all
the compositions were within the range of the linear viscoelastic
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Figure 2. a) Absorbance spectra of the formulations and of PEGDA and pedotpss solutions in the wavelength range working of DLP. b) Real-time
photorheology of the hydrogels with different chemical composition. The storage moduli G’ is plotted against time. The UV lamp was switched on after
60s. c) Magnification of the photorheology results at 60s to observe the onset of polymerization. d) Viscosity 5 of the formulations at increasing shear

rate values.

region (see Figure Sla, Supporting Information). Then, the the
variation of the storage modulus G’ of the formulations under
UV exposure was measured over time, as shown in Figure 2b.
The G’ value after photopolymerization increased together with
the increase of PEGDA in the formulation. This was expected
since a higher cross-linker content led to tighter and more rigid
networks. Furthermore, the onset of the reaction occurred ear-
lier when the amount of PEGDA increased (Figure 2c). This is
again related to the amount of reactive groups in the formulations
and, accordingly, the polymerization of the samples containing
only the 10 wt% of PEGDA resulted considerably slower than
the others. Nevertheless, the reaction was completed within 20s,
which is an acceptable value to ensure short DLP printing times.
All the compositions exhibited a suitable viscosity for the DLP
printing (inferior to 5Pa s at a shear rate of 30 s7![*)]), with the
viscosity decreasing for lower amounts of PEGDA (Figure 2d).
These results were used as preliminary information for print-
ability tests. All the formulations resulted printable via DLP, with
shorter exposure times needed for the samples with higher con-
tent of PEGDA, in good agreement with photorheology results
(see Table S1, Supporting Information).

Simple cubic-shape specimens were 3D printed to assess their
electrical conductivity (Figure S1b, Supporting Information). As
the amount of PEDOT:PSS increased, the resistivity of the sam-
ples decreased from 80kQ c¢m to a few kQ cm, and the electri-
cal conductivity increased accordingly. The high resistivity of the
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material could be attributed to the specific morphology of PE-
DOT:PSS complexes in water, which consists of an electrically
conductive core of PEDOT-coiled chains surrounded by a shell
of hydrophilic, insulating PSS molecules. The shell-core mor-
phology and the existence of PSS un-complexed molecules re-
duce the carrier mobility of the overall material.*l Several po-
lar solvents can be used to enhance the electrical conductiv-
ity of pedotpss, such as N,N-Dimethylformamide,[*] sorbitol,[*¢]
dimethyl sulfoxidel*’! and Ethylene Glycol (EG).I*®! In this study,
the most conductive formulation (PEGDA equal to 10 wt%) was
modified with different amounts of EG. The concentration of
PEGDA was fixed at 10 wt% and the EG/(PEDOT:PSS)s ratio was
varied to determine the optimal amount of the dopant. Notably,
the solvent significantly improved the electrical conductivity. As
shown in Figure Slc,d (Supporting Information), the resistivity
decreased by two orders of magnitude, likely due to the forma-
tion of hydrogen bonds between EG and PSS molecules, which
caused the separation of PSS from PEDOT chains and resulted
in the linear orientation of PEDOT chains.*’] This enhanced the
electrical conductivity. Above EG/(PEDOT:PSS)s = 8 wt%, no sig-
nificant decrease of resistivity was observed. Therefore, this ra-
tio was selected for fabricating hydrogel samples with increasing
amounts of PEGDA to assess the morphology of the cryogels with
different chemical compositions.

Therefore, formulations containing from 10% wt to 50% wt of
PEGDA, and EG, (referred as P10, P20, P30, P40, and P50), were
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Figure 3. SEM images of the cryogels with: a) 10 wt% of PEGDA, showing a microporous morphology; and, b) 50 wt% of PEGDA, which possessed a
more dense network. c) Total Porosity (P) of the cryogels according to their chemical compositions. d) Violin plots representing the statistical distribution
of the pores’ size for the cryogels, reporting the median value, the decision range for the outliers and the interquartile range (IQR).

