nature reviews materials

Review article

https://doi.org/10.1038/s41578-024-00755-1

M Check for updates

Non-faradaic junction sensing

Yecheng Wang® ', Kun Jia®2' < & Zhigang Suo ®?

Abstract

Sections

A non-faradaicjunction (NFJ) is a connection between anionic
conductor and an electronic conductor inwhich no electrochemical
reaction takes place. The junction behaves like a capacitor and couples
theionic and electronic currents through chemistry, electricity and
entropy. Its charge-voltage curve is sensitive to various environmental
signals, allowingit to function as a sensor; because no reaction occurs,
the sensing is non-destructive and long-lasting. NFJ sensors have high
sensitivity, rapid response and small size, and they can be self-powered.
These sensors are familiarly used in electrophysiology of the heart,
brain and muscles, and applications are emerging in wearable and
implantable devices and soft robotics, as well as in sensing pressure,
sound, temperature and chemicals. In this Review, we discuss NF]
sensors, emphasizing the development of devices and materials for
each side of the junction. The flexibility in choosing materials enables
NFJ sensors to fulfil challenging requirements, such as softness,
stretchability, transparency and degradability.
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Introduction

Weliveinaworld of ceaseless signals, which enable people, animals and
plantsto perceive the world through sensors. For example, asunflower
detectsthe sunvia photoreceptors, and animals and people sense tem-
perature, pressure and smell viasensory neurons. A vision has emerged
thatartificialintelligence should also perceive the world through sensors.
Toapply artificial intelligence to personalized health care, forexample,
many signals must be measured from many people to train models and
thensuggest medical decisions for individuals'. This requirement calls
for the development of ubiquitous sensing technologies.

Computers function through electronic circuits and rely on
electronic conductors. Humans function through ionic circuits and
are mostly ionic conductors. It is perhaps no surprise that many
health-monitoring sensors involve both electronic conductors and
ionic conductors, coupling the movement of electrons in the comput-
ers with the movement of ions in the living tissues. Although several
reviews have described sensors that integrate electronic and ionic
conductors®®, this Review focuses on sensors built on the following
principle: junctions of electronic conductors and ionic conductors
are sensitive to environmental signals.

Insuchajunction, the electronic conductoris called an electrode,
andtheionicconductoriscalledanelectrolyte. Anelectrode-electrolyte
junctionis faradaicifan electrochemical reaction takes place. For exam-
ple, ahydrogen fuel cell has two electrode-electrolyte junctions’. At one
junction, hydrogen molecules decompose into protons and electrons.
At the other junction, the protons, electrons and oxygen molecules
react to form water. In addition to fuel cells, faradaic junctions have
found applications in batteries'® and electrochemical sensors".

By contrast, an electrode-electrolyte junction is non-faradaic if
no electrochemical reaction takes place. At a non-faradaic junction
(NFJ), electrons in excess or deficiency are trapped at the interface,
and some species of ions adsorb to the interface more than others.
The trapped electrons and the adsorbed ions together constitute the
interfacial charge, which in general is not neutral. To compensate for
theinterfacial charge, anionicatmosphere formsintheinterior of the
electrolyte. Theinterface and theionic atmosphere together constitute
the NFJ, which functions like a capacitor. NFJs have found applications
in supercapacitors', sensors" and actuators".

An NF] is sensitive to environmental signals, such as pressure,
acoustic waves, temperature and chemicals, makingitanideal platform
for sensing. Because the interfaceis not charge-neutral, the junctionis
apre-charged capacitor, and an NF) sensor can be made self-powered.
Because the thickness of the junctionis small, -1-10 nm, ions only need
to diffuse over small distances, and an NFJ sensor is fast. Because the
capacitance of the junction is large, -0.1 F m™ (ref. 14), an NFJ sensor
is sensitive and can be made small. Because no reaction takes place,
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the junction does not produce or consume chemical species in large
quantities, and an NFJ] sensor can be made long-lasting.

NFJ sensing has long been practised in electrophysiology, which
monitors physiological conditions by turning ionic movements in tis-
sues to electronic currents in computers. Tissues monitored include
the heart (electrocardiology), the brain (electroencephalography)
and the muscle (electromyography). However, electrophysiology
traditionally requires people to be connected to computers through
wires and hard, bulky and immobile devices, limiting the scope of
applications. Sensing technologies are transitioning to wireless, wear-
able and implantable devices, which must be soft, small and mobile
to enable continuous, real-time, on-the-go monitoring" 2% To meet
these demands, anewer generation of NF) sensors must be developed.

