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ABSTACT: lonic tactile sensors (ITS) are an emerging subfield of wearable electronics, capable of mimicking the
human skin, including not only the typical anisotropic structure, mechanical behaviour, and tactile functions but even
the mechanosensitive ionic channels that are crucial for the human sense of touch. With the rapid development of
intelligent technology, such bioinspired materials constitute the core foundation of intelligent systems and are a
candidate to be the next generation e-skins, offering a more accurate and evolved biointerface. In the latest years, a
wealth of novel ultra-stretchable ITS was proposed, progressively refining the choice of soft materials, including ion
gels, ionic liquids and hydrogels, and fabrication techniques. Regardless of materials and methods adopted, all these
tactile sensors can feel mechanical solicitations and external stimuli, thus behaving as — or even better than — human
skin.

In this review, an overview of the very latest advances in high-performance ITS applied in intelligent systems is
reported. First, generality of ITS will be summarized. After, ion gel, ionic liquid, hydrogel, and elastomer ITS will be
discussed focusing first on composition, fabrication, type and mode of sensing and then on their characteristics and
application. In this perspective, the advantages that biomimetic approaches brought in terms of sensitivity, speed of
response and multimodality of sensing will be highlighted, with a particular focus on the development of
electrochromic, thermochromic, self-powered and self-healing devices. In conclusion, the prospects of tactile sensors
for intelligent systems in biomedicine and robotics will be discussed, along with the possible strategies to overcome
the current shortcomings, in terms of biocompatibility, durability, mechanical performance, adhesion to biological
substrates, which represent the future challenges.

KEYWORDS: tactile sensor, stretchable sensor, strain sensor, pressure sensor, ionic liquid, ion gel, hydrogel

1 INTRODUCTION
Human skin is the largest organ of the integumentary system in our body and it exhibits a notable range of properties. It

possesses a J-shaped strain-stiffening behavior, being soft and compliant at small strains, while becoming rapidly stiffer
at higher strains to prevent tissue damage [1]. This behavior makes it sensitive enough to detect and distinguish differences
in the texture of materials, but equally robust to protect the body against damage from mechanical shocks and bacterial
infection.

Since skin represents the interface between the human body and the outside world, it is provided with complex tactile
sensing functionality that allow to perceive the outside, thus facilitating many essential activities. Moreover, skin provides
temperature sensing capabilities that help understand the surroundings and avoid damaging from extreme temperatures.
Figure 1.1 shows the major biological signal sources in the skin anatomy specifying the correspondence between the

various tissues that compose the organ and the type of sensing they allow.
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Figure 1.1 Description of human skin as a sensing platform for detecting various physiological signals [2].

The sense of touch, in particular, consists of a complex system of receptors distributed on the skin. As a response to
pressure, the receptors produce electronic impulses that are transmitted to the brain that interprets the signal. The intensity
of the pressure determines the frequency of the electrical impulses, the higher the pressure the larger the number of
impulses per second.

During last years, sensors reached great achievements and hence attracted much interest as the next generation of artificial
intelligence devices since they could be used in various application [3-9].

Artificial receptors mimic this process by coupling pressure sensors on sensitive materials with circuits capable of
producing electrical impulses. The higher the pressure the greater the electricity that will flow to the sensors, which will
produce electrical impulses more frequently.

In recent years, tactile sensors topic has reached much interest from the scientific community thanks to their possible
implications in the development of artificial skin-like sensors for emerging human-interactive technologies, such as
artificial skin, wearable or implantable devices and user-interactive ones. This tactile sensory capability of human skin
has been emulated at first by deformable electronic materials for develop an electronic version of skin, named e-skin [10].
The development of e-skin allowed important advancements in robotics and medical devices fields, but the
communications between these devices and biological systems poses a technological challenge as biological signalling is
mediated by ions and molecules rather than electrons. For this reason, recently, ionic tactile sensors (ITS) have been
developed. These sensors, composed by stretchable ionic materials, involve mobile ions. Thanks to these deformable
ionic sensor devices that can sense pressure, strain, temperature, humidity, and even other external stimuli, it is possible
to mimic the tactile sensing capability of human skin better than the e-skin can do. Miming the tactile perception of the
human skin mechanism, in fact, ITS tactile sensing capability relies on the migration and redistribution of ions, modulated
by external stimuli, which can bring to a more advanced biological interface for human-interactive platforms, when
compared to conventional e-skin devices. In these regards, the develop of ITS will allow the use of synthetic skin in
prosthetics, providing the touch ability and allowing to fell temperature for amputees and individuals with nerve damage.
Moreover, these types of sensors are also capable of monitoring health parameters such as pulse waveforms and
temperature distributions [11].

This review, after a brief general description of ITS, will be mainly focused on materials used to mimic the mechanical

properties, tactile-sensing and temperature-sensing properties of human skin.



2 ITS GENERALITY
According to the working mechanism, tactile sensors are mainly based on piezoelectric, capacitive and resistive effects.

Working mechanism of capacitive tactile sensors is based on the variation in the capacitance depending on the change in
the relative position between the plates under an external pressure. The resistive tactile sensors are based on the
piezoresistive effect, in which the conductivity varies under an external pressure. The latter one has the advantages of
large detection, simple signal processing and strong anti-interference capability, if compared with the capacitive type.
What really makes difference in ITS fabrication is material selection and structure design. These aspects, in fact, play an
important role in achieving good performance and various functions.

In order to enable accurate identification of position and direction of objects a high resolution is required in ITS.
Moreover, to simulate human skin as much as possible to meet the needs of intelligent systems, the stretchability of tactile
sensors is an indispensable condition. In addition, human skin can repair itself when exposed to external damage. So, an
ideal tactile sensor should demonstrate a similar capability of repeatable self-healing that can greatly increase the lifetime
of devices. Also, self-powered capability has great significance for future tactile sensors, in fact, devices powered by
ordinary batteries need to be repeatedly recharged, which involves a great consumption of non-renewable energy. In
addition, the large size, weight and hardness of batteries also restrain their application in micro-nano flexible electronic
devices for intelligent systems. Therefore, collecting energy from nature and converting it into electrical energy is a
relevant property for ITS [12].

Considering the medical field, sensors have been widely used as medical devices to monitor health or treat some diseases,
such as arrhythmia and bradycardia. This means that the materials used must be biocompatible. Moreover, for diseases
treatment, usually, the devices must work for a limited time, so, when devices are implanted in vivo, biodegradability is
extremely important for avoid secondary surgery for device removal. This property will make the treatment of diseases

safer, simpler, and more reliable [13].

3 ITSMATERIALS
To develop ITS, particular attention must be paid to human skin properties with the aim of emulating them. Taking this

into account, to develop high-performance ITS materials that possess high flexibility, even deformability and low
Young’s modulus to allow conformability should be chosen. Moreover, the materials should be capable of ionic
conduction under external electrical or mechanical stimuli [11].

In this regard, the most widespread materials for the development of high-performance ITS technologies have been
reviewed. In Table 1 different recently reported ITS materials have been summarized, in Table 2 their characteristic and

properties have been highlighted.

3.1 lonic liquids

lonic liquids (ILs) are defined as molten salts that are composed of organic cations and organic or inorganic anions with
melting points below 100 °C. Moreover, ILs show interesting physicochemical properties such as high thermal, chemical,
and electrochemical stability, low viscosity, non-volatility, and non-flammability. Furthermore, physical and chemical
properties in ILs can be highly modified due to their numerous combinations of cations and anions. Owing to these unique

properties, interest in ILs has grown considerably in recent years [14-18].