3D printed in cubic samples and subsequently lyophilized to fab-
ricate the corresponding cryogels. The lyophilization process, as
depicted in figure Figure 1b, involved freezing the samples, fol-
lowed by depressurization to remove the ice crystals through sub-
limation. This method effectively eliminated the water of the con-
ductive hydrogels, preventing the collapse due to capillary pres-
sure during atmospheric drying and maintaining the original ap-
pearance of the samples. Regarding the EG, the Thermogravi-
metric Analysis (TGA) and the Differential Thermal Analysis
(DTA) thermograms of doped and undoped P10 cryogels were
analyzed to determine whether residual remained in the sam-
ples after freeze-drying. As reported in Figure Sle (Supporting
Information), the P10 doped cryogels showed a weight decrease
0f 10% between 50 and 200 °C, while the undoped ones had a loss
of only 2.5%. This weight loss is compatible with the evaporation
of the initial 7% of EG (boiling point 195 °C, also coherent with
the first peak present in DTA in Figure S1f, Supporting Infor-
mation), which consequently remained trapped in the polymeric
network after the freeze-drying step. The porous morphology of
the cryogels was confirmed by Scanning Electron Microscope
(SEM) analysis (Figure 3a,b). Similarly to other porous materials
obtained via freeze-drying,°**!] the samples’ inner sections ap-
pear more porous than the external surfaces (Figure S2, Sup-
porting Information). It should be noted that formulations P50,
P40, P30, and P20 exhibited the occurrence of internal cracks,
especially at the interface between the 3D printed layers, and for-
mations of debris (see Figure S3, Supporting Information), due
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to the growth of ice crystals during the cooling phase.>?] Nev-
ertheless, this aspect, which is a common drawback of freeze-
drying with respect to other drying methods such as supercritical
drying,>*l was not observed for the cryogels with lower amounts
of PEGDA. The different cryogels showed micro-pores with var-
ious geometries, then, their size was evaluated by means of the
maximum Feret Diameter, i.e., the longest distance between two
points along the pore’s boundary.®*! The microstructure of the
cryogels, in terms of total porosity and pores’ size, was found to
be influenced by the total concentration of PEGDA. In fact, the
total porosity increased by decreasing the amount of PEGDA,
as highlighted in Figure 3c. Figure 3d reports the distributions
of cryogels’ pores’ size as violin plots. All the distributions were
asymmetric and could be fitted with a Gamma distribution, !
as reported in the Table S2 (Supporting Information), with the
P10 cryogels showing a tail toward larger pores and the high-
est median value among the samples. In particular, by reducing
the amount of PEGDA from 50 to 10 wt%, the median value of
the pores increased from 3.44 to 37 um, proving that low-dense
cryogels with larger pores could be fabricated by minimizing the
amount of PEGDA. The solid concentration and porosity played a
key role in the mechanical properties of the cryogels, as demon-
strated in Figure 4a. Samples P30, P40 and P50 failed under a
compressive strain of about 30%. On the contrary, P10 and P20
endured more cycles at a strain of 60% without showing any dam-
age, despite the presence of dissipative hysteresis loops resulting
from viscoelasticity, with maximum values of 0.03MPa at a strain
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Figure 4. a) Compression stress-strain (o-¢) curves of cryogels with various amount of PEGDA, b) Cyclic tests for P10 and P20 cryogels c) Young Modulus
E of the cryogels with various compositions, d)Stress-strain curve of P10 cryogels exhibiting the typical three deformation regimes of porous materials.

of 49.5 % for P10 and 0.058MPa at a strain of 47.6 % for P20
(Figure 4b). The compressive modulus decreased with increasing
PEGDA content, resulting in a softening of the tested cryogels, as
reported in Figure 4c. The enhanced softness and deformability
of P10 and P20 cryogels can be attributed to their higher poros-
ity, which also influenced the shape of the stress-deformation
curves. As highlighted in Figure 4d, these curves can be divided
into three regimes: i) the linear elastic regime, where the Young’s
modulus is measured; ii) the collapse of pores, where compres-
sion serves to close the pores with minimal variation in stress;
and iii) the densification regime, where the contact between the
walls of closed pores increases the compressive resistance of the
material.[*®] Notably, P10 cryogels exhibited not only the lowest
Young’s Modulus (E) but also the highest onset of densification,
indicating that the larger pores in P10 cryogels were completely
closed at higher compressive strains (around 40% deformation).
After that point, the stress increased exponentially. The different
mechanical and electrical properties that were obtained demon-
strate the tailorable nature of the cryogel approach to meet de-
sired requirements for 3D conductive structures, by simply ad-
justing the chemical composition of the initial hydrogel.

