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ARTICLE INFO ABSTRACT

Keywords: Multi-responsive sensing devices have contributed extensively to health monitoring applications. However, the
Silk protein effects of different stimuli often confuse, and thus cause, signal distortion of the sensor response. In addition,
Hydrogels

many sensing devices cannot work properly at low temperatures. In the present study, a robust regenerated silk
fibroin (RSF)-based hydrogel was fabricated with silver nanowires (AgNWs) embedded in the surface. The
microstructure of AgNW-embedded RSF surface was introduced using cotton fabric as a template. Afterwards, the
hydrogel was immersed in an aqueous calcium chloride solution to introduce Ca(II) ions into the matrix of the
RSF hydrogel. Finally, two pieces of the RSF/AgNW/Ca(II) hydrogel were assembled with AgNW layer face-to-
face to form a dual-responsive ionotronic skin that was sensitive to pressure and temperature. The pressure-
response of the RSF/AgNW/Ca(Il) ionotronic skin showed a high sensitivity, short response time, and good
durability. In addition, the temperature-response also showed a high sensitivity and good durability from low
temperatures (—30°C) to high temperatures (50°C). As a demonstration of its dual responsiveness, 16 pieces of
RSF/AgNW/Ca(1l) ionotronic skin were combined to make a 4 x 4 array. It demonstrated high sensitivity
without interference between the pressure and temperature signals, achieving a significant dual response. A
potential application for the simultaneous detection of body temperature and heartbeat was demonstrated by
placing the RSF/AgNW/Ca(ll) ionotronic skin on the wrist and further indicated the practicality of such an
ionotronic skin because it could distinguish between the percussion wave, tidal wave, and diastolic wave in a
single waveforms. Therefore, this RSF/AgNW/Ca(II) ionotronic skin that can discriminated between stimuli and
work at low temperatures may have great potential in the field of wearable health monitoring equipment.

Ionotronic skin
Environmental sensitivity
Dual responsibility

1. Introduction

As an important platform for the human body to interact with the
outside world, skin has a variety of sensing functions so that people can
process complex environmental information, such as pressure, temper-
ature, and humidity [1-3]. Inspired by the sensing functions of skin,
researchers have developed various sensing devices to achieve many
features, like multiple responsiveness [4-5], high sensitivity [6], good
flexibility [7], self-repair [8], and even self-powered functions [9].
However, the discrimination between different signals is still a weakness
of multi-responsive sensing devices [10], because the effects of various
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stimuli often confuse and distort the signal [11].

In recent years, researchers have developed several flexible and
highly sensitive pressure sensing electronic skins based on different
sensing technologies, such as compression resistance, piezoelectricity,
and capacitance [12-19]. Compression resistance electronic skins have a
good response to both dynamic and static pressure stimulation. In
addition, the device integration and signal monitoring are also relatively
simple, so it has more applications than piezoelectricity and capacitance
electronic skins [12,20]. Designing a surface microstructure on the
selected electronic skin material that is inspired by the fingerprint
structure on human beings has been suggested as a powerful means to
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improve the sensing sensitivity [21]. In addition to traditional silicon
stencils [20], microstructures originating from other common items also
can be used to achieve similar sensitivity. For instance, Nie et al.
fabricated a pressure sensing electronic skin by replicating the hierar-
chical microstructure of banana leaf that exhibited a high sensitivity (10
kPa’l) and excellent durability (10,000 cycles) [22]. Wang et al. used
the microstructure of a silk fabric to successfully develop a large-area,
uniform, and flexible pressure sensing electronic skin [21]. Therefore,
it is possible produce the low-cost, high-sensitivity, and large-scale
pressure sensing materials using microstructures from the texture of
common items.

In addition to pressure response, real-time and accurate responses to
the temperature of the surrounding environment and objects are also an
important capability of sensors [23,24]. Among the high-performance
temperature sensors, silicon materials are still most commonly used
[25,26]. Meanwhile, conductive polymers [27] and their composites
[28-30] have also been suggested as temperature sensors to reduce the
dependence on semiconductor materials and meet the flexibility re-
quirements of the device. However, the sensitivity of these percolation-
type sensors prepared from conductive polymer composites is not high
enough [28]; and more importantly, most of them cannot work at low
temperatures, which greatly limits their applications [30].

In general, synthetic polymers are the main material used to produce
current temperature sensors because of their good processibility and
mechanical properties [23,31]. However, considering that wearable
sensors are frequently interfaced with skin, natural polymers that are
biocompatible and have skin affinity have unique advantages [32-37].
For instance, You et al. [35] produced a biologic nanosheet from marine
chitin that was expected to be desirable in wearable electronics,
biodegradable circuits, and biologic devices. Lv et al. [36] reported a
naturally-derived wearable strain sensor based on milk protein and
natural rubber to avoid environmental pollution and improve
biocompatibility.