3.1.1  Composition, fabrication, type and mode of sensing of ILs ITS

The resistive strain sensors will be analysed first. Keulemans et al. fabricated a novel ionic liquid-based strain sensor
composed of a tubular silicone micro channel filled with an ionic liquid 1-Butyl-1-methylpyrrolidinium
bis(trifluoromethylsulfonyl)imide [BMP][BTI] [19]. Zhu et al. reported the first application of a room temperature IL for
a low cost, eco-friendly strain sensor. A low viscous and high conductive IL, 1-butyl-3-meth-ylimidazolium tetra-
fluoroborate [BMIM][BF4] was utilized as a piezoresistive gauge material [20]. Chossat et al. proposed a strain-sensitive
sensor made of a solution of sodium chloride (NaCl) in water (H,0) containing glycerol, where glycerol was used for
increasing the viscosity of the solution [21]. Wang et al. reported the simple fabrication of a rubber ultra-stretchable ionic
strain resistive sensor made of 1-Octyl-3-methylimidazolium chloride [OMIMI][CI]. The device was fabricated using a
3D printing technique [22]. Yoon et al. fabricated a highly stretchable and transparent micro-fluidic strain sensor
(maximum strain up to 200%) with fast response, by utilizing a highly conductive binary mixture of ILs: 1-Butyl-3-
methylimidazolium bis(trifluoromethylsulfo-nyl)imide ([BMIM] [TFSI]) and 1-butyl-3-methy-limidazolium acetate
([BMIM][Ac]) filled in polydimethylsiloxane (PDMS) microchannels [23]. Choi et al. fabricated a resistive strain sensor
based on the ionic liquid resulting from ethylene glycol (EG) and sodium chloride (NaCl). This latter was then
encapsulated within a symmetric wavy channel in an Ecoflex matrix, previously obtained using a polytetrafluoroethylene
(PTFE) mould and ametal template to attain the wavy structure [24]. Zhang et al. fabricated a highly sensitive, resistive
ITS using a highly conductive IL, the 1-Ethyl-3-methy-limidazolium bis(trifluoromethylsulfonyl) imide ((EMIM][TFSI]),
contained in an Ecoflex silicone elastomeric cover that could detect several physiological signals. The strain sensor was
fabricated using a PDMS mould and simple sealing method [25].

Moving to the capacitive pressure sensor, Nie et al. used an aqueous-based electrolyte solution (NaCl) with high ionic
concentration, mixed with glycerol to reduce evaporation, for developing the droplet-based interfacial capacitive sensor
[26].



Table 1. Summary of composition, type of materials, type of functions, mode of sensing and relevant characteristics of recently reported ITS materials.

Composition Structure Types Mode of sensing Relevant Characteristics Refs.
[BMP][BTI] lonic liquid Resistive Strain Small-scale sensor [19]
[BMIM][BF4] lonic liquid Resistive Strain Good repeatability [20]
Glycerol, NaCl lonic liquid Resistive Strain Microfluidic structure [21]
[OMIM][CI] lonic liquid Resistive Strain Good performance in cycling, aging, [22]
and water tests
[BMIM][TFSI] lonic liquid Resistive Strain Fast response [23]
EG, NaCl lonic liquid Resistive Strain Low degree of hysteresis [24]
[EMIM][TFSI] lonic liquid Resistive Strain Biological compatibility [25]
Glycerol, NaCl lonic liquid Capacitive Pressure High sensitivity [26]
[BMIM] [BF4] lonic liquid Capacitive Pressure Temperature sensing [27]
[EMIM][C(CN)3] lonic liquid Capacitive Pressure Small-scale sensor [28]
Resistive/ Multimodal n . .
[EMIM][TFSI] TPU lon gel Capacitive  (pressure, shear, torsion) Arbitrary multiplex human touching [29]
[E'\rélcltl\lﬂ]lgi?\lcih]’ lon gel Resistive Pressure Insensitive other environmental factors [30]
[EMIM][TCM], PEGDA lon gel Capacitive Pressure Flexible, transparent, high sensitivity [31]
[EMIM][TFSI] . - .
P(VDF-HFP) lon gel Capacitive Pressure Micropatterned pyramidal structure [32]
[EMIM][TFSI] - o
P(VDF-HFP) lon gel Capacitive Pressure Micro-dome structure [33]
[EMIM][TFSI] TPU lon gel Capacitive Pressure High Se”S'“V'tyrgnga wide pressure [34]
[EMIM][TFSI] " ) I
P(VDF-HFP) lon gel Capacitive Pressure High sensitivity, and fast response [35]
[EMIM]E\—/RAFLATE] lon gel Capacitive Pressure Fast response, high linearity [36]
[EMIM][TFSI] TPU lon gel Capacitive Pressure lonic textile base‘i/;’r”ns"ea‘h coremicro g7y
- Cone-like micro-structures inspired
[EMIM][TFSI] TPU lon gel Capacitive Pressure from Calathea zebrine leaf [38]
[EMIM][TCM] PEGDA lon gel Transistor Pressure M|cropyram|da||:;r:rctured il [39]
(PTMB)/(NDDAY/ lon Capacitive Multimodal ] [40]
silicone elastomer gel/elastomer (pressure, strain)
HZSO“’,\T;%:’ 2l Hydrogel Resistive Strain High sensitivity, stability, and linearity [41]
. Multimodal L .
NaCl (PAAmMv) Hydrogel Capacitive (pressure, strain) Uniaxial sensing [42]
LiCl (PAAm), " .
NaCl (PAAM) Hydrogel Capacitive Pressure lonic touch panel [43]
. Multimodal -
NaCl (PAAmMv) Hydrogel Capacitive (bend, strain, touch) Multi touch, transparent [44]
LiCl (PAAm) Hydrogel Capacitive Pressure b2 el stretchablsek(ierllectrolum|nescent [45]
Multimodal Easily adhere to a wide variety of
[HEA][AA] Hydrogel Capacitive - substrates but removable without any [46]
(pressure, strain) d
amage
PAA/AGO Hydrogel Pressure Ultrahigh sensitivity a_n_d excellent [47]
cycling reliability
PAM/DCS/PANI Hydrogel Strain Good stability and reproducibility [48]
GelMA Hydrogel Capacitive Pressure Transparent, e>§cellent meqhamcal and [49]
electrical properties
Hydrogel- Seamless dermis/epidermis interface,
PAA-Fe**-PVA/TPU elastomer Resistive Multlmodal_ self-healing, simple an_d fast assembly, [50]
- (pressure, strain) total recover of properties after damage
hybrid ;
and self-healing
Electrochromic, chameleon-inspired,
. L from yellow to red (due to MBI).
PAAmM/LICI/(MBI) Hydrogel Resistive Pressure Conductivity: 0.4 S/m (due to LiCl); [51]
stretchability: 1600%
PDMS/Chiral Nematic Hydrogel/liquid Capacitive Multimodal thermochromic response (26-40 °C) and [52]

LCR

crystal

(pressure, temperature)

tactile sensing (up to 20 kPa)

Yoon and Chang utilized microfluidic approach to fabricate super-capacitive ITS capable of sensing normal and lateral
pressures. This pressure sensor utilized a linear sensing element consisting of 1-Butyl-3- methylimidazolium
[BMIM] [BF4]
polydimethylsiloxane CNT/PDMS composite as a dielectric layer [27].

tetrafluoroborate IL as an electrode in the microfluidic channels and carbon nanotubes-



Nie et al. fabricated an ionotropic microdroplet array for flexible tactile sensing applications. The sensor uses as IL the 1-
ethyl-3-meth-ylimidazolium tricyanometha-nide [EMIM][C(CN)3] droplets, sandwiched between two patterned indium-
tin-oxide (ITO) coated ITO-PET films [28].