2.2. Optimization of the Material
To explore the potential of the proposed material approach for soft

mechanical sensing, the P10 formulation was modified by incor-
porating a reactive diluent, specifically Lauryl Acrylate (LA). The
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reactive diluent was expected to decrease the cross-linking den-
sity and, consequently, the stiffness of the material.l’’l A surfac-
tant (Polysorbate 20) was incorporated in the formulation to en-
sure a good miscibility of the hydrophobic monomers in the (PE-
DOT:PSS)s/PEGDA solution. As shown in Figure S4a (Support-
ing Information), the reactive diluent did not alter the kinetics of
the polymerization but reduced the cross-linking density, mani-
fested in the lower final value of G’ and confirmed by the nanoin-
dentation tests performed on both solid and lyophilized samples
(Figure S4b, Supporting Information). Compared to P10 sam-
ples, the size of the pores of P9.5* was more than doubled, de-
spite the slightly lower total porosity (Figure 5a,b), and the pores
possessed a more oblong shape, as displayed in Figure 5c. Finally,
the modified material had a lower Young Modulus and larger
densification strain (Figure 5d,e), with the latter being caused
by the larger pores. Figure 5f reports the effect of processing on
the mechanical properties of P9.5* samples. The freeze-drying
did not affect the softness of the corresponding hydrogels but in-
creased the maximum deformation strain. In particular, cryogels
and hydrogels were tested by setting the maximum deformation
at 60%. Under these conditions, three out of five hydrogels failed
(at a deformation of 51.4 + 1.8%), while all the cryogels with-
stood more cycles at the deformation of 60% without showing any
damage (Figure S5a, Supporting Information). Moreover, freeze-
drying not only preserved and improved the mechanical proper-
ties of the hydrogels but was necessary to stabilize the material.
In fact, the printed hydrogels rapidly lost the water (see shrink-
age at room temperature in Figure S5b, Supporting Information)
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Figure 5. Properties of the optimized P9.5* cryogels, including: a) The total porosity P respect to that of P10 cryogels; b) The violin plot distributions
of the pores’ size compared to that of P10 cryogels; c) SEM image of the pores of P9.5* cryogels; d) The compression strain-stress (c-¢) curve of P9.5%*
cryogels e) the Elastic Modulus E of the material compared to that of P10 samples; f) Comparison of the stress-strain curves of the P9.5* cryogels,
hydrogels and dried gels after 24 h of dehydration at room temperature and enviromental pressure.

and became stiffer (Figure 5f). This could be related to the col-
lapse of the pores during the evaporation of water at room condi-
tions, as shown in the SEM images of the dried gels reported in
Figure S5¢,d (Supporting Information).

Lastly, the stability of the electrical properties of the P9.5* cryo-
gels under varying humidity levels was investigated due to the hy-
drophilic nature of the material (Table 1). At the high relative hu-
midity of 90%, the resistance of the cryogel increased, likely due
to the absorption of water molecules that made swell PSS shells,
increasing the distances between adjacent PEDOT cores.[%®! Nev-
ertheless, the resistance was found to be stable up to 70% relative
humidity, demonstrating the suitability of the material for appli-
cations in various environmental conditions.

Adv. Mater. Technol. 2024, 2302041 2302041 (6 of 12)

2.3. 3D Printing

The printability of the P9.5* formulation was tested by 3D print-
ing simple shapes of different sizes. During the freeze-drying,
the samples underwent a geometrical deformation due to the
expansion of the solvent upon crystallization, which induced
stresses from the external surface to the core of the samples, !
and the external surface roughened after the extraction of the ice
crystals. Nevertheless, the overall shape was maintained, and it
was possible to obtain self-supporting 3D structures with fine
features, as shown in Figure 6. Furthermore, the resulting cryo-
gels experienced a volumetric shrinkage of 68% due to the water
removal, which must be considered for the Computer-Aided
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Table 1. Variation of the electrical resistance of P9.5* cryogels at different
levels of relative humidity.