Silk fibroin, a natural polymer derived from the Bombyx mori
(B. mori) silkworm cocoon, is a good candidate for the matrix of an
electronic skin because of its tunable processability and physical prop-
erties, such as the mechanical, optical, and thermal properties, as well as
its unique advantages including biocompatibility, biodegradability, and
bioabsorption [32,38-42]. In our previous work, we successfully
developed an ionotronic skin for temperature sensing from a regener-
ated silk fibroin (RSF) hydrogel and calcium chloride (CaCly) that could
be used below freezing point [43]. Herein, we use the same component
but different preparation method to produce a more robust RSF/Ca(Il)
hydrogel as the matrix for temperature sensing and add a micro-
structured silver nanowires (AgNWs) conductive layer to the hydrogel
surface to also achieve functionality as a pressure sensor [37]. There-
fore, such a RSF/AgNWs/Ca(II) hydrogel could respond to both pressure
and temperature and could be assembled into a pressure and tempera-
ture sensing bimodal ionotronic skin.

2. Experimental section
2.1. Materials

B. mori silkworm cocoons were procured from local farmers at
Nantong, China. Sodium bicarbonate (NaHCO3), sodium dodecyl sulfate
(SDS), anhydrous calcium chloride (CaCly), and polyethylene glycol
(PEG-20000) were purchased from Sinopharm Chemical Reagent Co.
Ltd., Shanghai, China. Lithium bromide (LiBr) was obtained from Kuling
Fine Chemical Co. Ltd., Shanghai, China. Dialysis tubes (MWCO: 12-14
kDa) were purchased from Blue Bird Co. Ltd., Shanghai, China. Silver
nanowire (AgNW) aqueous solution (S40) was purchased from Cold
Stone Nanomaterials Technology Co. Ltd., Suzhou, China. The diameters
and lengths of the AgNWs were 40 + 5 nm and 30 + 5 pm, respectively.
All chemicals used in this work were of analytical grade and used
without further purification.
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2.2. Preparation of RSF aqueous solution

The RSF aqueous solution was prepared from B. mori silkworm co-
coons following a well-established procedure comprised of degumming,
dissolving, and dialysis steps [44]. Briefly, the cocoons were first
degummed by boiling in a 0.5 wt% NaHCOj3 twice for 30 min each time.
After washing and drying, the degummed silk was then dissolved in 9.5
mol-L! LiBr aqueous solution by heating to 60°C for 1 h. Then, the so-
lution was dialyzed against deionized water for 3 days with a dialysis
tube (MWCO: 12-14 kDa) to remove the salt, and the RSF solution was
acquired (silk fibroin concentration of approximately 5 wt%). The 5 wt
% RSF aqueous solution was put into the 10 wt% PEG aqueous solution
with a dialysis tube (MWCO: 12-14 kPa) to concentrate to the final
fibroin concentration to approximately 15 wt%, and the solution was
stored at 4°C until use.

2.3. Preparation of RSF/AgNW/Ca(Il) hydrogel

Three kinds of RSF hydrogels with AgNWs embedded on the surface
were prepared, including a control sample without microstructure and
two samples with different microstructures on the surface. When pre-
paring the control sample, 5 mL of 1 mg-mL~' AgNW aqueous solution
was poured onto the bottom of a 5 cm x 10 cm glass container and put in
a 40°C oven to form a thin and homogeneous AgNW layer. When pre-
paring the samples with microstructured surfaces, high density or low
density cotton fabrics were first placed on the bottom of the glass mold.
Then, the procedure was the same as that used for the control sample,
and thin and homogeneous AgNW layer was formed on the cotton fabric.

An appropriate amount of SDS solution was added to the RSF solu-
tion to obtain a RSF/SDS mixed solution with a final silk fibroin con-
centration of 10 wt% and a SDS concentration of 20 mmol-L L. The RSF/
SDS solution was gently casted onto the bottom of the glass container
that contained the deposited AgNWs. The glass container was heated in
a 60°C oven for 30 min to form the RSF/AgNW hydrogel. The RSF/
AgNW hydrogel was gently peeled off the bottom of the glass container.
Finally, the RSF/AgNW hydrogel was first immersed in deionized water
for 3 days to remove the uncombined SDS and then immersed in a CaCl,
aqueous solution (10, 20, and 30 wt%) for 5 days to produce the final
RSF/AgNW/Ca(Il) hydrogels.