In this Review, we discuss the development of sensors based on
NFJs. We begin with the principle of NFJ sensing and the basic electric
circuits for calibrating and operating the sensors. We then describe
sensors of several types of signals, including pressure, sound, tem-
perature and chemicals. We summarize the materials used to make
the sensors, including the electronic conductor, ionic conductor and
dielectric, and discuss how the flexibility in choosing these materials
enables NF) sensorsto fulfil challenging requirements, such as softness,
stretchability, transparency and degradability. We end with an outlook
on the challenges and opportunities in this field.

Principles of non-faradaic junction sensing
Consideraninterfacebetweenanelectrolyte and an electrode (Fig. 1a).
Some species ofionsinthe electrolyte adsorb tothe interface more than
others. Theelectronsintheelectrode areinexcess or deficiency at the
interface. In general, the interface is not electroneutral. The interior
of the electrode has a high density of mobile electrons and is there-
fore electroneutral. Theinterior of the electrolyte has alow density of
mobileions. The chargedinterface attractsions of the opposite polarity
and repels ions of the same polarity. Far away from the interface, the
electrolyte is electroneutral.

To gain physical insight into an NFJ, we examine an idealized
model™. Intheelectrolyte, the mobile ionsincrease entropy by dispers-
ing homogeneously, but the charged interface reduces electrostatic
energy by attractingions of the opposite polarity and repellingions of
the same polarity. In equilibrium, the two competing effects — entropy
and electroneutrality — cause the mobileionsin the electrolyte to form
anatmospherenear theinterface. Theionicatmosphereis charged and
hasthe opposite polarity fromtheinterface. The thickness of theionic
atmosphere s called the Debye length'*:
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Fig.1|Principles of non-faradaicjunction sensing. a, A non-faradaic junction.
b, Inthe electrolyte, the electric potential varies with the distance from the
interface. ¢, Anon-faradaicjunction behaves like a capacitor. The charge is a
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inwhich gisthe permittivity of the electrolyte, kis the Boltzmann con-
stant, Tis the temperature, n*(e)is the number density of the positive
ionsin the electrolyte far away from the interface, v and v~ are the
valences of positive and negative ions and e is the elementary
charge. Beyond the Debye length, the electrolyte approaches
electroneutrality.

By an NFJ, we mean the combination of the electrode-electrolyte
interface and the ionic atmosphere. The combined charges on
theinterfaceandintheionic atmosphere areelectroneutral. The junc-
tion behaves like a capacitor, with a thickness scaled by the Debye
length. As noted earlier, the chemistry of the interface makes the
capacitor charged, even in the absence of an external power source.
Let Qbe the charge on theinterface:

Q=0A, (2)

inwhichoisthe charge density at the electrode-electrolyte interface,
including both the electrons and ions, and A is the area of the
interface.

Inequilibrium, the electrode has one constant electric potential,
and the bulk of the electrolyte at a distance much beyond the Debye
length has another constant electric potential (Fig. 1b). The difference
between these two constant electric potentials is the voltage across
the junction, ®. The junction voltage relates to the interfacial charge
and the Debye length as

o
;L. (3)

b=

The charge-voltage curve of an NFJ is sensitive to environmental
signals and can be used as a sensor. Toillustrate the principles of NFJ
sensing, consider temperature sensing. As noted earlier, electroneu-
trality and entropy compete to set up the ionic atmosphere. At alow
temperature, electroneutrality prevails, the mobile ions in the elec-
trolyte migrate to the interface to neutralize the charged interface
and the ionic atmosphere collapses. At a high temperature, entropy
prevails, and the ionicatmosphere expands. A change in temperature
typically also changes the amount of adsorbed ions and trapped
electronsattheinterface. Consequently, when temperature Tchanges,
so also changes the voltage across the junction ®. In general, the
charge ontheinterfaceis afunction of the voltage and temperature:
Q(®, T) (Fig. 1c). Given a junction, this function can be determined
experimentally by measuring the charge-voltage curves at various
temperatures. The junction can then operate as a temperature
sensor.

