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ABSTRACT: Tactile sensors, namely, flexible devices that sense - 0.6-
physical stimuli, have received much attention in the last few decades e —ionogel 0.5,
due to their applicability in a wide range of fields like the world of VHBlayers >~ <\
wearables, soft robotics, prosthetics, and e-skin. Nevertheless, o~ \/ 3 0.41
achieving a trade-off among stretchability, good sensitivity, easy electrodes ;; 0.3
manufacturability, and multisensing ability is still a challenge. Herein, Z oo
an extremely flexible strain sensor composed of a cellulose-based < .
0.14 "¢

hydrogel is presented. A natural biocompatible carboxymethylcellu-
lose (CMC) hydrogel endowed with ionic conductivity by sodium
chloride (NaCl) was used as the sensitive part. Both the sensible layer
and electrodes were investigated with an innovative approach for
wearable sensor applications based on electrochemical impedance e o e e s
spectroscopy to find the best device configuration. The sensor,

exploitable both as a piezoresistor and as a piezocapacitor, presents high sensitivity to external stimuli, together with an extreme
stretchability of up to 600%, showing the best strain and temperature sensitivity among the ionic conductive hydrogel-based devices
presented in the literature. The very high strain sensitivity enables the hydrogel to be implemented in wearable strain sensors to
monitor different human motions and physiological signals, representing a valid solution for the realization of transparent, easily
manufacturable, and low-environmental-impact devices.
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B INTRODUCTION Hydrogels are intriguing solutions for the production of a
sensing-active material since their softness and water-rich
environment could overcome the mechanical mismatches
between humans and the electronics world.'” Hydrogels
usually possess high transparency and good stretchability
without sacrificing conductivity, being water-based materials
that can be easily processed. They have been proposed in the
form of both electronically and ionically conductive materials
for a wide variety of strain sensors.

In recent years, the need to interface the human world with the
electronic one has drastically grown. On the one hand, living
tissues are characterized by softness, multisensing capacity,
self-heal ability, and adaptability. On the other hand, robots
and machines are generally stiff and unable to auto-repair.
Therefore, devices with intermediate properties are necessary
to link the two realms. In this framework, tactile or smart

sensors, which are devices able to sense external stimuli, such In electronically conductive hydrogels (ECHs), the current
as deformations, temperature, moisture, and light, could flow is due to mobile electrons. Some polymers, such as
represent an optimal solution. They are designed by mimicking polypyrrole, polyaniline (PANI), and poly(3,4-
the skin, which is the largest sensor tissue of living beings. The ethylenedioxythiophene):poly(styrene sulfonate), are intrinsi-
main difference from the traditional sensors is that the smart cally conductive and can be polymerized in situ on a flexible
ones are built exploiting flexible materials in order to be more network. Adhikari et al."> obtained an interpenetrating PANI-
compliant to the irregular surfaces of soft tissues and robots." based conductive hydrogel. A swollen poly(vinyl alcohol)
This feature makes tactile sensors applicable in a wide range of (PVA) hydrogel was soaked in an ammonium persulfate (APS)
fields: wearables,>™* e-skin,>™’ prosthetics,g’9 and soft

robotics.'” As a consequence, the global market of soft tactile Received: September 22, 2022

sensors has incredibly grown in the last few years.'' In Accepted: December 9, 2022

particular, the reproduction of haptic sensation is a challenge, Published: December 21, 2022

which still yielded no consolidated results, despite its

considerable importance in biomedicine: flexible strain sensors

are ideal candidates to overcome this issue.