Relative Humidity [%] R/Ry
time: 0 h time: 2 h time: 6 h time: 24 h
30 1 1 1 1
40 1 1 1 1
50 1 1 1 1
70 1 1 1 1
90 1 1.12 1.17 1.23

Design (CAD) (Figure S6h, Supporting Information). Neverthe-
less, the shrinkage allowed to further scale down the printed
features and to obtain objects with microscopic resolution. In
particular, even if the surface quality of the initial hydrogel
resulted affected, the proposed method allowed to fabricate 60
um-thick walls, holes with a diameter of 370 pm and circular
pillars with a height and diameter equal to 125 um (Figure S6a-g,
Supporting Information). Various parts were fabricated to
demonstrate the versatility of the material and the process for
different soft sensing applications, such as micro-structured
electrodes (Figure 6a), conductive serpentines and wearable

www.advmattechnol.de

sensing devices (Figure 6b). Noteworthy, despite the high water
content, complex structures could be 3D-printed with good
CAD fidelity, with a combination of conductive and insulating
layers with good interface (Figure 6¢), and at different sizes
(Figure 6d,e), opening up more possibilities for multilayer and
scalable sensors that can be tailored for different requirements.

2.4. Proof of Concept: Soft Force Sensors

To assess the suitability of the proposed material for fabricating
resistive force sensors, 3D soft units were printed in a honeycomb
(HC) configuration with hexagonal holes. This cellular topol-
ogy notably reduces the mass density and increases the poros-
ity with respect to the bulk material, while ensuring good me-
chanical strength.[®¥ Moreover, the unit cell is based on hexago-
nal geometries, with corners of 120°. This value overcomes the
standard angle (45°) that is considered the minimum to fab-
ricate overhanging structures.®!] As a result, overhanging cel-
lular structures with walls as thin as 0.8 mm (0.5 mm after
freeze-drying, as seen in Figure 6d) could be fabricated with-
out adding any support. Additionally, a “bulk” sensor without
cells was fabricated and analyzed as a reference. The design of
the sensor is reported in Figure 7a. The volume of the sensor

10 mm

Figure 6. 3D printed cryogels from P9.5* formulation. The potential applications of this material were showcased by printing different parts, such as:
a) Structured 1.5 cm X 1.5 cm X 3 mm conductive electrode with an array of 15 x 15 microsized pillars. The CAD model is reported as a reference. b) A
hollow thimble for wearable applications, and conductive serpentine with variable length; c) Bi-material objects including a not conductive layer and the
microscope image of the interface between the two materials, d) 3D complex geometries with an isotropic cellular morphology, €) that could be printed
in different sizes.
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Figure 7. a) CAD model of the sensor. The height H of the sample, equal to its base, was kept constant. Four sensors were fabricated by setting the
length L of the cells at 0 mm (bulk sensor), 0.8 mm, 0.92 mm and 1 mm. b) Displacement D versus Force F plots of the samples. The curve of case
L= 0.8 mm was used as a reference to identify the deformation steps during the loading phase: from A to B, the cells are smoothly closed, at C the
material is compressed at a force of 4N. ¢) Change in morphology during one cycle of loading-unloading of compression test. The variation of the
electrical resistance of d) the sensors with different values of L at increasing force F, and of e) the L 0.8 mm sensor over time during the application of

30 consecutive loading-unloading compression cycles.

(i.e., the length H) was kept constant, while the cells’ size L
was varied to study the impact of morphology on sensing perfor-
mance. As depicted in Figure 7b, this approach allowed to cus-
tom the mechanical properties of the samples. In particular, the
cells of the sensor architecture acted as additional porosity, de-
laying the onset of densification. The deformation mechanism
in the HC parts was also influenced by the morphological distor-
tion due to the freeze-drying step, with one surface of each sam-
ple assuming a slightly convex profile, as shown in Figure S7a
(Supporting Information). This aspect, which occurred in a pre-
dictable and repeatable manner, affected the distribution of de-
formation compared to that of a perfectly symmetrical config-
uration (Figure S7b, Supporting Information). As reported in
Figure 7c, the closure of the HC unit cells started from those
at the bottom of the structure (i.e., those nearest to the con-
vex surface), and proceeded toward the top within the densifi-
cation regime. During the unloading phase, the opening of the
cells occurred in the opposite direction, with the samples com-

Adv. Mater. Technol. 2024, 2302041 2302041 (8 of 12)

pletely recovering their initial shape (Video S1, Supporting Infor-
mation).