2.4. Assembly of RSF/AgNW/Ca(Il) bimodal ionotronic skin

Two pieces of RSF/AgNW/Ca(Il) hydrogel were stacked with the
AgNW layers face-to-face. As shown in Scheme 1, a copper wire was
mounted on the end of the AgNW layer of one RSF/AgNW/Ca(I)
hydrogel as an electrode, but could not contact the AgNW layer of the
other hydrogel. Then, two copper wires from the opposite AgNW layers
were used as a pair of electrodes for subsequent pressure sensing tests.
Meanwhile, two copper wires were mounted on the two ends of the
matrix of the same RSF/AgNW/Ca(II) hydrogel layer to form a pair of
electrodes for subsequent temperature sensing tests. Finally, two pieces
of RSF/AgNW/Ca(Il) hydrogel were fixed by soft tapes at their edges to
prevent the slippage from each other.

2.5. Characterization

The mechanical properties of the hydrogel were performed on a
universal testing machine (Instron5566, Instron, UK). The surface
morphology was observed under a scanning electron microscope
(TS5136MM, TESCAN, Czech). The conductivity of the hydrogel was
calculated from the current-voltage (I-V) curve recorded with an elec-
trochemical workstation (CHI660E, Chenhua Instrument Co. Ltd.,
China).

Pressure sensing tests consisted of following steps: the dynamometer
(M5-012, Mark-10) was fixed on the moving subassembly and collected
the pressure loading applied on the RSF/AgNW/Ca(II) ionotronic skin in
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Scheme 1. Schematic for the preparation of RSF/AgNW/Ca(Il) bimodal ionotronic skin.

real-time with vertical movements of the testing machine (CMT6103,
MTS Systems). Meanwhile, the real-time current signal corresponding to
the pressure loading was recorded by the electrochemical workstation
(PARSTA2273, Princeton Applied Research). The cyclic loading was
provided by a motion controller (DZ100MAOO, well known). The
sensitivity (S) of the pressure sensor was defined as follows:

_ 8(Al/Ly)

S= AP M

where AI is the amount of current change, Iy is the initial current
without pressure, and AP is the amount of pressure change.

Temperature sensing tests were performed with a temperature-
controlled stage (THMS600, Linkam, UK). During the temperature
change, the resistance changes of the RSF/AgNW/Ca(II) ionotronic skin
were recorded in real-time using the electrochemical workstation
(CHI660E, Chenhua Instrument Co. Ltd., China). The sensitivity of the
temperature sensing was defined as follows:

_ O(AR/Ry)

S=="27 (2)

where AR is the amount of resistance change, Ry is the resistance at 0°C,
and AT is the amount of temperature change.

3. Results and discussion
3.1. Preparation and characterization of RSF/AgNW/Ca(Il) hydrogels

The preparation steps of the RSF/AgNW/Ca(II) hydrogel are shown
in Scheme 1. Herein, cotton fabric was used as the template to generate
the microstructure on the surface of RSF hydrogel. The advantage for
choosing cotton fabric is that it is cheaper and more suitable for mass
production than other materials [22-23]. AgNWs were first deposited on
the cotton fabric and then transferred to the RSF hydrogel surface during
the hydrogel formation process. The strategy for the preparing the RSF/
Ca(II) hydrogel was different in this study than reported in our previous
work [43] and other research groups [45]. First, by adding a small
amount of sodium dodecyl sulfate (SDS) to the RSF aqueous solution, a
robust and elastic RSF hydrogel could be obtained according to our
previous work [46]. Therefore, the AgNW-containing microstructure
could be formed on the hydrogel surface during the gelation process.
Then, the formed RSF/AgNWs hydrogel was saturated in an aqueous

CaCl; solution to introduce Ca(Il) ions into the hydrogel and created a
RSF/AgNWs/Ca(II) hydrogel that was sensitive to both temperature and
pressure. The reason to choose soaking the RSF hydrogel in the CaCly
solution instead of adding CaCl, in RSF aqueous solution before the
formation of the hydrogel is because the mechanical properties of the
RSF hydrogel by the later preparation method were rather weak
[43,45,47]. Herein, a robust and elastic RSF hydrogel is needed as the
matrix to build up the pressure sensor, so the Ca(Il) ions were introduced
to the hydrogel network after the strong RSF hydrogel was formed by
adding SDS in the preparation procedure. It is worth noting that prep-
aration method for the RSF hydrogel by the addition of SDS was well
established and the formation mechanism and other information (such
as biocompatibility) can be found in our previous work [46] and the
reference cited there [48].