© 2022 The Authors. Published b
Ameericl;n %ﬁemlilcaissgcietz https://doi.org/10.1021/acsaelm.2c01279
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Table 1. Composition of Hydrogels Investigated in This Study (*phr = Per Hundred Resin, Calculated with Respect to the

Amount of Polymer)

hydrogel name NaCl (M)
MC 2 1 2
MC 3 1 3
M-C_4 1 4
C 4 1

M-CMC (wt %)

Na-CMC (wt %) BAPO-OH (phr*)
2
2

2

solution after drying. Then, the gel was submerged in a
solution of aniline hydrochloride (AnHCI), and immediately,
the polymerization of aniline took place thanks to APS. In this
way, PANI was successfully integrated on a flexible substrate,
obtaining a gel that could be employed in sensors due to its
electrical conductivity. However, the low number of con-
ductive polymers limits their versatility and applicability."* In
addition, specific synthetic processes are usually required
because of their poor solubility, and additional steps need to be
carried out to remove cytotoxic unreacted monomers and
crosslinkers.”> Metallic or carbon-based nanomaterials dis-
persed in polymers networks constitute another solution to
endow hydrogels with electronic conductivity. These nanoma-
terials are usually dispersed in the hydrogel precursor solution
and are trapped in the polymeric network after the curing
process. Carbon-derived materials, such as carbon nanotubes
(CNTs)* and graphene oxide (GO),'° possess outstanding
electrical properties and the possibility to be functionalized for
promoting adhesion to the polymer. Metal-based nanomateri-
als are also excellent fillers thanks to their high conductivity.
Noble metals are employed in the form of nanoparticles,
nanowires, and nanofibers. Chen and co-workers'” designed an
electronically conductive hydrogel by embedding silver-coated
copper nanoparticles into gelatin. Therefore, a flexible sensor
with excellent mechanical and strain sensitivity properties was
manufactured. Although nanomaterial employment improves
hydrogel toughness and ensures exceptional conductivity, their
homogeneous dispersion is hardly achieved, and the resulting
devices are opaque, avoiding visual transmission of informa-
tion.'® Moreover, large strains could cause filler dislocation."*

Hydrogels can also be doped through ions derived from
salts, resulting in ionically conductive hydrogels (ICHs). Ions
are dispersed in the precursor solutions, and they can move
across the pores of the hydrogel thanks to the water-rich
environment. ICH production is usually simpler and cheaper
due to the easy availability of doping salts. In addition, despite
their lower conductivity compared to ECHs, devices derived
from ICHs are usually transparent and their freezing point is
lowered thanks to ions, guaranteeing antifreezing property.'’
Therefore, ICHs represent an excellent solution to interface
with human skin since they can mimic the flexibility and the
ionic conduction typical of living tissues.

Among the different polymers suitable for the production of
hydrogels, natural polymers (e.g, cellulose, gelatin, chitosan,
alginate, starch, etc.)”” and their derivatives present several
advantages, among which high sustainability, biocompatibility,
and biodegradability represent very important features for the
development of “green electronic” devices.”'

Sodium carboxymethylcellulose (Na-CMC) is a common
water-soluble cellulose derivate: it is affordable, biocompatible,
biodegradable, and FDA-approved. CMC can originate viscous
solutions that can also be successfully modified through a
methacrylation process, opening the possibility to chemically
crosslink the CMC chains thanks to a fast and environmentally
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friendly photopolymerization reaction.”” Furthermore, to

obtain ionic conductivity, sodium chloride (NaCl) can be
employed. Its cheapness, easy availability, and no toxicity make
it an ideal candidate for low-environmental-impact ionic
conductive systems.

Herein, a sandwich-like tactile sensor composed of a
cellulose-based hydrogel encapsulated by a flexible substrate
is presented. Neat Na-CMC and chemically crosslinked
methacrylated-CMC (M-CMC) were used for the production
of hydrogels presenting ionic conductivity thanks to the
addition of NaCl to be implemented as a functional material in
strain sensors. Electrochemical impedance spectroscopy (EIS)
was used for the evaluation of the best electrode material and
testing configuration to define the best sensor setup. Finally,
the produced sensors were subjected to stretching and bending
deformation, showing high sensitivity to external stimuli, if
employed both as a piezoresistor and as a piezocapacitor,
together with an extreme stretchability of up to 600%. Thanks
to the elevated chain mobility of the CMC physical hydrogel,
the presented sensors show the best strain and temperature
sensitivity with respect to the other ionic conductive hydrogel-
based devices presented in the literature. The very high strain
sensitivity allows the hydrogel to be implemented into
wearable strain sensors to monitor different human motion
and physiological signals, representing a valid solution for the
realization of transparent, low-cost, eco-friendly, and easily
manufacturable devices.