The electrical resistance of the cryogels was monitored dur-
ing the application of the force in order to assess the suitability
of the material to design force sensors. As shown in Figure 7d,
the electrical resistance of both bulk and HC samples decreased
upon compression, with the sensitivity trend depending on the
3D morphology. The electrical conductance of PEDOT:PSS and
its polymer blends occurs via hopping of charge carriers.[®?]
Therefore, when the load was applied on the cryogels, both
the compression of the sample, and the closure of the material
micropores(®®] and of the HC unit cells, reduced the distance be-
tween PEDOT oligomers and created new conducting paths, en-
hancing the possibility of carrier conduction. This resulted in the
reduction of the electrical resistance that, for the bulk sensors,
dropped down to 45% of its initial value. In the soft sensors, the
change in resistance was influenced by the different deformation
behavior produced by the presence of the HC unit cells. The trend
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Table 2. Sensitivity of the 3D-printed sensors with different cells’ size L.

L [mm] Stress Range [kPa] Sensitivity [kPa-1]
0 0-6 2
6-25 0.96
25-50 0.35
50-80 0.1
0.8 0-6 2.9
6-15 1.4
15-80 0.13
0.92 0-4 11.7
4-8 1.8
8-25 1.06
1 0-15 20
1.5-5 6
5-8 1.7
5-15 0.44

was similar for each sensor, since the deformation mechanism
in hierarchical structures is ruled by the cell’s shape rather than
their size.[**l The larger densification phase during compression
corresponded to the abrupt collapsing of the electrical resistance
atlower forces, followed by a smoother reduction until the thresh-
old for the signal saturation. The latter was lower than that of bulk
sensors due to the inferior stiffness of the samples.

Overall, adding the hexagonal cells reduced the range of force
detection but, reversely, enhanced the variation of resistance
at lower forces. These two effects became more prominent by
increasing the size L, with the sensor possessing larger cells
exhibiting a halving in the resistance at merely 0.2N, but a
saturation threshold of 1N. The maximum sensitivity for each
sensor is reported in Table 2. The sensors possessing L equal
to 1 mm exhibited a notable sensitivity of 20 kPa~! in the range
of 0 — 1.5 kPa, which is larger than that of other 3D-printed
soft sensors working in low-stress range.®>] Nevertheless,
among the HC sensors, the one with L = 0.8 mm had the best
compromise between sensitivity, linearity, and working range,
showing a sensitivity of 2.9 kPa~! up to 6 kPa, 1.4 kPa~! in the
range of 6 — 15 kPa and 0.13 kPa~! in the range of 15 kPa —
80 kPa. Up to 80 kPa, these results are larger than those reported
for other 3D-printed porous sensors.*%°] Moreover, the sensor
with L equal to 0.8 mm showed a good signal stability over time
(Figure 7e). These results demonstrated the potential of the
proposed material to tune the sensor’s properties depending on
the 3D printed morphology. Definitely, the great opportunities of
DLP in terms of design offer the possibility to further improve
the sensing performance and to develop optimized designs for
tactile sensors that can meet diverse requirements.

3. Conclusion

In this paper, we presented a novel fabrication method involving
cryogelation and DLP 3D printing to create 3D-printable materi-
als for soft sensing. The combination of the two processes offers
a versatile approach to tailor the mechanical and electrical proper-
ties of complex structures, making them suitable for a wide range

Adv. Mater. Technol. 2024, 2302041 2302041 (9 of 12)
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of applications in soft robotics. The use of DLP 3D printing en-
abled the creation of soft conductive structures with excellent res-
olution, shape fidelity, and fine details. The cryogelation process
effectively removed the liquid phase from the hydrogels, result-
ing in the fabrication of microporous cryogels. Additionally, the
porosity and the mechanical properties could be adjusted by con-
trolling the chemical composition, providing the means to tai-
lor the soft sensor’s response to compressive forces. In partic-
ular, cryogels with higher PEGDA content demonstrated an in-
creased stiffness and density, while those with lower PEGDA con-
centration exhibited enhanced deformability and higher poros-
ity, andthe addition of a reactive diluent further enhanced the
material’'s deformability and allowed for the fabrication of larger
pores. Furthermore, this approach proved to be versatile, allow-
ing the fabrication of various intricate 3D structures with high
resolution and shape fidelity. The cryogelation process effectively
maintained the details of the 3D-printed structures, enabling the
creation of soft sensors with microstructures and complex ge-
ometries that influenced the sensing behavior. In conclusion, the
versatility of the material and fabrication method opens up op-
portunities for various soft sensing applications, andthe ability to
customize the material’s properties allows for tailoring the sen-
sors to meet specific requirements. We had earlier demonstrated
the approach of harnessing both micropores and a lattice design
(macropores) to enhance the deformation for soft actuation!’%7]
by printing polymerizable emulsions. In this regard, the possi-
bility of fabricating multimaterial 3D cryogels can offer interest-
ing opportunities for future investigation of sensorized actuators
with programmed morphologies, and that can be 3D-printed all-
in-one. Moreover, the combination of 3D printing and cryogela-
tion can be extended to other materials, expanding the potential
of this fabrication approach for the development of soft sensors
with diverse functionalities.