According to equation (1), the Debye length also depends on the
concentrationand type ofions, as well as on the type of solvent. Moreo-
ver, the type of electrode affects the interfacial charge. Consequently,
the voltage across the junction depends on the concentration and type
ofions, aswellasonthetype of solvent and electrode. All these factors
canaffect NFJ sensing. One may deliberately choose the electrolyte and
electrode to achieve high sensitivity, rapid response and long-term
stability simultaneously.

Characterization of junctions by voltage steps

Althoughi illustrated above using temperature sensing, the princi-
ple of NF) sensing is applicable to many types of signals, including
pressure, sound and chemicals. Because the charge-voltage curve
of an electrode-electrolyte junction is sensitive to many signals,
asensor of a given signal can be built once it is determined how the

signal affects the charge-voltage curve. A charge-voltage curve is
determined by experimental measurements whenthe levels of signals
are held constant.

To characterize junctions, as an example setup, two gold elec-
trodes are immersed in an aqueous solution of 1 M sodium chloride
(Fig.2a). The two electrodes are connected through an external circuit
to a power source, a voltmeter and an ammeter. Before the power
sourceisturned on, thetwoelectrodes areimmersedintheelectrolyte
for a sufficiently long time to reach equilibrium, where the voltmeter
readsavoltageindependent of time and theammeter reads negligible
current. Attime¢,, apower source (such as aKeithley 2400 instrument)
appliesavoltage step (Fig.2b) and records the current as afunction of
time (Fig. 2c). The applied voltage is

V= (DI - (Dzr (4)

in which ®; and @, are the voltages across the two junctions, respec-
tively. When the junctions are faradaic, an electrochemical reaction
takes place, and after some time the current approaches a steady state.
Whenthejunctions are non-faradaic, no electrochemical reaction takes
place, and after some time the current vanishes. In reality, a small leak-
age current may exist, and the junctions are taken to be non-faradaic
if the steady-state current is below a certain small value, say, 1 pA cm™.
The area under the current-time curve gives the charge flowing
through the external circuit (Fig. 2d). As anidealization, we neglect the
small leakage and approximate the equilibrium charge by the charge
measured within a certain time, say, 15s.

One then applies voltage in a sequence of steps. For each
voltagestep,onemeasuresasteady-state current.Onthecurrent-voltage
plane, the voltage applied and the steady-state current correspond to
a point (Fig. 2e). Once the voltage steps are small enough, the points
on the current-voltage plane may be connected as a smooth curve,
called the /-V curve. The steady-state current is non-zero when the
junctions are faradaic, but it is approximately zero when the junc-
tions are non-faradaic. Often, the junctions are non-faradaic when
the voltage is within a range called the electrochemical window. The
electrochemical window is the difference between the two electrode
potentials when the setup is subject to astatic voltage, and is constant
for givenjunctions. Outside the electrochemical window, the junctions
arefaradaic. The/-Vcurveloses the information of the time needed to
reach steady-state current for each voltage step. The /-V curve canalso
be measured by a voltage ramping up as a function of time, so long as
the rampingrate is low enough.

One measures the electronic current in the external circuit.
Over a time, the measured current gives a change in charge. For
an NFJ, this change in the electronic charge is fully accumulated at
the interface. One can increase the voltage in a sequence of steps
and measure an equilibrium charge for each voltage step. A volt-
age step and its corresponding equilibrium charge mark a point
on the charge-voltage plane (Fig. 2f). Once the voltage steps are
small enough, the points on the charge-voltage plane may be con-
nected as a smooth curve, called the Q-V curve. In addition to volt-
age steps, other voltage-time curves may be applied to characterize
junctions. Widely used methods include voltage ramps™ and cyclic
voltammetry®.