B MATERIALS AND METHODS

Materials. Medium-viscosity CMC sodium salt powder and
methacrylic anhydride (MW = 154.16) were purchased from Sigma
Aldrich (St. Louis, MO). The bismesitoylphosphinic acid (BAPO-
OH) photoinitiator** was synthesized by Prof. Gruetzmacher’s group
(ETH Zurich) and kindly provided. Commercial sodium chloride salt
was employed as the conductive agent. For the encapsulation of the
sensor, VHB 4905 tape (3 M) was used.

Material Preparation and Sensor Fabrication. Methacrylated-
CMC (M-CMC) was prepared as described elsewhere.”* The
resulting M-CMC was used for the one-pot preparation of active
hydrogels: 1 mol/L NaCl was dissolved in deionized water under
magnetic stirring. Then, dried M-CMC was inserted step-by-step
under constant magnetic stirring at a temperature of 40 °C until a
homogeneous blend was obtained. Concentrations of 2, 3, and 4 wt %
M-CMC with respect to DI water were considered. After a gradual
cooling to room temperature, the water-soluble photoinitiator
(BAPO-OH) was added. The solution was left mixing at room
temperature for S min and then sonicated (BANDELIN Sonorex
Digiplus ultrasonic bath) for 10 min to remove bubbles derived from
stirring. In this way, a transparent, homogeneous, and highly viscous
solution was obtained. M-CMC hydrogels were formed by exposing
the precursor solution to a UV lamp (HAMAMATSU, LC8) for S
min at 20 mW/cm? As a comparison, a gel based on neat Na-CMC
was also produced: Na-CMC (4 wt %) was added to the 1 M NaCl
solution in DI water and stirred at 40 °C. In this way, cellulose
entered the solution and a physical ionogel was achieved without UV
light exposure. Lower amounts of Na-CMC were not considered
because the final material presented too low viscosity. In addition,

https://doi.org/10.1021/acsaelm.2c01279
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Figure 1. (a) Schematic illustration of M-CMC-based hydrogel production through photopolymerization. (b) Schematic illustration of CMC-based

physical hydrogel synthesis.

higher Na-CMC concentrations were avoided due to the difficulty of
its solubilization in NaCl 1 M water solution. The prepared samples
and their composition are summarized in Table 1.

The tactile sensor was produced by encapsulating the hydrogel with
a commercial transparent biadhesive tape (VHB 4905, 3 M) of 0.5
mm thickness. Overlapping three layers of VHB tape, rectangular
sensors of 50 X 20 mm” area with a sensitive part of 25 X 10 X 0.5
mm?® were obtained. The hydrogel precursor solution was poured in
the cavity obtained by overlapping two layers of a transparent
commercial biadhesive tape. A sensitive area of 25 X 10 X 0.5 mm®
was obtained. Metallic electrodes were inserted in contact with the
solution, and the specimen was closed with another sheet of VHB
tape after photocuring the precursor solution. Titanium and stainless
steel knitted foils as well as stacked sheets of copper-polyimide (PI)
and copper-polyimide-copper were investigated as electrode materials.
The encapsulation through this transparent tape was required to
prevent hydrogel water evaporation, to protect the hydrogel from
damage, and to provide a flexible and superstretchable substrate.

Characterization Techniques. Rheological measurements were
performed to assess the viscoelastic properties of the materials.
Amplitude and sweep tests (frequency @ = 1 Hz) were performed
through a rheometer (Physica MCR 302, Anton Paar, Graz, AUT) in
the parallel-plate mode varying the amplitude of the strain applied
from 0.01 to 1000%.