Fig. 1a—c shows the integration of AgNWs on the surface of the RSF
hydrogel. Interconnected AgNWs on the surface of the RSF hydrogels
would provide a conductive layer for the designed pressure sensing
ionotronic skin regardless of whether or not they have microstructure.
Two kinds of cotton fabrics (low-density and high-density) were used to
create a microstructured AgNW surface on the RSF hydrogel. No matter
which kind of cotton fabric was used, the warp and weft interlaced
weaving process gives the surface a highly repeating concave and
convex pattern. Meanwhile, as each strand used in weaving is composed
of many cotton threads, the surface of each strand displays a further
subtle pattern (insets of Fig. 1b and 1c¢). Fig. 1b and 1c clearly demon-
strate the microstructures formed on the RSF hydrogels using low-
density and high-density cotton cloth as a template. Moreover, the
small gap between the cotton threads in each strand of the cloth was also
reproduced within the hydrogel grooves (Fig. S1). Therefore, by using
the method shown in Scheme 1, different levels of cotton fabric micro-
structures were almost completed engraved into the surface during the
hydrogel formation process. In addition, the resulting RSF hydrogel was
quite robust and elastic and was easy to peel off from the cotton fabric
while perfectly maintaining the delicate pattern on the surface. Such a
hierarchical microstructure may provide great possibilities for the ion-
otronic skin to have a high pressure sensitivity [49].

The conductivity of the RSF hydrogel was due to the Ca(II) ions
trapped in the hydrogel network, thus the mass and conductivity RSF
hydrogels upon soaking the materials in different aqueous CaCly solu-
tion were extensively studied. Fig. 1d indicates that the weight of the
RSF hydrogel decreased slightly after immersion in deionized water
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(about 1.3%), mainly due to the removal of free SDS from the hydrogel.
However, the weight of the RSF hydrogels after soaking in the CaCl,
solutions increased significantly. The weight of RSF hydrogel immersed
in 10 wt%, 20 wt%, and 30 wt% aqueous CaCl, solutions increased by
4.0%, 12.4%, and 22.7%, respectively. However, if the RSF hydrogel
was immersed in 40 wt% aqueous CaCly solution, it was integrated
overnight (Fig. S2) because the high concentration of Ca(II) ions would
destroy the RSF hydrogel network. Therefore, 30 wt% was the highest
concentration of the aqueous CaCl; solution used in this study.

The increase of weight could be attributed to the incorporation of Ca
(ID) ions in the RSF hydrogel, and the conductivity of the RSF hydrogel
also increased with increasing Ca(Il) incorporation (Fig. 1e). Compared
to the pristine RSF hydrogel that was almost non-conductive (conduc-
tivity of only 0.1 mS-em™!, Table S1), the conductivity of the RSF
hydrogel soaked in a 30 wt% CaCly solution reached 7.9 mS-cm™?,
which was quite a good conductive property.

Although the weight and the conductivity changed significantly after
soaking in the 30 wt% CaCl, aqueous solution, the mechanical proper-
ties of the RSF hydrogel remained mostly unchanged. Fig. 1f shows that
the compression curves of the two RSF hydrogel samples (pristine and
after immersion in the 30 wt% CaCly aqueous solution) were very close.
The linear deformation region of both samples was very wide (up to
~35%) and the compression modulus was around 1.0 MPa (Table S1).
This result was understandable because the Ca(II) ions were trapped in
the RSF hydrogels network which had little effect on the mechanical
performance. The tensile test of these two samples were also performed
(Fig. S3). The results showed that the hydrogels were quite stiff, but the
less extensibility did not affect their application as the pressure sensors.

In addition, the introduction of Ca(Il) into the network of the RSF
hydrogels had the advantage for keeping the hydrogel stable in an open
environment. Fig. S4 compares the states of the pristine RSF hydrogel
and the hydrogel soaked in the 30 wt% CaCl, aqueous solution after they
were put on a conductive silver film in moderate humidity (~50% RH).
After 12 h, the RSF hydrogel immersed in deionized water and 10 wt%
CaCl; aqueous solution dried, shrank significantly, and broke away from
the conductive silver layer. The shrinkage of the RSF hydrogel immersed
in the 20 wt% CaCl, aqueous solution was much less, and the sample
immersed in the 30 wt% CaCl, aqueous solution was almost unchanged.
Fig. S5 shows after being placed in a relatively dry (50% R.H.) open
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Fig. 1. (a — ¢) SEM images of the mi-
crostructures on the surface of the RSF/
AgNW/Ca(Il) hydrogels. (a) Without
template, (b) using low density cotton
fabric as the template, and (c) using high
density cotton fabric as the template (the
inset of (b) and (c) shows the corre-
sponding texture of the cotton fabrics).
(d) Effect of CaCl, concentration on the
mass change of RSF/AgNW/Ca(Il)
hydrogels. (e) Effect of CaCl, concentra-
tion on the conductivity change of RSF/
AgNW/Ca(Il) hydrogels. (f) Comparison
of the compression curves of RSF/AgNW/
Ca(Il) hydrogels (CaCl, concentration
was 30 wt%).