3.1.2  Characteristics and application of ILs ITS

Keulemans et al. prepared a sensor which showed the highest sensitivity in the frequency range from 10 to 25 kHz, with
a corresponding gauge factors (GF) between 2 and 2.5 for an elongation of 10% [19]. The IL composed of 1-butyl-3-
meth-ylimidazolium tetrafluoroborate [BMIM] [BF4], prepared by Zhu et al. demonstrated the capability of measuring
strain up to 55% at room temperature [20]. Chossat et al. sensor proved to be hyper elastic with a withstanding strain of

up to 100% and showed a gauge factor of 3.08, as shown in Figure 3.1 [21].
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Figure 3.1 Variation of the resistance as a function of strain for the ionic solution strain sensor [21].

Wang et al. sensor showed excellent performance, including tuneable sensitivity, detection of a wide range of strains
(0.1-500%), excellent long-term stability (>50 000 cycles), and high durability (after 6 months storage under ambient
conditions) as is possible to notice from graphics in Figure 3.2.
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Figure 3.2 Durability and stability performance of IL based rubber band-like wearable sensors (input voltage: 3v). The 50,000 cycling test under 5% (a, b) and
100% (c, d) strains under a frequency of 1Hz. (e) Plots of resistance change under various frequencies of 1Hz. () Plots of resistance change under
various frequencies of 1Hz to 7Hz under the strain of 1%. (f) Comparison of the resistance changes of the sensor before and after storing it under
ambient conditions for 6 months (1 Hz frequency and 5% strain) [22].

After being woven with commercial rubber bands into a bracelet, the sensor enabled real-time monitoring of wrist pulses
and different hand gestures. Owing to the inherent mechanical deformability of the liquid phase, IL-based strain sensors
demonstrated excellent conformability, which is strongly required to achieve high-performance and highly deformable
ITS [22].

Strain sensor of Yoon et al.
stretching of 200%. The sensor exhibited outstanding performance under a variety of deformations induced by stretching,

exhibited a GF of 2 for the linear region (<50% strain) and GF of 40 at the maximum

bending, pressing, and twisting. In addition, transparency enables visually customizable ITS capable of monitoring a wide

variety of human body motions in real time. The transparency of the device can be noticed in Figure 3.3.

Figure 3.3 Optical characterization of the microfluidic strain sensor [23].



For large area tactile sensors (facial ones), scalable synthesis techniques are crucial to produce large-area, low-cost
devices. Moreover, though some in vivo tests they monitored various human body motions in real time. In Figure 3.4 it
is shown how electrical resistance changes as a function of time for the microfluidic strain sensor with a single linear
channel in the PDMS elastomer at different finger bending motions. Electrical resistance also changes as a function of
time for the PDMS microfluidic strain sensors with two linear channels at different wrist motions and at various
movements of the arm. Photographs and diagram in Figure 3.4 are the corresponding motions of the forefinger (Figure
3.4 a), wrist (Figure 3.4 b) and arm (Figure 3.4 c) attached with the strain sensors [23].
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Figure 3.4 Monitoring of various human body motions in real time [23]



Table 2 Summary of mechanical and other characteristics, sensing range, strain and sensitivities of recently reported ITS.

Composition
[BMP][BTI]
[BMIM][BF,]

Glycerol, NaCl

[OMIM][CI]

[BMIM][TFSI]

EG, NaCl

[EMIM][TFSI]

Glycerol, NaCl

[BMIM] [BF,]

[EMIM][C(CN)s]
[EMIM][TFSI]
TPU

[EMIM][ESO.],
KCI, PANi

[EMIM][TCM],
PEGDA

[EMIM][TFSI]
P(VDF-HFP)

[EMIM][TFSI]
P(VDF-HFP)

[EMIM][TFSI]
TPU
[EMIM][TFSI]
P(VDF-HFP)
[EMIM][TRIFLA
TE] PVA

[EMIM][TFSI]
TPU

[EMIM][TFSI]
TPU

[EMIM][TCM]
PEGDA

HzSO4, NaOH,
KOH, Nafion

NaCl (PAAmMvV)

LiCl (PAAmM),
NaCl (PAAm)

NaCl (PAAmMv)

Mechanical
Characteristics

Hyperelastic
High durability
(> 50,000 cycles),
excellent long-term
stability

High stretchability,
flexibility

Highly stretchable

Highly stretchable

A flexible and
stretchable

Highly elastic

High durability

Flexible

Flexible

High stability

Flexible
Flexible

Flexible

High flexibility

Flexible

Highly cyclic stability
Highly stretchable

Soft and stretchable

Stretchability

Other
Characteristi
cs
Low cost,
environmenta
Ily friendly

Temperature
sensitivity,
scalable and
low cost
Sensitivity,
long- term
stability, high
transparency

Low-cost

Transparent

Ultrahigh
sensitivity,
extreme
flexibility
Highly
sensitive
Transparent
Highly
sensitive
High
sensitivity,
fast response
time

Excellent
sensitivity

Long-term
wearability

High
conductivity,
high
sensitivity
Low-cost,
high
sensitivity

High
sensitivity

Transparent
High
transparency

Sensing range

100 Pa-20 kPa
<300 kPa
33 Pa-200 kPa
<50 kPa

<20 kPa

1- 750 kPa

<50 kPa

1.12 Pa— 32.35
kPa

<100 kPa

0.018-80 mm
Hg

<100 kPa

<150 kPa

0.1 Pa— 115 kPa

5-50 kPa

Strain

<10%

<55%

<100%

500%

<200%

300%

400%

1000%

Sensitivity

25G.F.

3.08 G.F.
3GF
(strain 100%)
2G.F
(strain (25%)
2G.F.
(strain <50%)
40 G.F.
(strain <200%)
40 G.F.
(strain 200%)
7.9 G.F.
(strain 5%)
1.7 G.F.
(stain 100%)

1.58 nF kPa™!

0.43 nF kPa™?!
1.93 kPa™!

5.6 kPa~!

3.1nF kPa™?!
(<5 kPa)
41 kPa™!
(<400 Pa)
13 kPa™?!
(0.5-5 kPa)
2 kPa™!
(<50 kPa)
131.5 kPa™!
(<1.5kPa)
11.73 kPa™!
(5-27.7kPa)
1.4 nF kPa™*
(<10 kPa)

114 nF kPa™!

10 nF kPa™?!