Electrochemical impedance spectroscopy analyses were performed
through a Multi Autolab/M101 (Metrohm) electrochemical working
station with the FRA32M module in a two-electrode configuration. A
DC voltage of 0.5 V with a superimposed AC voltage of 20 mV was
applied, and 10 points for decade were acquired in the frequency
range between 0.01 Hz and 100 kHz. Nova software was employed in
setting control and data acquisition. The free software EIS spectrum
analyzer** was used for raw data fitting, using a model composed of a
series resistance and two parallels between a resistance and a constant
phase element (CPE). The constant phase elements were converted
into the corresponding capacitance contributions, as explained in the
literature.”

The functional analysis of the device was performed by
investigating its electrical impedance with an LCR meter (BK
precision 894) modeling the device impedance as a parallel between a
resistor and a capacitor (R, and C,). R, and C, were monitored
applying a voltage amplitude of 0.5 V and a testing frequency of 1000
Hz. For each point of tensile and temperature tests, static acquisitions
of 1 min were made and average values of R, and C, were derived.
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Then, variations of relative resistance and capacitance were computed
according to the following formulas

AR _ R-Ry
RO RO (1)
AC _C-6

C, Co 2)

where R and C are the real-time resistance and capacitance and R, and
C, represent the resistance and capacitance when no stimuli are
applied, respectively.

Tensile tests were performed in a step-by-step configuration (from
0 to 50% with a 10% step) with a homemade setup, and for each step,
electrochemical and electrical measurements were carried out. A
tensile machine (Instron) was utilized for dynamic measurements
with a speed of 10 mm/min to stretch sensors until their rupture. For
cyclic tensile tests, sensors were subjected to 50% strain with a
deformation speed of 25 mm/min for 85 subsequent cycles.

For analyzing bending performances, sensors were subjected to
different curvature radii (15, 9, S, 3, and 2.5 cm) thanks to a
homemade setup.

Temperature variation sensing tests were carried out inserting
hydrogel sensors in an oven (Memmert) and varying the temperature
from 25 to 60 °C with a § °C step.

Strain sensitivity (S) values in piezoresistive and piezocapacitive
modes were computed through the formula

AX
70(%)

e(%)

)

where X is the electrical parameter considered (resistance or
capacitance), X, is its value when no strain is applied, and ¢ is the
strain applied to the sample.

Temperature coefficients (TCs) in piezoresistive and piezocapaci-
tive modes were derived from the formula

AX %)
Xo

TC=-—2
AT(°C)

(4)
where AT is the temperature variation.

https://doi.org/10.1021/acsaelm.2c01279
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Figure 4. Strain transfer curves of sensors with different hydrogels, tested in () the piezoresistive mode and in (b) the piezocapacitive mode. Error
bars represent standard deviation regarding a pool of five independent samples. (c) Relative variation of resistance during a cycle of loading (solid
line) and unloading (dashed line) for individual samples. (d) Electrical performances of a physical hydrogel-based sensor tested through the tensile
machine. Relative variation of resistance and capacitance versus tensile strain. The dashed area is enlarged in the following figures. Zoom-in of the
strain range 0—55% of piezoresistive (e) and piezocapacitive (f) transfer curves and their linear fitting.

B RESULTS AND DISCUSSION

A one-pot method was exploited to produce the cellulose-
based active materials: both Na-CMC and M-CMC were
directly solubilized in a 1 M NaCl water solution to obtain the
ionically conductive gels (ionogels). Three different concen-
trations of M-CMC were investigated (see Table 1), and the
hydrogels were chemically crosslinked by a fast photo-
polymerization reaction (Figure 1a). In addition, the behavior
of neat Na-CMC was also examined. In this case, the simple
presence of electrostatic interactions is expected with the
complexation of the Na* ions by the COO™ units present on
the solubilized CMC chains, leading to the formation of a low-
viscosity ionic gel (Figure 1b). Crosslinked hydrogels with
various M-CMC concentrations (2, 3, 4%) and the Na-CMC
gel were subjected to a rheological amplitude sweep test to
gain insights into their mechanical behavior (Figure 2a). The 2
and 3% M-CMC hydrogels show a similar storage modulus
and thus comparable stiffness. Instead, the 4% M-CMC
ionogel is stiffer than the others due to the higher amount of
M-CMC and thus the higher crosslinking density. On the other
hand, the 4% Na-CMC hydrogel appears as a viscous colloid
solution and, consequently, its storage modulus and stiffness
are lower than those of the other samples. Moreover, it is stable
in a larger range of deformations since its storage module does
not undergo a sharp drop.