4. Experimental Section

Materials:  Poly(ethylene  glycol) diacrylate (PEGDA) (molec-
ular weight 700), Reactive Orange 16, Lithium phenyl-2,4,6-
trimethylbenzoylphosphinate  (LAP), Polysorbate 20 (PS20), and
Lauryl Acrylate (LA) were purchased from Sigma-Aldrich (St.Louis,
Missouri, US). Poly(3,4-ethylenedioxythiophene) Polystyrene sulfonate
(PEDOT:PSS) was purchased from Heraeus (Hanau, DE) in form of
an aqueous solution (CleviosTM PH 1000). Silver conductive glue was
purchased from MG Chemicals (MG Chemicals, Burlington, CA).

Methods: The next sections encompass the procedure to prepare and
characterize the formulations, the cryogels and the force sensors. Photo-
sensitivity and Electrical Formulations Analysis illustrates the methods to
investigate the formulations and the hydrogels in terms of optical, rhe-
ological and electrical properties, and printability. The mechanical char-
acterization of the cryogels and the optimization of the material for soft
sensing is reported in Fabrication and Characterization of the ryogels. Fi-
nally, Design, Fabrication and Characterization of the Sensors describes
the fabrication and characterization of the 3D force sensors.

Photosensitivity and Electrical Formulations Analysis:  To study the ef-
fect of the composition on the photosensitive formulations, the amount
of PEGDA was increased from 10 to 50 wt% and the amount of the
photoinitiator was fixed at 0.5 phr respect to PEGDA. The amount
of(PEDOT:PSS)s varied accordingly. The chemicals were mixed at room
temperature under magnetic stirring to obtain homogeneous solutions.
The viscoelastic properties of the formulations were evaluated using a
rheometer (Physica MCR 302, Anton Paar, Graz, AUT) in a 25 mm parallel
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Table 3. Chemical formulations of the hydrogels’ precursors of the 3D
cryogels.

Formulation PEGDA EG/(PEDOT : LA [wt%)] polysorbate
[wi%] PSS)s [%] [wi%]

P50 50 8 0 0

P30 30 8 0 0

P20 20 8 0 0

P10 10 8 0 0
P9.5" 9.5 8 0.9 4.7
Insulating cryogel 15 0 0 0

a) the content of LAP was fixed at 0.5 phr (respect to PEGDA) for each formulation.

plate mode. The gap between the plates was fixed at 0.3 mm for each
experiment. The shear rate was increased from 0 to 100 s~' to measure
the viscosity. Amplitude sweep tests were performed increasing the ampli-
tude strain from 0.01% to 100% while keeping the frequency at 1Hz. For
the real-time photorheological tests, the instrument was equipped with a
quartz bottom plate and a UV-light source (Hamamatsu LC8 lamp, Hama-
matsu Photonics, Shizuoka, |PN). The light intensity was fixed at 12 m\W?
cm™'. The lamp was switched on after 60s to allow the system to stabi-
lize before the onset of polymerization. Time sweep measurements were
performed during irradiation at a constant frequency of 1THz and within
the linear viscoelastic region (strain amplitude of 0.1%). Furthermore, Ab-
sorbance UV-vis spectra were collected using a multimode reader (Syn-
ergy HTX, BioTek, Winooski, US) in the range between 350 and 650 nm
and at a scan rate of 1 nm min~".