0.68 nF kPa™*!
(<10 kPa)
0.12 nF kPa™?!
(>10 kPa)
54.3 kPa™?!
(<0.5 kPa)

1 kPa™!
(<115 Pa)
3.4 kPa™?
(0-8 kPa)
68 kPa~!
(820 kPa) 40.8
kPa~! (20-50
kPa)

Functional
Tests

None

None

Lab scale

In vivo

In vivo

In vivo

In vivo

In vivo

In vivo

In vivo

Lab scale

In vivo

In vivo

In vivo

In vivo

Lab scale

In vivo

Lab scale

In vivo

Lab scale

Lab scale

In vivo
In vivo

In vivo

In vivo

Refs.
[19]
[20]

[21]

[22]

[23]

[24]

[25]

[26]
[27]
(28]
[29]

(30]

[31]

(32]

[33]

(34]
[39]

[36]

[37]

[38]

[39]

[41]
[42]
[43]

[44]



LiCl (PAAM)

[HEA][AA]

PAA/AGO

PAM/DCS/PANI

GelMA

PAA-Fe*'-
PVA/TPU

Highly stretchable

Mechanical
adaptability

Tissue-like
mechanical property
High degree of
ductility and
flexibility
High durability

High durability, total
self-healing

Transparent
High
transparency,
self-healing
capability

Compatible
with water
environment

Excellent
electrical
properties
Self-healable
mechanical
and electrical
properties

0.9-30.9 kPa

75-1500 Pa

200%

0.3 MPa

90%

0.293 kPa™*

171.4 kPa?
(75-1500 Pa)
575 kPa? (<75
Pa)

159 G.F.

0.19 kPa™

Lab scale

In vivo

In vivo

In vivo

In vivo

In vivo

[45]

[46]

[47]

[48]

[49]

[50]
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Compared to IL-based flat strain sensors, Choi et al. wavy sensors show excellent stretchability (up to 250% strain) and
improved hysteresis performance. The wavy structures were found to offer lower energy dissipation when compared to
the flat structures under a given deformation. In a finger mounted skin-like sensor device, this sensor could successfully

detect various activities of the human hand, as illustrated in Figure 3.5.
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Figure 3.5 Monitoring of human joint motions in real time [24].

Even under the maximum strain of 300%, the response feature was rarely deteriorated after 3000 cycles, the sensor
exhibiting excellent durability and a remarkable. gauge factor of 40 at 200% strain [24].

The high electrical conductivity of [EMIM][TFSI] allowed high signal-to-noise ratio in Zhang et al. sensor. This sensor
exhibited a wide sensing range (0.1% to 400%) and high sensitivity with a GF of 7.9, which is much higher if compared
with the previously discussed sensors. The sensor results to be flexible and stretchable. Moreover, the electrical signals
of as-obtained sensors were found to depend on the ILs species and the channel size. Such wearable sensors were tested
in vivo (Figure 3.6), exhibiting the capability of multiple deformation forms including strain, bending and pressure, which
suggested their application in finger touching, wrist and elbow joint movement, throat muscle movement and pulse

waveforms.

60

Wearable sensor Elbow joint
—
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Figure 3.6 (a) The relative resistance change for monitoring of the wrist bending movement at input voltage of 4 V. Inset: the photograph of wearable sensor
on the wrist joint. (b) The relative resistance change for monitoring of the elbow joint movement at input voltage of 4 V. Inset: the photograph of
sensor on the elbow joint. (c) The relative resistance change of sensor monitoring the finger bending with different directions at input voltage of 4 V [25].
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Noteworthy is the easy, low-cost, scalable fabrication strategy, that is supposed to set the stage for the practicable and
widespread utilization as a wearable sensor [25].

Nie et al. presented a novel droplet-based pressure sensor that achieve ultrahigh mechanical-to-electrical sensitivity (1.58
nF kPa™1) and resolution (1.8 Pa) with a simple device architecture. The simply constructed and mechanically flexible
droplet sensor was successfully applied in vivo to detect minute blood pressure variations on the skin surface (with the
maximum value equal to less than 100 Pa) throughout cardiovascular cycles [26].

Yoon and Chang microfluidic capacitive sensors showed good linear response and high-pressure sensitivity at pressure
range of 100-300 kPa. Moreover, in vivo tests demonstrated that, when attached to human hand, such microfluidic ITS
enabled the realization of skin-like multimodal sensor platforms for sensing different hand motions such as tapping,
scratching and hand shaking [27]. Nie et al. sensor showed a pressure sensitivity of 0.43 nF kPa™?, with a minimal
pressure detection of 33 Pa. In addition, the low viscosity of the IL [EMIM][C(CN)s] and the high contrast wettability
control on the electrode surface enabled fast mechanical response and high durability over more than 20000 cycles of
pressure loads. The high sensitivity and rapid response of the iontronic droplet sensor enabled cardiovascular pressure

wave recording in a wearable wristband-type sensor device that was in vivo tested [28].

3.2 lonic Gels

ILs have shown great potential in pressure and strain sensitive ITS owing to their interesting physiochemical properties.
However, they also have weaknesses related to their “liquid” nature, which involves limitations such as poor durability,
difficult handling, non-portability, and impossibility of miniaturization. For the fabrication of durable ITS, it is highly
desirable that the ionic materials should have a polymer-like mechanical integrity, while retaining high ionic conductivity
and good electrochemical stability. This can be achieved by developing ionic polymers or ionic gels. The concept of
“polymer-in-salt” was introduced first by Angell et al. with the aim of doping polymers with salts for form the basis for

the development of ionic polymers and ionic gels [11].

3.2.1  Composition, fabrication, type and mode of sensing of ion gels ITS

Pan at al. first demonstrated the use of ionic polymers as thin film-type super-capacitive sensing material, in order to
realize a pressure-sensing ITS fabricated entirely of soft materials for wearable and health sensing applications.
Poly(ethylene glycol) diacrylate (PEGDA) and 2-hydroxy-2-methylpropio-phenone (HOMPP) was dissolved in 1-ethyl-
3-meth-ylimidazolium tricyano-methanide ([EMIM][TCM]) to obtain a flexible, transparent, and conductive ionic
polymer matrix. For the fabrication of ITS, the ionic polymer film was sandwiched between two flexible indium-tin-oxide
(ITO)-coated polyethylene terephthalate (PET) substrates with a spacer layer made of double-side tape [31]. Later, Li et
al. reported a pressure-sensitive super-capacitive ITS composed by an electrospun ionic polymer nanofibrous layer as
sensing matrix, sandwiched between two patterned conductive fabrics as shown in Figure 3.7. The ionic conductive
material adopted in this study is a gel-based matrix on poly(vinylidene fluoride-co-hexafluoro-propylene) P(VDF-HFP),

with its ionic component of 1-Ethyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide [EMIM][TFSI] [35].
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Figure 3.7 Schematic illustration of the all-fabric sensing matrix with a nanofibrous layer (a); SEM photos of the device in cross-section (b); views and
operational principle of the nanofabric pressure sensor with the equivalent electrical circuit of the sensor (c) [35].

Recently, Kim et al. developed a highly conformable and reliable ionic textile (i-textile) based on sheath-core carbon
nanotube (sc-CNT) microyarns and an ionic thermoplastic polyurethane polymer (i-TPU) to form a large area ITS array.
The ionic polymer was fabricated by a noncovalent association of 1-Ethyl-3-methylimidazolium
bis(trifluoromethylsulfoyl)imide [EMIM][TFSI] cation-anion pairs loaded in a TPU elastomeric matrix [37]. Very
recently, Li et al. introduced an iontronic sensing paper by incorporating both ionic and conductive patterns to the classic
paper substrates to develop all-in-one flexible sensing platform. The iontronic sensing paper can be structured into 2D or
3D pressure/force-sensitive devices only by paper specific manipulations, such as printing, cutting, folding, and gluing.
Hydrophilic ionic liquid, 1-ethyl-3-methylimidazoliumtrifluoromethanesulfonate([EMIM][OTF]), is introduced to the
pulp as the ionic donor in a polyvinyl alcohol (PVA) matrix as shown in Figure 3.8 [36].