Stretchable and transparent strain sensors were assembled
using the mentioned hydrogels in a sandwich-like shape in a
very easy and quick procedure, as described in the Materials
and Methods section (Figure 2b—d).

The electrical behavior of these sensors was then analyzed
through EIS.”® The goal of this analysis was to select the best
conductive material to be used as the electrode and the
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frequency of the electrical stimulus to study our sensors.
Typical impedance spectra of the sensors with different
electrodes without applied strains are reported in Figure 3a,
in which the experimental data are superimposed with fitted
data from the theoretical model displayed in Figure 3b. This
equivalent circuit worked well for all types of electrodes since
fitting curves match well at both high and low frequencies, as
shown in the Nyquist plot. The values of the different electrical
parameters were extracted from the model. After the
conversion of the CPE in the corresponding capacitance
contributions (C, and C;), electrical parameter analysis under
different external strains enabled the choice of the electrode
material, which ensured the highest sensitivity to external
strain. The series resistance (R,) represents the resistance of
the contacts and the electrolyte and tends to increase with the
applied strain for all kinds of sensors. In fact, under stretching,
the ions traverse a longer path because the distance between
electrodes increases. The parallel constituted by R; and C;
constitutes the charge diffusion contribution, which has an
important role at low frequencies. Instead, the parallel R,—C,,
which predominates at high frequencies, represents the
electrode—electrolyte interface. After this initial analysis,
devices with copper-based electrodes (Cu-PI and Cu-PI-Cu)
were discarded due to a trace of corrosion at the interface
between copper and the hydrogel, thus leading to the
consequent instability of the electrical properties. Corrosion
of the electrodes was ascribed to the high water content of
hydrogels. Finally, since the contribution by the electrode
mainly concerns the parallel at higher electrical frequencies
(R,, C,), stainless steel was selected as a conductive material
because it shows an average lower electrical resistance (R,)

https://doi.org/10.1021/acsaelm.2c01279
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Figure S. (a) Bending and (b) temperature transfer curves of sensors with the physical hydrogel in piezoresistive (red line) and piezocapacitive
(blue line) modes. Error bars represent standard deviation regarding a pool of three independent samples.

with respect to titanium, under all of the investigated strains
(Figure 3c).

The EIS technique was then used on the sensors based on
different hydrogels and prepared with steel electrodes to find
out the best electrical frequency for testing these devices. Each
sample was tested at rest and subjected to 10, 20, 30, 40, and
50% of tensile strains. From the analyses of the impedance real
part versus frequency, it appears that choosing high frequencies
for the electrical testing signal is preferable because the
difference between the curve at rest and the curves under
different strains is greater than at lower frequencies, as shown
for the M-C_2 sensor in Figure 3d. A similar behavior is
exhibited by all of the samples, as shown in Figure S1 in the
Supporting Information. Therefore, the following analysis on
the hydrogel sensors was conducted employing a testing
electrical signal with a frequency of 1 kHz.

After assessing the best electrode material and testing
frequency, the tensile strain sensitivity of devices with different
hydrogel compositions was statically tested in the range from 0
to 50% with a step of 10%. The relative variations of electrical
parameters, parallel resistance, and parallel capacitance (R, and
C,) with respect to their values at the unstrained condition
(Ry and Cy) were plotted versus the applied strain (Figure
4a,b). In general, the electrical resistance increases as the strain
rises because the distance between the electrodes increases and
the polymeric network shrinks, hindering the ions’” movement.
On the other hand, when a tensile strain is applied, the parallel
capacitance decreases due to the increase of the dielectric layer
thickness, namely, the distance between electrodes.