environment for 14 days, the weights of the RSF/Ca(II) hydrogels were
almost unchanged, further indicating their good stability in an open
environment. Therefore, considering the conductivity, mechanical per-
formance, and stability in the ambient environment, the RSF/Ca(II)
hydrogel soaked in 30 wt% CaCl, aqueous solution was selected to
prepare the matrix and the temperature sensing portion of the bimodal
ionotronic skin.

3.2. Pressure sensitivity of RSF/AgNW/Ca(Il) hydrogels

As shown in Scheme 1, two pieces of RSF/AgNW/Ca(Il) hydrogel
(with thickness about 1.8 mm) were assembled into a pressure sensor by
facing the AgNWs conductive layers towards each other. Fig. 2a shows
the change in current signal of the three pressure sensors made from the
RSF/AgNW/Ca(Il) hydrogels with different surface microstructures
when different pressures were applied. There was almost no current
change when different pressure was applied on the RSF/AgNW/Ca(II)
pressure sensor without a surface microstructure. However, for both
RSF/AgNW/Ca(Il) pressure sensors with surface microstructures, the
current changed significantly when the pressure changed, suggesting
they had a good response to the applied pressure. In the initial state, the
top and the bottom AgNW layer contacted with each other, forming the
conductive paths. Hierarchical microstructure led to uneven conductive
surfaces, decreasing the areas of the contacting part. Therefore, less
conductive paths were formed in the pressure sensor with surface mi-
crostructures compared to that without a surface microstructure. When
pressure applied, the contact area between the two AgNW layers
increased, so the conductive paths increased and thus the current also
increased. For the pressure sensor with surface microstructures, the
change of conductive paths was much more significantly than that
without a surface microstructure, so the current changes also varied
dramatically, showing a sensitive response to the pressure applied. The
current change when the pressure released was also monitored. There
was a small hysteresis between the pressure increasing and decreasing
process (Fig. S6a), which was certainly come from the resilient hyster-
esis of the hydrogel when the applied pressure was released (Fig. S6b).
However, this would not affect the work of the pressure sensor as in most
case, only the signals generated with applied pressure needed to be
recorded.
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The working range of the RSF/AgNW/Ca(Il) pressure sensor was
0.3-5 kPa. In particular, the sample with the more complicated micro-
structure (i.e., using high-density cotton fabric as template) showed a
higher sensitivity. The sensitivity reached 0.20 kPa~! when the applied
pressure ranged from 0.3 to 1.5 kPa. Although the sensitivity decreased
when the applied pressure further increased (from 1.5 to 5.0 kPa), it still
had a sensitivity of 0.05 kPa~! which was comparable to previously
reported data [6,12,50].

The response time of the pressure response is shown in Fig. 2b. When
the assembled RSF/AgNW/Ca(II) hydrogels were loaded and unloaded
with a pressure of 1 kPa, the response and release times were both found
to be 40 ms, which is equivalent to or even better than the pressure
sensors reported in the literature [4,10,51]. The durability of the RSF/
AgNW/Ca(Il) pressure sensor was evaluated by applying 1000 loading/
unloading cycles at a pressure of 1 kPa and a frequency of 1 Hz. The
result showed that the pressure sensing of the RSF/AgNW/Ca(Il)
hydrogel had good reliability and reproducibility with negligible hys-
teresis (Fig. 2¢). In addition, the performance of the pressures sensor
when applying at the pressure from 1.5 kPa to 2 kPa (Fig. S7a) as well as
increasing the number of the loading/unloading cycles to 3000
(Fig. S7b) were also tested, and both results indicated that RSF/AgNW/
Ca(Il) pressure sensor still showed a fairly good reliability and repro-
ducibility. Compared with other sensors made from supramolecular
hydrogels [8], metal substrates [52], and graphene composites [53]
with encapsulation layers to improve the sensor stability in harsh en-
vironments, the stability RSF/AgNW/Ca(II) pressure sensor studied here
was significantly improved because of Ca(Il) ions improved the water
retention in the hydrogel [51,54,55].