Pressure sensing

NFJs have been widely applied to sense pressure and touch? . An NFJ
pressure sensor consists of a soft, elastic, ionic conductor sandwiched
between two electronic conductors (Fig. 3a). At eachinterface between
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Fig.2| Characterization of two electrodes in an electrolyte by asequence

of voltage steps. a, The experimental setup. In this example, both electrodes
are gold and the electrolyte is an aqueous solution of sodium chloride of
concentration1M.b, The power source is programmed to apply two voltage
stepsindicated by the red and blue lines. ¢, Theammeter records the currentasa

function of time for the two voltage steps. The area under the current-time curve
gives the charge flowing across the ammeter. d, The charge is a function of time.
e, Therelation between steady-state current and voltage. f, The relation between
equilibrium charge and voltage.

the ionic and electronic conductors, an NFJ forms. Under compres-
sion, the soft ionic conductor deforms, increasing the contact area
between the electronic conductorand the ionic conductor andincreas-
ing the capacitance of the junction (Fig. 3b). NF] pressure sensors have
high sensitivity, high resolution and broad detection range. So long
as theionic conductor is elastic, the deformation can be repeated for
many cycles.

Each electrode-electrolyte junction is represented by a capaci-
tor C,in parallel with a leakage resistor R, (Fig. 3c). The electrolyte is
represented by a resistor R;. An LCR metre is widely used to meas-
ure the capacitance of the pressure sensor. The LCR metre applies
a sinusoidal voltage within the electrochemical window and meas-
ures a sinusoidal current. The ratio of the voltage amplitude and
current amplitude determines the magnitude of the impedance
of the pressure sensor. The phase angle between the voltage and
the current determines the phase of the impedance of the pressure
sensor. To determine the capacitance of the sensor, the LCR metre
should be incorporated by an electric circuit model for the pressure
Sensor.

Theimpedanceis

2R,

=Rot+——1
Z=FRs (1+joCR)’

(%)

in which w = 27f is the angular frequency and j=-/~-1. The leakage

2R TheLCRmetre measures Ry
(1+ 0%G?R2)
and C, by fitting the function Z(w) to the electric circuit model.

Thesensitivity and detection range of the sensor can be enhanced
by introducing microstructures to the electronic conductor®**or to
theionic conductor®*, so that the contact area furtherincreases under
pressure. Examples of such structures include micropyramids®***~*
(Fig. 3d), nanofibrous structures®* (Fig. 3e), microstructures of dif-
ferent heights® (Fig. 3f), microgrooves® (Fig. 3g), multilayered
microstructures” (Fig. 3h) and hemispheres with micropillars®
(Fig. 3i). A sensor incorporating an array of pyramidal ionogels can
detect pressure fromalightweight flower (4 Pa), jugular venous pulses
(2 kPa), radial artery pulses (4 kPa) and the touch of a human finger
(<10 kPa)* (Fig. 3d). A sensor of microstructures of different heights
candetectapressure of about1 Pa (ref. 35) (Fig. 3f). A sensor of micro-
grooves candetect apressure below 0.1 Pa (ref. 36) (Fig. 3g). The junc-
tion capacitance is proportional to the contact area, but the contact
area can be nonlinear in pressure. Consequently, the sensitivity is
pressure-dependent and usually decreases at large pressure.

NFJ pressure sensors with high resolution and broad detection
range have been used for cardiovascular pressure measurement* >,
AnNF] pressure sensor attached to the skin above the carotid or radial

resistance isnegligibleif R >
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arteryisable to monitor the variations of blood pressure. In the meas-
urement, the sensor should be gently pressed to the neck or fixed with
aplastic wristband. An array of pressure sensors are also able to map
the static surface topology® or work for tactile perception®-*,
Several other types of pressure sensors — including piezoelectric,
piezoresistive, capacitive and triboelectric — are also under develop-
ment for wearable applications. NF) pressure sensors can be viewed as
aclass of capacitive sensors, of thickness scaled by the Debye length.
However, because of large junction areas and small junction thick-
nesses, as well as high permittivity of electrolyte, NFJ] pressure sen-
sors have unusually large capacitance per unit area and can be made

compact. Consequently, they can typically detect smaller pressures
than other capacitive pressure sensors. For piezoelectric pressure
sensors, only certain materials that possess electric dipoles can be
selected. For NF] pressure sensors, many materials can be selected,
as long as no electrochemical reaction occurs. In addition, NFJ pres-
sure sensors can detect static pressure, whereas piezoelectric and
triboelectric pressure sensors cannot.

Acoustic sensing
NFJs have also been used to detect underwater acoustic waves of
abroad frequency range. In one type of NFJ acoustic sensor, metal
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Fig. 3| Non-faradaicjunction pressure sensing. a, The sensing element consists
ofasoft, elastic, ionic conductor sandwiched between two electronic conductors.
Eachjunction between theionic conductor and the electronic conductor functions
asacapacitor. b, When the sensing element is compressed, the area of the soft
ionic conductor increases, and the capacitance of the junctions increases.