The developed sensors demonstrated high sensitivity both as
piezoresistors and as piezocapacitors, with both electrical
parameters (R and C) being strongly influenced by the applied
strain and deformation, making the devices extremely versatile
for different final applications. In particular, electrical resistance
shows the highest sensitivity to external strain. Furthermore,
device sensitivity is strongly dependent on the M-CMC
concentration: the higher the M-CMC concentration, the
larger the variation of both the electrical parameters in
response to applied strains (Figure 4ab). Moreover, the
devices produced with the chemically crosslinked hydrogels
show a higher sensitivity with respect to the Na-CMC hydrogel
(C_4), which, despite the polymer concentration of 4 wt %,
presents a behavior similar to the crosslinked hydrogel with a
lower concentration (M-C_2). Nevertheless, the C_4 sample
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showed clear advantages in terms of reproducibility and
measurement repeatability. In Figure 4c, it is clear that in C_4
samples, loading and unloading stretching curves are more
similar than those of the other sensors for each strain step and
a residual relative resistance variation of about 8% is achieved
at no strain applied. In fact, chemically crosslinked gels present
at the same time higher stiffness but also brittleness, and this
can easily lead the gel to irreversible rupture upon a certain
strain, affecting the reproducibility of samples with the same
hydrogel. The variability of devices with chemically crosslinked
hydrogels is greater, as shown by the higher error bars in
Figure 4ab. Hence, during tensile deformations, rupture
processes generate regions in the hydrogel with no electrical
conductivity. The combination of the hydrogel deformations
and crack formation results in greater variations of electrical
resistance and capacitance, as previously seen and reported in
similar hydrogel-based strain sensors.”” On the counterpart,
since these nonconductive regions increase the variability in
the sensor response, error bars are broader. After a
deformation cycle, all of the sensors with M-CMC hydrogels
were visually damaged, with clear fractures perpendicular to
the strain direction (Figure S3). This effect was observed on
the electrical response of the sensors by first increasing the
strains and then gradually diminishing the deformations,
following the same steps as in the ascent part (Figure 4c). It
is evident that devices with 3 and 4% M-CMC did not hold
reversible properties after the deformations. This is caused by
the phenomenon described earlier. Instead, the relative
variation of resistance of the Na-CMC hydrogel recovers
almost perfectly since the polymeric network is more flexible
and composed of easily restorable electrostatic interactions.
Hence, the implementation of hydrogels that are not
chemically crosslinked is preferable in the production of
sensors with stable electrical properties despite their sensitivity
to external strains being lower. For this reason, further
measurements of the presented work were conducted on a
device composed of the Na-CMC hydrogel. The strain
sensitivity of the selected sensor was also explored on the
complete sustainable deformation range, applying a dynamic
tensile strain through a mechanical testing machine while
extracting the electrical parameter variation. Both piezoresistive
and piezocapacitive transfer curves were obtained (Figure 4d).
This sensor holds an outstanding stretchability, and it can be
deformed until six times its initial length without rupture
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(Figure S2). In this wide range of strains, it also shows
electrical responsiveness. In the standard strain range involved
in human motion (0—55% of strain),”” it has a quasi-linear
transfer curve with a strain sensitivity of 2.27 considering the
piezoresistive mode (Figure 4e). On the other hand, the
capacitance transfer curve could be approximated by a linear
fitting only in the range between 0 and 20% deformation, with
a sensitivity of about 2.45. However, the linear model does not
work well in a wider range of deformations, as shown in Figure
4f. For higher strains, resistance variations could be
approximated by a straight line from 400% strain to 600%
strain. In this case, strain sensitivity is much higher than for
lower strains, reaching an excellent value of 25.76. Instead,
capacitance does not vary anymore for a high deformation
range (over 100%), showing that the sensor is unresponsive to
elevated deformation in the piezocapacitive mode (Figure 4d).
Therefore, the piezoresistive mode is preferable to sense axial
strain stimuli because of the higher sensitivity and wider
working range. The piezoresistive response was also studied
under cyclic deformations. The C_4 sensor showed good
repeatability over 80 successive cycles at 50% strain (Figure
S4). Despite the presence of a mild drift, attributable to the
viscoelastic properties of the VHB tape used for encapsulation,
the electrical signal maintains a repeatable amplitude among
the cycles (enlargement in Figure S4). Therefore, response
stability and durability, key features in wearable applications,
are achieved.