To investigate the ability of the RSF/AgNW/Ca(lIl) pressure sensor to
detect a subtle change in pressure, the thickness of the RSF/AgNW/Ca
(I1) hydrogel was reduced to 0.75 mm. As shown in Fig. 2d, the pressure
sensor was able to detect water drops timely and sensitively when a
water drop of approximately 20 mg was used to simulate rainfall from a
height of approximately 10 cm. The current increased suddenly when
the water drop hit the pressure sensor as indicated by the arrow in the
figure.
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Fig. 2. Performance of the RSF/AgNW/Ca(Il)
pressure sensor. (a) Relative change in current (Al/
Ip) versus applied pressure. (b) Response curve at
an applied pressure of 1 kPa. (¢) Durability test by
performing 1000 loading-unloading cycles at a
frequency of 1 Hz under an applied pressure of 1
kPa. The inset shows an enlarged view, exhibiting a
highly reliable and stable sensing performance. (d)
Real-time current changes to falling water droplets.
The inset shows the schematic for water dropping
test.

3.3. Temperature sensitivity of RSF/AgNW/Ca(Il) hydrogels

For an ionic conductor, changes in temperature affect the movement
of ions. As for RSF/AgNW/Ca(Il) hydrogel, there was about 90 wt% of
water, therefore a large number of water molecules provided channels
for the migration of Ca(Il) ions. The interactions between the Ca(Il) ions
and the water molecules, as well as the silk fibroin chain segments were
highly temperature dependent. Accordingly, the movement of the Ca(II)
ions in the RSF/AgNW/Ca(II) hydrogel varied with temperature which
meant that the electrical signal from the hydrogel responded to tem-
perature changes. As we shown in our previous work [43], RSF/Ca(Il)
hydrogel still kept flexible at —30°C because the existence of the CaCly
significantly decreased the freezing point of water. It is not surprised
that freezing point of water decreased in CaCl; solution as Conde et al.
reported the freezing point of 30 wt% CaCl; solution was below —40°C
[56]. In addition, Morelle et al. demonstrated a tough polyacrylamide-
alginate double network hydrogel that can be cooled down to the tem-
perature as low as —57°C without freezing by adding a suitable amount
of CaCly [57]. Therefore, the RSF/AgNW/Ca(II) hydrogel prepared in
this study maintain the good anti-freezing properties, endow the tem-
perature sensor have a wide working temperature range at least from
—30 to 50°C. When the temperature increased, the resistance of the RSF/
AgNW/Ca(Il) hydrogel decreased, and vice versa (Fig. 3a). Thus, the
slope of the linear fit to the rate of resistance versus the change in
temperature in Fig. 3a represents the sensitivity of such a temperature
sensor. The sensitivity of the RSF/AgNW/Ca(II) hydrogel was approxi-
mately 5.02%°C ! over a temperature range of —30-0°C and 1.54%°C !
over a temperature range of 0-50°C. The sensitivity at both low and high
temperatures were higher than those of other hydrogel-based ionotronic
skin materials reported in the literature prepared by using similar
methods (Table S2).

Fig. 3b shows the high sensitivity and signal stability of the RSF/
AgNW/Ca(Il) hydrogel to temperature changes with a resolution as
small as 0.5°C or 1.0°C. However, it was still hard for us to obtain the
data with a resolution as small as 0.1°C due to the limitation of the
temperature-controlled stage (the highest resolution is 0.5°C).
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Fig. 3. Performance of the RSF/AgNW/Ca(Il) hydrogel temperature sensor. (a) Resistance change at different temperature. (b) Resistance change cycles in response
to slight temperature changes. (c) Resistance change after 5 cyclic temperature changes from — 30°C to 50°C. (d) Resistance change after 50 cyclic temperature

changes from — 5°C to 5°C.

Therefore, it is not possible for us to say very confidently that resolution
of such a temperature sensor is enough for testing the body temperature
(which needs 0.1°C resolution). On the other hand, the sensitivity of the
RSF/AgNW/Ca(Il) temperature sensor was 1.54%°C ! over a tempera-
ture range of 0-50°C, which is similar to that of Trung’s work (1.34%°
C*I) reported in the literature [23], where they demonstrated the suc-
cessful application for the detection on body temperature. Thus, we
believe the RSF/AgNW/Ca(Il) temperature sensor has the great poten-
tial for the detection of body temperature. In addition, the effectiveness
of the RSF/AgNW/Ca(II) hydrogel as a temperature sensor at —30°C and
50°C was examined (Fig. 3c). The results showed that at these two
extreme operating temperatures, the RSF/AgNW/Ca(Il) hydrogel still
maintained its temperature sensitivity, showing a consistent resistance
variation amplitude over five cycles. More specifically, the resistance
changes of the RSF/AgNW/Ca(II) hydrogel were very stable around the
freezing point of water (—5 to 5°C, Fig. 3d). Therefore, the temperature
sensing ionotronic skin made from RSF/AgNW/Ca(Il) hydrogel not only
exhibited a wide working range, but also had a high sensitivity. The
hydrogel could be considered an ideal skin sensing system for applica-
tions in extreme temperature environments, especially at very low
temperatures which are difficult for most temperature sensors, espe-
cially electronic skins [23,29,58-61].