Figure 3.8 lontronic pressure sensing paper (ISP) device in which the fibrous ionic fibers is used as the ionic region and the conductive fibers is used as the
conductive region [36].

Cho et al. fabricated a pyramidal-shaped ionic gel prepared using a blended solution of P(VDF-HFP) as the structuring
polymer and 1-ethyl-3-methylimidazolium bis(trifluoromethylsulfonyl)amide ([EMI][TFSA]) as the IL. Using
anisotropic KOH etching on a photolithographically patterned Si wafer, they created moulds with pyramidal impressions

in which ionic polymer blend was casted and cured to obtain micro-pyramidal structured ionic polymers (Figure 3.9) [32].
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Figure 3.9 Micropyramidal structured ionic polymers [32].

In this regard, Jang et al. recently utilized a micro-structured deformable ionic polymer dielectric in an indium—gallium-—
zinc oxide (IGZO) based thin film transistor for develop a low-powered sensor. Using the silicon master moulding
process, they created a micro-pyramidal pattern on ionic polymer 1-ethyl-3-methylimidazolium
bis(trifluoromethylsulfonyl)imide ([EMIM][TFSI]-TPU) that was casted and cured to obtain an i-TPU dielectric films
with micro-pyramidal structures [39].

Chhetry et al. developed a super-capacitive ITS that resolves the issues of low sensitivity and high limit of detection
(LOD) of the tactile sensors reported by Cho et al. [32]. The micro-structured iontronic film was fabricated by spin-
coating the ionic gel-made of 1-ethyl-3-methylimidazolium bis-trifluoromethylsulfonylimide [EMIM][TFSI] and
P(VDF-HFP), on silicon carbide abrasive in order to create the template. The capacitive sensor was fabricated by
sandwiching micro-structured iontronic films between two identical AQNW/PDMS electrodes in such a way that
microstructures were facing up [33].[20]

Bioinspired ITS involve sensory matrices whose structures, properties or functions directly mimic natural systems. The
bioinspired strategy is a newly emerging interdisciplinary concept that has shown great success in e-skins to enhance
sensitivity, detection range, selectivity and response time of tactile sensors [11]. According to that, Qiu et al. proposed a
cost-effective approach to fabricate micro-structured ionic gel film. The Calathea zebrina leaves were used as templates
to develop micro-cone-structured ionic gel (MIG) film (Figure 3.10). The ionic gel uses a blended solution of poly
(vinylidenefluoride-co-hexafluoropropylene) (P(VDF-HFP)) as the structuring polymer and 1-ethyl-3-methylimida-
zolium bis(trifluoromethylsulfonyl)imi-de ([EMIM][TFSI]) as the IL. This process provided an efficient and cost-
effective route to fabricate micro-structured ionic polymer films compared to photolithographic processes [38].

In these regards, also Chun et al. developed a bioinspired ion channel pressure sensor that closely mimics the
mechanotransduction features (ion transport mechanism) in biological ion channels. This bioinspired ion channel pressure
sensor was fabricated by stacking structures utilizing polymers, electrolytes and nanopore membranes. The electrolytes,
which included PANI, potassium chloride (KCI), and 1-ethyl-3-methylimidazolium ethyl sulfate ionic liquid (IL), were

selected on the basis of their different ion mobility and ion conductivity [30].
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Figure 3.10 Fabrication of flexible MIG-based skin [38].

Jin et al. introduced a pillar shaped patterns that mimicked the papillary ridges of Merkel cells. In particular, a super
capacitive ITS was designed in which an ionic thermoplastic polyurethane (i-TPU) film was prepared by the noncovalent
association of 1-ethyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide ([EMIM] + [TFSI] — cation— anion pairs)
loaded in a TPU matrix [34].

Choi et al. developed a pyramid-plug structure for highly sensitive tactile sensors that enables them to detect pressure,
shear force, and torsion. The device is composed of pyramid-patterned ionic gel inspired by neural mechanoreceptors and
engraved electrodes. Based on a pyramid-plug structure, the deformation mechanism differs between different types of

external mechanical loadings [29].

3.2.2  Characteristics and application of ion gels ITS

The soft sensor proposed by Pan at al. offered an ultrahigh unit area capacitance (5.4 uF cm™2) of the ionic sensor,
leading to a high mechanical-to-capacitive sensitivity of 3.1 nF kPa™1. In particular, this pressure sensitive ITS exhibited
excellent mechanical stability (a variation of less than 3% even after deformation with various radii of curvatures) and
high repeatability (30000 testing cycles) [31]. Li et al. fiber-based pressure-sensitive super-capacitive TS offered an
extraordinarily high sensitivity of 114 nF kPa™?, with a pressure resolution of 2.4 Pa and a response time of 4.2 ms. High
sensitivity and extended wearability of the nano-fabric sensor allowed ITS incorporation into several wearable pressure
monitoring platforms that were in vivo tested as shown in Figure 3.11 [35].

Pressure (mmHg)

Figure 3.11 Supercapacitive all-fabric facemask with 20 pressure sensing units and a glove integrated with 16 all-fabric pressure sensing units [35].
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Kim et al. ionic polymer demonstrated high stretchability and transparency, simultaneously. The sensor showed
remarkable sensitivity of 0.68 nF kPa~! below 10 kPa and 0.12 nF kPa~'over 10 kPa for more than 2000 cycles. In
addition, based on this type of highly conformable and reliable i-textiles, forefinger motion before and after bending were
detected in i-textile pressure sensor array [37].

Li et al. iontronic sensing paper exhibited a pressure sensitivity of 10 nF kPa™?, a single-Pascal pressure resolution of
6.25 Pa, a single-millisecond response time, a high linearity (up to 25 kPa), and wide pressure sensing range up to 100
kPa. This iontronic sensing paper can be used as a simple ITS for the detection of various physiological signals such as
continuous pulse wave monitoring of blood pressure, heart rates, respiratory rates, emotional stress and blood pressure
variations. In vivo tests were performed as it is possible to see in Figure 3.12 [36].
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Figure 3.12 a) The preparation of the ISP origami bracelet using printing and folding; b) the ISP origami bracelet is wearable for pulse monitoring, c) the
pulse wave signal collected by the ISP origami bracelet [36].

Cho et al. pyramidal ionic gel film exhibited improved mechanical properties such as low modulus, low surface attraction
and low adhesion properties. This sensor demonstrated an ultrasensitive pressure detection (41 to 2 kPa™1) and a broad
sensing range (0-50 kPa), but a low sensitivity and high limit of detection (LOD). In vivo tests have shown that this ITS
could efficiently detect a broad variety of pressure sources arising from sound, lightweight objects, jugular venous pulses,

radial artery pulses, finger touch, and finger motion (Figure 3.13).
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Figure 3.13 Real time monitoring of capacitance changes from pressure arising from finger touching and finger bending [32].

In general, transistor-type tactile sensors with micro-structured gate dielectrics show higher pressure sensitivity than
micro-structured dielectric-based capacitive tactile sensors because small capacitance changes cause large alterations in
the current channel [32].