Similarly, sensor response to bending deformations was also
tested. A homemade bending setup (Figure SS) was employed
to deform devices with decreasing curvature radii (15, 9, S, 3,
and 2.5 cm). The relative variations of electrical parameters
(RP and Cp) with respect to their values in the undeformed
state (RpO and Cp()) were plotted versus the reciprocal of the
curvature radii (Figure 5a). Both resistance and capacitance
show a quasi-linear behavior. The resistance increases and the
capacitance decreases as the bending becomes greater, a
behavior similar to the one found with stretching stimuli.
Indeed, bending movement is a combination of tensile
deformation, on one sample side, and compressive deforma-
tion, on the other side; thus, from the experimental data, it is
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seen that in these sensors the tensile deformation is dominant
during the bending process. Comparing the piezoresistive and
piezocapacitive transduction methods for sensors made with
the Na-CMC hydrogel, there are no consistent differences
between them in this range of curvature radii, although
capacitance variations are slightly higher in absolute value
(Figure Sa). Therefore, either could be exploited as trans-
duction mechanisms.

Furthermore, the dependency of sensor properties on the
temperature was evaluated in the RT (25 °C) to 60 °C range.
The electrical resistance exhibits a negative quasi-linear
relationship with respect to temperature rise (Figure Sb). In
fact, when the temperature increases, the mobility of the ions
becomes higher, and thus, ionic conductivity is boosted.
Simultaneously, the VHB encapsulation dilates, causing
changes in device geometry. These combined effects result in
an electrical resistance decrease with a sensitivity of about —1%
°C™'. On the other hand, capacitance shows a positive linear
temperature dependency with an increase of temperature due
to both geometric effect and electrolyte property variations. In
this case, sensitivity measures about 3% °C™', which is higher
than the resistance thermal sensitivity. Therefore, the
capacitive transduction method is preferable for temperature
measurements owing to its excellent linearity and superior
sensitivity.

This analysis suggests that the C_4 hydrogel-based device
presented in this work could also be employed in temperature
sensing. However, since both deformation and thermal stimuli
affect the electrical parameters of the sensors, the measure-
ments of strain and temperature at the same time are complex
and the two contributions have to be separated. Analytical
techniques involving the use of dummy sensors, mounted in
regions insensitive to external stimuli, have been widely
employed in different sensor applications and could represent
a way to implement this device for the simultaneous detection
of both temperature and deformation.

To compare the electrical performances of the Na-CMC
hydrogel-based sensor, an analysis of the recent ionic
conductive hydrogel-based devices presented in the literature
has been conducted. In particular, the analysis was focused on
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Figure 7. Main biosignals sensed by the M-CMC physical hydrogel-based sensor. (a) Relative resistance variations under different finger bending
angles, (b) different bending cycles of the forefinger. (c) Detection of fingers muscular flexors activity during hand closing. (d) Monitoring of vocal
cord vibrations when “ah”, “ahah”, “ahahah”, and “ahahahah” are pronounced. (e) Pulse rate at rest (top) and after physical activity (down). (f)
Single pulse magnification with the main waveform features (P, = diastolic pressure, P, = systolic pressure, P; = inflection point) as mentioned in