3.4. Performance of simultaneous sensing RSF/AgNW/Ca(Il) bimodal
ionotronic skin

On the basis of the instinct biocompatibility and skin-friendly
properties of silk fibroin and the good pressure and temperature sensi-
tivity of the RSF/AgNW/Ca(II) hydrogels shown above, they could also
act as a bimodal ionotronic skin that simultaneously responds to pres-
sure and temperature. In our previous work, it has been proved that the
RSF hydrogel made by the addition of SDS had no serious cytotoxicity
[46] and other research groups also proved that no skin inflammation

was found when the RSF electrodes or the adhesives containing high
concentration of CaCl, were attached on the skin [47,62]. Fig. 4a—c
shows the electrical signals of the RSF/AgNW/Ca(II) bimodal ionotronic
skin under different pressure and temperature conditions. When an
empty beaker was placed on the bimodal ionotronic skin, only the
pressure sensing current increased in response to the weight of the
beaker (8.20 g), and there was no change in the measured resistance
related to the temperature sensing because there was no change in
temperature (Fig. 4a). However, when 50°C hot water was poured into
the beaker, electrical signals for both pressure and temperature sensing
were measured. The current due to the pressure sensing increased from
the increased weight of the beaker with water (total weight 12.00 g),
and the resistance due to the temperature sensing decreased due to the
increase in temperature from the hot water (Fig. 4b). Similarly, the
electrical signals of the RSF/AgNW/Ca(II) bimodal sensing ionotronic
skin varied due to the pressure and temperature change when the beaker
contained 0°C water (Fig. 4c).

After testing the bimodal sensing of a single piece of RSF/AgNW/Ca
(II) bimodal sensing ionotronic skin, a 4 x 4 pixels sensing array was
assembled by 16 pieces of 10 x 10 mm RSF/AgNW/CaCl, ionotronic
skins. In the array, each ionotronic skin remained independent, and the
pressure and temperature sensed on each pixel were monitored in real
time. During the test, a relatively heavy serum bottle filled with hot
water (total weight 4.5 g, 50°C) and a relatively light serum bottle
containing a small amount of cold water (total weight 3.5 g, 0°C) were
placed on two different ionotronic skin pixels (Fig. 4d and Fig. S8). The
pressure and temperature map of the RSF/AgNW/Ca(Il) sensing array
are shown in Fig. 4e and 4f. The results clearly demonstrated that when
the 4 x 4 pixels RSF/AgNW/Ca(lI) sensing array was used to monitor the
pressure, the current intensity increased significantly at the location
where the serum bottle was placed, and the increase was proportional to
the magnitude of the pressure (Fig. 4e). For the temperature monitoring,
the measured resistance from where the hot serum bottle was placed
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Fig. 4. Simultaneous sensing performance of the RSF/AgNW/Ca(Il) bimodal ionotronic skin. Pressure and temperature sensing responses to (a) an empty beaker, (b)
hot water in the beaker (50°C), and (c) cold water in the beaker (0°C) (weight of beaker: 8.20 g; weight of beaker and water: 12.00 g). (d) Photograph of the bimodal
ionotronic skin array with 4 x 4 pixels and two vials with different weights and temperatures and the corresponding results in (e) pressure and (f) temperature
detection. (The serum bottle with red liquid: 4.5 g, 50°C; the serum bottle with blue liquid: 3.5 g, 0°C). (For interpretation of the references to colour in this figure

legend, the reader is referred to the web version of this article.)

significantly decreased and increased where the cold serum bottle
placed (Fig. 4f). The demonstrations shown in Fig. 4e and 4f clearly
indicate that the pressure and temperature sensing signals in the RSF/
AgNW/Ca(Il) sensing array were independent and truly reflected in-
formation about the pressure and temperature of the test object.
Therefore, the RSF/AgNW/Ca(Il) ionotronic skin ensured a mutual
response to both the pressure and temperature signals and achieved a

bimodal response effect.