The amount of (PEDOT:PSS)s respect to the total formulation was in-
creased from 5 to 90 wt% PEGDA, (PEDOT:PSS)s to study the effect of
PEDOT:PSS loading on the electrical activity, and LAP (0.5 phr respect to
PEGDA) were mixed under magnetic stirring at room temperature. The
action of EG was examined by fixing the amount of PEGDA at 10 wt% and
varying the ratio EG/(PEDOT : PSS)s (0.05, 0.08 and 0.2). PEDOT:PSS and
EG were mixed at 90 °C for 2 h before adding PEGDA and LAP. For each
composition, thin samples were 3D-printed, freeze-dried and wired. The
resistance was acquired through a Digital Multimeter (34460A, Keysight,
Santa Rosa, US). The resistivity p was calculated according to the 2nd
Ohm'’s law. Thermal analysis (TGA Model Q500, TA Instrument, New Cas-
tle, DE) was used to analyze the thermal stability of the P10 cryogels con-
taining EG. ThermoGravimetric Analysis (TGA) and Differential Thermal
Analysis (DTA) were carried out to assess the presence of EG after the
lyophilization. The tests were performed under a nitrogen atmosphere by
keeping the flow rate of 50mL min~'. A first step at 30 °C was used to sta-
bilize the samples before increasing the temperature from 30 to 800 °C at
a scanning rate of 10 °C min~".

3D Printing:  An Asiga DLP 3D printer (Asiga, Alexandria, AUS) with
a light source of 385 nm and a xy resolution of 62 um was used to 3D
print the formulations. The photoreactivity of the formulation with differ-
ent amount of PEGDA was studied by using the Material Test feature of
the printer. A small drop of formulation was deposited on the build tray, on
which a circular spot (diameter @ = 6 mm) was irradiated for a controlled
time until the formulation cured. For printing, the CAD models were con-
verted into.stl files and sent to the 3D printer. The layer thickness and the
light intensity were set as 50 um and 12 mW cm™2, respectively, while the
exposure time for layer was adjusted according to the printed formulation.
3D printed parts were post-cured under UV light for 3 min under an ultra-
violet Flash unit (Asiga, Alexandria, AUS).

Fabrication and Characterization of the Cryogels:  The precursors hydro-
gels of the cryogels were 3D printed by varying the amount of PEGDA. The
chemical compositions are reported in Table 3. P50, P40, P30, P20, and
P10 formulations were prepared as described in Photosensitivity and Elec-
trical Formulations Analysis. For P9.5*% samples, Polysorbate 20 (PS20)
was mixed with PEGDA, (PEDOT:PSS)s, EG and LAP for 30 min before
adding LA. In the insulating hydrogel, (PEDOT:PSS)s was replaced with
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distilled water, and a dye (Reactive Orange 16) was used to improve the
printing resolution.

The 3D printed hydrogels were immersed in distilled water for 24 h,
frozen at -80 °C and freeze-dried for 24 h through a LIO-5P 4K lyophilizer
(Levanchimica Srl, Bari, IT). The swelling of the cryogels was determined
by immersing the samples in distilled water for 24 h. Thereafter, the cryo-
gels were removed from the water and carefully dried with paper. Given the
hydrogels’ initial and final weight W, and W, the Swelling Degree (SD) can
be calculated as:

W, — W,) * 100
so:% )

The Porosity (P) of cryogels was measured succeeding overnight im-
mersion in absolute ethanol according to the following equation:

(Wr — Wo)

p=
dxV

)

where dis the density of the ethanol and Vis the final volume of the cryo-
gels.

The lyophilized samples were frozen and sectioned to investigate
their morphology.

Scanning Electron Microscope (SEM) images were collected through a
Zeiss EVO LS10 (Carl Zeiss AG, Oberkochen, DE). The accelerating volt-
age and the working distance were set at 5kV and at 10 mm, respectively.
The cryogels were frozen at -80 °C and cut along the z-direction (referring
to the direction of freeze-drying) in order to examine the cross-section of
the samples. The obtained images were analyzed using Image] software
to calculate the size of the pores as the maximum Feret diameter. For
each sample, 50 pores were measured. Different distributions (Lognor-
mal, Weibull, Exponential and Gamma) were compared to the collected
data; the goodness of fit was evaluated by considering the p-value of the
modified Kolmogorov-Smirnov test (OriginLab Corporation, Northamp-
ton, US). For the violin plots, the statistical dispersion was measured with
the Interquartile Range IQR. To detect the outliers, the lower bound (Q1)
and upper bound (Q3) of the decision range were calculated as Q1+ (1.5%
IQR) and Q3 - (1.5 * IQR), respectively. The interface between conductive
and dielectric cryogels in bi-material components, as well as the features
of printed samples, was observed by using a digital microscope (Hirox,
Tokyo, JP). The shrinkage of cryogels and dried gels was measured as:

V-V
Shrinkage = 100 = % (3)

0

in which V and V, are the final and initial volume of the samples. The me-
chanical properties of cryogels (10 mmx10 mmx10 mm) were tested us-
ing ad hoc compression set-up. The sample was fixed using a bi-adhesive
tape to a glass put on a Lab Jack (Newport 271, MKS Instruments, Inc.),
which was positioned under a force platform. The latter consisted of
one orthogonal manual micrometric translation stage (M-105.10, Physik
Instrumente, Karlsruhe, Germany) coupled with a micro- metric servo-
controlled translation stage (M-111.1DG, Physik Instrumente, Karlsruhe,
Germany) (for a precision vertical positioning). A Delrin probe was me-
chanically interfaced to the previous translation stage and to a triaxial load
cell (ATI Nano 17, ATI Industrial Automation, Inc., Apex, NC, USA). The
probe exerted a vertical force on the sample beneath it. Each acquisition
starts by bringing the stage to the highest vertical position, while the hard-
ware peripherals are initialized. Compression cyclic tests were performed
at a speed rate of 0.1 mms™!. For each sample, five cycles were performed
at a maximum deformation of 60%. To evaluate the effect of freeze-drying
on the material, P9.5* hydrogels were printed and immediately tested as
just described to assess the mechanical properties. The same experiments
were carried out on dried gels that were obtained by dehydrating the hy-
drogels at enviromental pressure and room temperature for 24 h. Dynamic
nanoindentation experiments were performed on P9.5* and P10 cryogels
through an iNano indentation system (Nanomechanics, Inc., San Jose,
CA), using a nanoindenter a flat-punch tip with a diameter of 109 um. The
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frequency was varied from 1to 200Hz. In order to determine the achiev-
able resolution of P9.5* formulations, an array containing holes, walls, and
pillars with circular section were 3D printed and lyophilized. The diameter
of both pillars and holes, and the thickness of the walls, was varied from
1to 0.1 mm. Cubic samples of P9.5* cryogels were wired to observe the
dependence of the electrical resistance of the material to humidity. The
tests were performed using a Climatic Test Chamber (CTC256, Memmert
GmbH, Schwabach, DE). The temperature was set at 25 °C while the Rel-
ative Humidity (RH) was step-wise increased from 10% to 90%. Each RH
step was held for different time intervals up to 24 h.

Design, Fabrication and Characterization of the Sensors:  The 3D struc-
ture was initially designed with SolidWorks (Dassault Systémes, Waltham,
US) and then simulated through a parametric study to identify parameters
to adjust the deformation under a prescribed normal load. The simulation
was conducted on COMSOL Multiphysic 5.6 (COMSOL AB, Stockholm,
Sweden) under steady-state assumption, simulating the material with a
nonlinear viscoelastic model. A fixed constraint was imposed on the sen-
sor’s base, while a distributed normal load was applied to the top surface.
Finally, the (L) of the honeycomb cells was modified to simulate the me-
chanical behavior of morphologies with different densities and void frac-
tions under a prescribed load in the range 0 to 5N. Four values of (L) were
selected, and the respective cylindrical and honeycomb structures were
3D printed with P9.5* hydrogels to test mechano-sensing behavior. The
hydrogels were lyophilized to obtain cryogels according to the procedure
reported in Fabrication and Characterization of the Cryogels. Strips of con-
ductive tissues were bonded to the sensor through silver paste, keeping
the samples at 65 °C for 15 min. The cyclic compression tests were con-
ducted with the same platform described in Fabrication and Characteri-
zation of the Cryogels at a speed of 0.1 mms’! and at a sampling rate of
100Hz. The displacement was fixed at a 4.5 mm, and the electrical resis-
tance was recorded. Given the resistance of the sensor before and during
the test (R, and R,), and the applied compressive stress o, the sensor’s
sensitivity was calculated:

sensitivity = % % “
Supporting Information

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