the literature.*

the electrical resistance and capacitance variations under
tensile deformation and at different temperatures (Table S1)
where the cellulose hydrogel-based sensor presented in this
work shows the best performances. It is worth noting that the
piezoresistive device introduced here shows one of the highest
strain sensitivity values (Figure 6a) in the strain range involved
in human motion (0—55%). The performances of this sensor
are reached only by gelatin-based”” and chitosan-based®
organohydrogel devices, but in a range above 50%. However,
for very high strains (over 400%), this sensor owns superior
strain sensitivity (S = 25.76). Regarding the temperature-
sensing ability of the capacitive signal, the device shows the
highest sensitivity in the range between 25 °C and 60 °C
among the sensors presented in the literature (Figure 6b).
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These outstanding performances show that CMC-based
devices can be successfully employed in the biomedical field as
biometric sensors for both deformation and temperature
variation sensing. As a demonstration, Na-CMC hydrogel-
based sensors were applied in some examples of biomonitor-
ing, exploiting the piezoresistive transduction mode to convert
the mechanical deformations into electrical signals. First,
detection of human joint motion was investigated by attaching
the sensor to the forefinger and bending it. The finger was then
bent step by step at different angles (insets in Figure 7a).
Consequently, the resistance gradually increased, and when the
finger was held at a certain angle, it remained stable (Figure
7a). Moreover, subsequent bending cycles were performed,
and the sensor showed an optimal repeatability compatible
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with the ability of the user to exactly repeat the same
movement (Figure 7b). Since the finger movement could be
detected, the sensor can certainly be applied for sensing
motion of other joints, such as the elbow or the knee.
Additionally, the sensor was applied on the muscular flexors of
the fingers, located in the forearm, and the hand was repeatedly
opened and closed (insets of Figure 7c). The resistance pattern
shown in Figure 7c demonstrates that the device can sense
deformations caused by muscle contraction. Even in this case,
good repeatability of the resistance signal was achieved. In
addition, when the sensor was stuck on the throat of a patient
(inset of Figure 7d), it could even measure the vibration of
vocal cords while speaking. In Figure 7d, laughers of different
durations are recognized; whenever “ah” is pronounced, a peak
in the resistance signal is recorded. These findings suggest that
this tactile sensor could be employed in real-time speech
detection instead of micro4phones, which are unreliable in
overcrowded environments.”'

The sensor was also attached on the wrist of an adult male
for sensing the peripheral pulse wave to prove its potential
applicability in real-time health monitoring. A first acquisition
was done with the patient at rest (Figure 7e up). Then, another
trial was performed after mild physical activity (Figure 7e
down). The sensor was kept attached in the same position.
Comparing the signal before and after the exercise, the
heartbeat rate was extracted, increasing from 60 to 84 beats per
minute. Moreover, it is possible to find similarities with the
classic pulse wave shape in the radial artery, as shown in Figure
7f (right). Typical peaks and valleys are distinguishable.
Therefore, it is possible to apply this sensor as a noninvasive
method to continuously monitor the pulse rate and to extract
from the pulse waves several cardiovascular parameters, helpful
in disease diagnosis and prognostic.''

All of these results prove the possible application of physical
CMC hydrogel-based sensors in various biomedical fields, like
continuous health monitoring, detection of muscular activities,
and joint motions. The devices show good versatility, being
able to perceive both large and subtle deformations.

B CONCLUSIONS

In summary, here, a flexible, transparent, cheap, and ultra-
stretchable tactile sensor based on a green hydrogel is
investigated. A facile one-pot method is used to prepare the
ionically conductive CMC hydrogel, in which physical
interactions between chains are achieved through sodium
chloride salt dispersed in the precursor solution, also providing
the ionic conductivity. The sensitive CMC hydrogel-based part
was enclosed between shells of a viscoelastic commercial tape
in a sandwich-like configuration. Two metallic electrodes were
placed in contact with the hydrogel to provide the electrical
connection with the external environment. Application of EIS
allowed the choice of the electrode material and the sensor’s
testing frequency, which ensured the best sensitivity to external
deformations. In this way, we developed an easy-to-
manufacture flexible sensor endowed with transparency,
superstretchability (up to 600%), reproducibility, and good
sensitivity to external strain (resistive strain gauge of 2.27 in
the range between 0 and 100% strains) and to temperature
variations (capacitive temperature coefficient of 3% °C™!
between 25 and 60 °C). In addition, this sensor could be
interestingly applied in both piezoresistive and piezocapacitive
modes due to the good performances of the two transduction
methods. The demonstration of the CMC hydrogel-based
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sensor’s monitoring abilities for different biosignals, among
which joint motion, heart rate, vocal cord vibrations, and
surface muscle contraction, could pave the way to its further
application in wearables, soft robotics, and prosthetics.
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