Jang et al. transistor-type ITS exhibit ultrahigh sensitivity (43.6 kPa™1) over a wide range of pressures from 5 to 50 kPa
[39]. Chhetry et al. super-capacitive ITS has shown an ultrahigh pressure sensitivity of 131.5 kPa™1, a low response time
(43 ms), a LOD of 1.12 Pa, and a high stability over 7000 cycles was achieved. Furthermore, during the in vivo tests, the
sensor exhibits excellent ability to detect physiological signals generated from the human wrist and the subtle human skin

motion such as eye blinking Figure 3.14.
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Figure 3.14 Photographs of the sensor attached to detect muscle movement during eyelid opening and closing. (h) Real-time capacitance response for the
corresponding eye blinking movements [19].

The facile, low-cost fabrication, the excellent sensitivity along with low LOD demonstrate that this sensor is convenient
for wearable electronics, e-skin, and human health status monitoring [33].

Qiu et al. ITS exhibited an ultralow LOD of 0.1 Pa, fast response time of 29 ms and high sensitivity of 54.3 kPa™?! (<0.5
kPa). With the aid of a simulation study of ionic-electronic contact area against external load, it was showed that local
stress was concentrated at the cone tips to squeeze contacted cones. The contact area of the cone with the electrode
increases as the area of each cone increases. As a result, the area significantly increased and capacitance of the sensor

augmented accordingly [38].

Chun et al. bioinspired pressure-sensitive ITS that mimics ionic mechanotransduction, exhibited a sensitivity of 5.6
kPa~! with a response time of 12 ms at a frequency of 1 Hz. In addition, the sensor was highly durable over 10000
loading cycles and could successfully detect blood pressure wave pulses when attached to a human wrist, as in vivo tests
confirmed [30]. The emulation of ionic mechanotransduction mechanism in mammalian physiology proposed by Jin et
al. led to an ultrahigh sensitivity over a wide range of mechanical stimuli (1.4 nF kPa~'over 10 kPa) from subtle touch
(10.2 Pa) to object manipulation tasks (100 kPa) even under an ultralow voltage of 1 mV [34].

Choi et al. sensor provides the high sensitivities of 1.93 kPa~! and a wide range of detection for tactile daily activity.
Moreover, this tactile sensor could work through either of the two transduction methods (capacitive transduction and
piezoresistive transduction). It is shown that this tactile sensor can be used to monitor changes in electrical signals ranging

from those caused by human breathing to those caused by arbitrary multiplex human touching [29].

4 Hydrogels
Hydrogels are 3D, cross-linked polymer networks extensively swollen with water. The polymer network endows the

hydrogel with elastic properties, while the water molecules make it an ionic conductor. Hydrogels have been widely used
for diversified applications, including biomedical ones such as drug delivery, tissue engineering, artificial burn dressings
and cell cultures [53-60]. Recently, hydrogels have emerged as new ionic conductors with excellent stretchability, high
transparency, modulable conductivity and biocompatibility, which enables new applications of hydrogels in soft

electronics [11]. Relevant examples of that are discussed below.

4.1.1  Composition, fabrication, type and mode of sensing of hydrogels ITS
Sun et al. fabricated a strain-sensitive ITS utilizing a PAAmM—NaCl hydrogel as a flexible ionic conductor [42]. Kim et al.

developed a surface-capacitive ionic touch panel utilizing PAAmM-LiCl hydrogels to sense position of touch point [43].
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PAAmM-LiCl hydrogels were even loaded with 1-methyl-4,4'-bipyridinium iodide (MBI) to endow the tactile sensors with
chameleon-inspired electrochromic properties [51]. In fact, while PAAm hydrogel and LiCl granted, respectively,
extreme stretchability (up to 1600% strain) and ionic conductivity (0.6 S/m), MBI provided the proposed e-skin with the
additional ability to turn from light yellow to red as a function of pressure applied, as shown in Figure 4.1.
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Figure 4.1 (A) The circuit diagram and (B) working mechanism of the tactile sensor for direct visualization of stresses. (C, D) The PAAm organogels with the
patterns of a teddy bear and (E, F) bar code. (G) The PAAm organogel with BMI hidden in the PAAm organogel without BMI, which is visualized under
pressure (H). (1, J) Interactive color changing controlled by wrist flexion via the PAAm organogel [51].

Nguyen et al. utilized a cross-grid array of PAAm—NaCl hydrogel electrodes to fabricate an ionic touch panel based on
projected-capacitive touch sensing that enabled sensing of finger proximity and the multiple touch detection capabilities.
A three-step fabrication process mould-bond-polymerize was used to fabricate cross-grid array of ionic hydrogels [44].
Han et al. fabricated a bioinspired, strain-sensitive ITS based on a single-ion conductor sandwiched between two
vertically aligned carbon nanotubes (VA-CNT) array electrodes. In this study, Nafion was used as the polymeric ion
conductor. Under compressive or tensile strain, the ions move to the expanded regions from the compressed regions as a
result of stress gradient. This redistribution of ions generates an output potential in the

direction of the membrane thickness [41].

Larson et al. developed a hydrogel-based light-emitting device (LED) that provides both light-emitting and touch sensing
capabilities, simultaneously. Layers of transparent PAAm-LiCl hydrogel electrodes sandwiched a ZnS phosphor-doped
silicon elastomer layer. This device exhibited a change of illuminance and capacitance under deformation (Figure 4.2)
[45].
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Figure 4.2 Multipixel electroluminescent displays fabricated via replica molding [45].

Zhang et al. synthesized a series of cross-linked organogels with high transparency, mechanical adaptability and
adhesiveness to serve as dielectric layers for capacitive ionic skin by a simple yet versatile strategy. The organogels were
assembled into a sandwich configuration with ionic conductive hydrogels to obtain a robust capacitive ionic sensor. The
ionic conductive hydrogel was prepared using hydroxyethyl acrylate (HEA) and acrylic acid (AA) [46].

Ding et al. reported a novel type of ultrasensitive ionic-type tactile sensor based on a silver-nanoparticles (Ag NPs)-
embedded hydrogel sandwiched by two copper electrodes named as asymmetric ionic sensing hydrogel (AISH). These
sensors employ polyacrylic acid hydrogel with both silver nanoparticles and ions inside (PAA/Ag0 hydrogel) as the
conducting channel, and copper foils as two electrodes. The hydrogel was fabricated in one step by the UV curing of the
mixed aqueous solution of acrylic acid (AA) monomer, cross-linking agent N,N’-methelene-bisacrylamide (MBAA),
photo-initiator a-ketoglutarate, and silver nitrate. In the mixed solution, negatively charged carboxy groups in AA
monomers facilitate the dispersion of positively charged silver ions [47].

Xie et al. synthesized an hydrogel by free radical copolymerization: the double bond modified chitosan (DCS) was grafted
onto the polyacrylamide (PAM). The PAM/DCS hydrogel containing aniline monomer was immersed in FeCl3 solution,
and aniline was oxidized in situ by Fe3*. PANI network was formed in the hydrogel, converting the transparent hydrogel
into dark green. Meanwhile, the DCS chains were physically cross-linked through chelating bonds between the CS chains
and the Fe®*/Fe?* ions. As a result, the PAM/DCS/PANI hydrogel contained chemically and physically cross-linked
interpenetrating network, which endowed the hydrogel with superior mechanical properties, high degree of ductility and
flexibility. The morphology of PAM, PAM/DCS and PAM/DCS/PANI hydrogels was investigated by scanning electron
microscopy (SEM). The images show that the hydrogels have a porous structure due to the loss of water in the process of
freeze-drying. The pure PAM hydrogel exhibited a structure of a microporous sheet structure (Figure 4.3 a). The PAM/
DCS hydrogel had a denser structure than PAM hydrogel (Figure 4.3 b). After aniline was absorbed into the PAM/DCS
hydrogel and polymerized in the presence of the FeCl3 solution, the hydrogel became more porous, which suggested that
the PANI broke the dense cross-linking between the CS and Fe ions (Figure 4.3 ¢). The high-magnification micrograph
showed that PANI nanofibers on the wall of the hydrogel micropores (Figure 4.3 d) [48].
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Figure 4.3 Morphology of the various hydrogels. a PAM hydrogel, b PAM/DCS hydrogel, c PAM/ DCS/PANI hydrogel and d magnified image of circle area in
(c), showing that PANI nanorods embedded in the hydrogel [48].