As practical application of the RSF/AgNW/Ca(II) bimodal ionotronic
skin, it was attached to a person’s wrist (Fig. 5a) and used to detect
changes in body temperature and the heartbeat spontaneously. It is easy
to imagine how the ionotronic skin could be used to detect body tem-
perature according to the demonstration shown above (Fig. 3). How-
ever, the real-time periodic arterial pulse waveforms detected by the

Fig. 5. (a) Photograph of the ionotronic skin attached to the wrist for detecting artery pulses, real-time current changes in response to artery pulse pressure after
exercise (b) and in relaxation (c), Waveform of a single pulse (d) extracted from (c).
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RSF/AgNW/Ca(II) ionotronic skin undoubtedly highlighted its flexible
wearability and considerable sensibility. Fig. 5b and 5c shows a typical
radial arterial pulse waveform within 8 s after exercise and in relaxation,
equivalent to 99 and 75 beats per minute respectively. In addition, most
of the recorded radial arterial pulse waveforms had three clearly
distinguishable peaks, that is, the percussion wave (P-wave, P;), tidal
wave (T-wave, P5), and diastolic wave (D-wave, P3) as shown in Fig. 5d.
The radial augmentation index Al; (P2/P;) is an important value for
characterizing arterial stiffness and can be obtained from these data
[63]. The calculated Al; value was about 0.56, which was a character-
istic value for a healthy adult female [64]. Moreover, the RSF/AgNW/Ca
(ID) ionotronic skin could detect the D-wave in the arterial pulse wave-
form that the majority of other electronic skins used in arterial tonom-
etry cannot detect [2,52,65,66], and thus has great potential for use in
more detailed diagnostics. However, the three kinds of waves seemed
not clearly distinguishable after the exercise. The disappearance of the
T-wave after exercise may be caused by exercise-induced vasodilation,
dilation of muscular arteries, and enhanced ventricular—vascular
coupling [67]. In addition, the heart beats faster and stronger after ex-
ercise, so the intensity of P-wave becomes more significantly, which may
suppress the intrinsic weaker T-wave and D-wave. Similar phenomenon
also can be found in the literature [3,65,68].

4. Conclusion

Herein, a silk-based bimodal ionotronic skin was created by assem-
bling two pieces of RSF/AgNW/Ca(II) hydrogel face-to-face. First, the
robust RSF hydrogels were prepared by adding SDS, a method previ-
ously developed in this laboratory. During the RSF hydrogel formation
process, a thin and conductive AgNW layer was embedded on the
microstructured hydrogel surface created by using cotton fabric as a
template. Then, the RSF/AgNW hydrogel was soaked in a CaCly aqueous
solution to endow the whole RSF hydrogel conductivity and form the
final RSF/AgNW/Ca(Il) hydrogel. As a pressure sensor, the sensitivity of
the RSF/AgNW/Ca(II) ionotronic skin reached as high as 0.20 kPa™!
because of the introduction of the microstructure on the RSF hydrogel
surface. As a temperature sensor, the RSF/AgNW/Ca(II) ionotronic skin
achieved a sensitivity of 1.54%°C~! over a temperature range 0-50°C.
More impressively, the RSF/AgNW/Ca(IlI) ionotronic skin also worked
in .’:11 low temperature range (—30—0°C) with a high sensitivity of 5.02%°
Cc .

A dual response to pressure and temperature was achieved within a
single RSF/AgNW/Ca(ll) ionotronic skin. Afterwards, a 4 x 4 pixel
sensing array was assembled from 16 pieces of RSF/AgNW/CaCl; ion-
otronic skins. The pressure and temperature signals from this sensing
array were highly independent, indicating these signals would not
interfere with each other in real application. As a demonstration of the
possible application, a piece of RSF/AgNW/Ca(Il) ionotronic skin was
attached to a person’s wrist to monitor his/her body temperature and
heartbeat. Such an ionotronic skin not only could obtain the real-time
periodic arterial pulse waveforms, but also could distinguish the per-
cussion wave, tidal wave, and diastolic wave in a single waveform,
which could be very useful for more detailed diagnostics. In addition,
such a RSF/AgNW/Ca(II) ionotronic skin may also be applied in or-
thodontic treatment to detect the movements of the upper and lower
jaws and the corresponding temperature changes in response to chew-
ing. Considering the good biocompatibility and skin-friendly properties
of silk fibroin, it is believed that this RSF/AgNW/Ca(II) ionotronic skin
with dual response modes and high sensitivity has good application
prospects in the field of wearable health monitoring equipment.
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