Li et al. demonstrated the successful development of a GelMA-based wearable capacitive tactile sensors for monitoring
human physiological signals. A processable and transparent GelMA-based pressure sensor structure was developed, with
conducting polymer PEDOT:PSS as transparent electrodes and PDMS/GelMA/PDMS as dielectric layers. In this design,
GelMA serves as the core dielectric layer; PDMS acts as an insulator between the GelMA dielectric layer and electrodes,

and also as an encapsulation layer to prevent water evaporation of GelMA [49].

4.1.2  Characteristics and application of hydrogels ITS

Strain sensor prepared by Sun et al. has a large dynamic range and is stable over more than 1000 cycles (Figure 4.4).
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Figure 4.4 A uniaxial force loaded the strain sensor cyclically at a frequency of 1 Hz between the undeformed state and a stretch of 1.02 [42].

In vivo tests confirmed that the softness of ITS allowed it to conform readily with respect to curved surfaces like finger

joints to detect bending and other motions (Figure 4.5) [42].
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Figure 4.5 Characteristics and application of ion gels ITS [42].

Kim et al. fabricated a soft and stretchable panel, capable of sustaining large deformation. The panel can freely transmit
light information because the hydrogel is transparent, with 98% transmittance for visible light. A surface-capacitive touch
system was adopted to sense a touched position. The panel can be operated under more than 1000% areal strain without

sacrificing its functionalities. Electromechanical stability was tested for the hydrogel through a cyclic loading test up to
100 cycles.
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Figure 4.6 Measured resistance at various cycles is presented in Fig. 3H: 1, 10, 50, and 100 cycles.

As shown in Figure 4.6 the resistance slightly increased as the cycles increased. The increase in resistance during a cyclic
test may originate from water evaporation in the gel. Epidermal touch panel use on skin was demonstrated by writing
words, playing a piano and playing games [43].

The effect of touch of Nguyen et al. sensor is clearly visible even when the sensor is bent or stretched. In addition, the
sensor is transparent (95% transmittance), resilient under repeated tensile strain, can withstand exposure to temperatures
between —4 and 100°C without loss of performance and shows good shelf life [44].

Han et al. ITS showed excellent sensitivity (7.85 mV per 1% strain) with good cyclic stability: no obvious change in

output potential was observed during the measurement of over 4000 bending per flat cycles (Figure 4.7).
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Figure 4.7 Real-time potential-time curves of the VA-CNTSs electrodes based sensors for over 4000 bending/flat cycles [41].

In addition, when this strain-sensitive, bioinspired ITS was attached to human skin, it could detect various human
physiological signals such as movement of muscles and pulse waveforms [41].

The low Young’s modulus of Larson et al. hydrogel electrodes allowed excellent stretchability to the device without
delaminating. The excellent transparency and the conductivity of PAAmM—-LIiCl hydrogel electrodes even in the stretched
state enabled the user-interactive visual response under various modes of deformation, including stretching, folding,
rolling, and wrapping [45].

Through regulation of the chemical cross-linking density and network polymer contents, the. organogels synthesized by
Zhang et al exhibited a wide spectrum of comprehensive properties, including high stretchability, compression fatigue
resistance and adhesiveness. This ionic sensor exhibited high sensitivity (0.293 kPa™1), thus being suitable to monitor
various human motions such as finger stretching, wrist bending, and throat movement during chewing [46].

The tactile sensor reported by Ding et al. exhibits an ultrahigh sensitivity of 57.5 kPa* in the pressure range of 0-75 Pa
and 171.4 kPa* in the range of 75-1500 Pa (Figure 4.8 a). The sensor still has a noticeable current change by ~2% under
an extreme subtle pressure of 0.075 Pa (Figure 4.8 b), or equally meaning a 0.75 mg object with an area of 1 cm? laid on
the sensor (inset of Figure 4.8 b), which suggests that the sensor has an extremely low detection force. Cycling tests of
the tactile sensor show that after a slight decay of the sensitivity during the initial 500 cycles, the performance of the

sensor remains quite stable in the following 1000 cycles, revealing a good reliability (Figure 4.8 c).
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Figure 4.8 a) Change rates of current under different pressures. b) Typical electromechanical response of the tactile sensor at 500 Pa (left panel) and 0.075 Pa
(right panel), respectively. The 0.075 Pa pressure is applied through a 0.75 mg CNT film with an area of 1 cm2 (inset of the right panel). c) Cyclic test
of the sensor under applying and releasing of a pressure of 500 Pa at 0.2 Hz [47].

This tactile sensor was taped on human wrist to record the waveform of pulse vibration. Moreover, the compatibility of
such materials with water environment, could pave the road for their use as ultra-sensitive vibration sensors that work
underwater, thus enormously broadening the range of possible applications [47].

PAM/DCS/PANI hydrogel sensor proposed by Xie et al. can recover from repeated loading and unloading cycle quickly
and effectively, showing excellent mechanical stability. The hydrogel exhibited high sensitivity (GF = 15.9) at low strain
and excellent linearity at high strain. Moreover, as shown in Figure 4.9 it maintains good electrical stability during cyclic
loading and unloading.
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Figure 4.9. Resistance changes of hydrogels upon cyclic (a) tensile and (b) compression loading/unloading tests

As depicted in Figure 4.10 the PAM/DCS/PANI hydrogel was attached to the index finger by a conductive tape to monitor
its gripping motion. During the grip holding process of the hand, the relative resistance of the hydrogel sensor was found
to rapidly rise to a corresponding value as the degree of bending of the finger during the movement was different. When
the hand was re-stretched, the relative resistance immediately returned to the original level. These results fully
demonstrate the high strain sensitivity and ultra-fast response of hydrogel sensors, making them ideal for human health

monitoring. [48].
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Figure 4.10 The PAM/DCS/PANI hydrogels as an electronic skin fixed on forefinger of a human hand to monitor its grasping motions, and its corresponding
resistance variations. [48].

Li et al. GelMA-based pressure sensor showed a pressure sensitivity of 6.5 x 10-3 kPa? in the pressure range of 0-17
kPa, which was one order of magnitude higher than that of PDMS-based device. The sensitivity decreased to 8.7 x 10~
kPa! in the pressure range of 25-84 kPa, which was attributable to the reduced deformability of GelMA hydrogels under
high pressure. In order to demonstrate the potential of GelMA tactile sensor for practical applications, the sensor was
tested under air blowing pressure and finger touch. The capacitance proved to increase immediately in the presence of air
pressure (=0.1 kPa) while returning to its original value in the absence of the air pressure (Figure 4.11 a). Moreover, the
sensor was found to be responsive to a gentle finger touch with a pressure of =1 kPa (Figure 4.11 b). In both cases, the
base capacitance remained stable after cyclic tests, demonstrating that the GelMA-based pressure sensors have great

potential to monitor the subtle pressure as wearable sensors [49].
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Figure 4.11 Applications of GelMA-based pressure sensors in monitoring of human physical or physiological signals. a) Detection of air blowing from a
nitrogen gun. b) Sensing of finger touch force. c) Digital photo for set up of human wrist pulse monitoring. d) Results for wrist pulse detection. e)
Schematic of the set up for carotid artery pulse measurement. f) Capacitance change with carotid artery pulse. g) Schematic of the set up for the vocal
cord vibration detection. h) Capacitance change when swallowing. i) Capacitance variation when speaking letters, “U,” “C,” “L,” and “A.”

5 Hydrogel-Elastomer Hybrids
In the field of biomedical devices, combining epidermis-like elastomers and dermis-like hydrogels into a hybrid system

is currently limited by assembly failures because of the weak interfacial bonding between heterogeneous materials.
Furthermore, adhesion to wet and dynamic surfaces, such as biological tissues, although crucial, is still a challenging
issue. In fact, the necessity to avoid the use of cytotoxic adhesives, together with the poor efficacy of existing adhesives
in wet environments, currently hinders the possibility to mimic dermis-epidermis structure of the skin [61,62]. A

bioinspired design of hybrid materials, capable of mimicking dermis-epidermis structure of human skin, was recently
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proposed by Shi et al. [50], who gathered a dermis-like hydrogel, for ion conductivity and an epidermis-like thermoplastic

polyurethane (TPU) elastomer for protection, into a unique e-skin device. The hydrogel was prepared via interpenetrating

polymer network strategy, involving the sequential chemical/ionic crosslinking of Fe3*/poly(acrylic acid) (PAA) chains,

and the physical crosslinking of poly(vinyl alcohol) chains. Such wholly “self-healable” material displayed a seamless

interface with remarkably strong adhesion. Figure 5.1 depicts the damage-restoration-concept of a hybrid e-skin

mimicking the human skin. As reported in Figure 5.2, not only mechanical and electrical properties, but even strain-

sensing performances could be totally restored as original by simply recontacting the cut pieces at room temperature.
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Figure 5.1 Concept of self-healing electronic skin (e-skin) mimicking natural human skin, made of hydrogel and elastomer. The schematic illustrations depict
the formation of a seamless interface between the IPN hydrogel and disulfide TPU by heteroself-healing, as well as the concept of a wholly self-healing

e-skin, respectively ([50]).
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Figure 5.2 Electrical self-healing of an e-skin. (a) “S-shape "-patterned IPN hydrogel electrode on disulfide TPU (scale bar: 1 cm). (b) The tensile testing setup
for self-healing of strain sensitivity and (c) the change in electrical resistance as the strain was applied on the pristine and self-healed devices (Adapted
from [50]).

Charaya et al. fabricated a thermochromic ITS via the incorporation of a chiral nematic liquid crystal into a
hydrogel/elastomer sandwich based on ion- containing polyampholyte hydrogel and PDMS. Such material showed
intriguing capability of changing colour as a response to temperature changes in the range 26—40 °C, while being able to

sense finger tap (=20 kPa pressure), thus serving as a pressure sensor (Figure 5.3) [52].
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Figure 5.3 Digital image of a temperature sensing unit at different temperatures with gaussian filter. ¢) Scanning electron microscopy (SEM) image of the
cross- section of the PDMS/TLC composite with microcapsules of TLC slurry. Hue—temperature calibration curve of PDMS-TLC composite material
under d) no pressure, €) 20 kPa, f) 100 kPa, and g) 200 kPa. Black line is the fitted (five- order) polynomial curve. h) Comparison of PDMS/TLC and IR
based temperature sensing in regarding to the same preset temperature stage for the sensor under less than 200 kPa. i) The real - time response of the
temperature sensor with varying temperature difference between active surface and ambience [52].

Capacitive, extremely soft ITS can be prepared by embedding ion gels, constituted by pentaerythritiol tetrakis(3-
mercaptobutylate) (PTMB) and 1,9-nonanediol diacrylate (NDDA), into a silicone elastomer matrix. Such materials,
relying on the synergism of ion conductivity and stretchability, demonstrated outstanding sensing capabilities in a wide

range of pressure and strain [40].

6  Conclusion and future perspectives
Recently, many efforts have been done to develop high-performance, human skin-like deformable ionic tactile sensors

along with self-powered and self-healing capabilities. In this review, the recent advances in ITS and their potential
applications for emerging human-interactive technologies have been reported. In particular, several ionic materials such
as ILs, ionic polymers/gels, and hydrogels were reviewed as attractive candidates for realizing high-performance ITS to
emulate the tactile sensory capability of human skin. The latest advances in ionic tactile sensors in terms of nature of
materials, type of functions and pressure/strain sensitivities were analysed and discussed. From these comparisons, it is
possible to deduce that sensitivity and sensing range of ITS could be extremely enhanced with the structural engineering

of ionic materials. In addition, it could be highlighted that biomimetic approaches in ITS bring to the fabrication of sensors
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with a pressure sensing range that satisfies the specific requirements in various applications, such as robotics and
prosthetics as well as skin-attachable health monitoring. Unfortunately, devices capable of sensing multiple forms of
mechanical loads have not been fully developed. Most of the ionic devices, in fact, have been focused on the capability
to perceive only a single type of mechanical stimulus. However, multimodal tactile sensing ability is essential to be able
to create a sensor that perfectly reproduces the human sense of touch. In some cases, they have been also reported
examples of ITS based on ion transport under external stimuli that not only replicate the tactile sensory topologies of
human skin but also mimic tactile sensing mechanism. These significant advancements in the ITS make them a grate
candidate for emerging human interactive technologies.

Because of the great conceptual similarity between human skin and ITS, these sensors are envisioned to be applied as
implantable devices and advanced human—machine interfaces.

Considering the possible applications, materials used for the fabrication of these devices should have high
biocompatibility. In general, among the classes of ITS herein discussed, hydrogels are the most bio-compatible ones, but
suffer from long-term stability and durability. On the other hand, ionic materials such as ILs and ionic polymers/gels are
comparatively stable but lack of biocompatibility.

Since the saline environment inside human body can cause unintended shorts or electrical leakage, if electronic
components are exposed, proper encapsulation of the ITS is required to protect sensor components from water intrusion
[11]. In this perspective, future developments in the field of ITS may involve strategies to prepare core-shell and/or
hierarchical structures [63], granting excellent interfacial adhesion, including dry-jet-wet-electrospinning into active
liquid collector [64], as well as the design of new, bioinspired non-cytotoxic adhesives capable of working in a wet
environment [61,62].

From a mechanical standpoint, typical strain-stiffening behavior of skin can be mimicked by optimizing the integration
of stiff structures with soft matrices. In this context, hydrophilic nanocarbons, including graphene oxide and oxidized
carbon nanotubes, capable of imparting mechanical robustness and piezocapacitive/resistive properties to soft polymers
could be considered, although their use could worsen the transparency of devices [65-73]. Moreover, the composites
generally used to construct flexible electromagnetic materials can be also considered for fabricating artificial skin[74,75].
Today, there is no solution for restoration of a natural sense of touch for people using prosthetic limbs. Providing a natural
sensation of touch could improve quality of life for amputees. The application of ITS on prosthetic limbs will improve
the capacity to use the prosthesis in particular activities. In conclusion, the use of the ITS in emerging human-interactive

robotics, medical devices and prosthetic limbs is expected to bring great innovation in these areas.
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