¢, Electric circuit model. d-i, To enhance the sensitivity, diverse microstructures
are designed: micropyramids (part d)**, nanofibrous structures (parte)*,

€ Nanofibres

g Microgrooves

i Hemispheres with micropillars

microstructures of different heights (part f)**, microgrooves (partg)*,
multilayered microstructures (part h)*” and hemispheres with micropillars
(parti)®*®. Panel d adapted with permission from ref. 33, American Chemical
Society. Panel e adapted with permission fromref. 34, Wiley. Panel fadapted with
permission fromref. 35, American Chemical Society. Panel g adapted fromref. 36,
CCBY 4.0. Panel h adapted with permission from ref. 37, American Chemical
Society. Paneli adapted from ref. 38, American Chemical Society.
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Fig. 4 |Non-faradaicjunction acoustic sensing. a, Metal nanoparticle-
incorporated hydrogel sandwiched between two electrodes*’. The rigid
nanoparticles forma network of dendritic structures, and junctions form
between the nanoparticles and the hydrogel. In response to acoustic waves,

the spacing between parts of the nanoparticle network changes, which affects the
junction capacitance. b, lonogel sandwiched between two electrodes*.
Inresponse to acoustic waves, the contact area between the ionogel and the
electrode changes, which affects the junctionimpedance. On the surface

of theionogel are micropyramids, which further increase the contact area
between the ionogel and the electrode. ¢, Hydrogel-graphene transistor*:.

Junctions formbetween a layer of graphene grown on asilicon channeland a
hydrogel cast on top of the graphene. In response to the acoustic waves, the
contact areabetween the hydrogel and the graphene changes, which affects
thejunction capacitance and the current flowing through the channel at a given
gate voltage. On the surface of the hydrogel are also micropyramids, which
furtherincrease the contact area between the hydrogel and the graphene. FET,
field-effect transistor. Panel aadapted fromref. 42, CC BY 4.0. Panel b adapted
with permission fromref. 43, American Chemical Society. Panel c reprinted with
permission from ref. 44, American Chemical Society.

nanoparticlesembedded in asalt-containing hydrogel act as a deform-
ableelectrode* (Fig. 4a). The rigid nanoparticles form anetwork, and
the hydrogel fills the spaces between them, creating junctions at the
interfaces. Because the hydrogelis soft, the network of nanoparticlesis
flexible in response to acoustic waves. By design, the spacing between
parts of the nanoparticle network is comparable to the Debye length,

so that a change in the spacing affects the junction capacitance. This
sensor can detect underwater acoustic signals from 20 Hzto 3 kHz at
amplitude 4 Pa.

To understand the detection limits of this hydrogel sensor,
picture two nanoparticles and the surrounding hydrogel as amass—
spring system, with mass ~pd® and spring constant ~Gd. Here, p is
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the mass density, d is the spacing and Gis the elastic modulus. The
resonant frequency is ~ LZ Forrepresentative values of G=10 kPa,
pd

p=10*kg m~and d =10"®m, this estimate gives a resonance fre-
quency of the order of 108Hz, which is much larger than the upper
limit frequency of the device. We believe that it is the electric
response, rather than the mechanical response of the capacitive
sensor, that limits the upper response frequency. In the measure-
ment, the sensor at bias of 1 Vis connected in series to aresistor of
100 kQ, and the voltage between the two ends of the resistor is
measured. The capacitanceis ~10 nF and the resistance of the resis-
tor is 100 kQ, so that the response time is ~-107%s. This hydrogel
acoustic sensor has high sensitivity of 217 nF kPa™ or 24 mC N at
biasof1V.

Another type of NFJ acoustic sensor is made of an ionogel sand-
wiched between two electrodes* (Fig. 4b). On the surface of theionogel
are micropyramids, which furtherincrease the contactarea. Theacous-
tic waves can be detected by measuring the change in the impedance
of the junction caused by the change in the contact area between the
electrode and theionogel.

In addition, a hydrogel-graphene transistor has been developed
asanNFJ acoustic sensor** (Fig. 4c). Amonolayer of grapheneis grown
on asilicon channel and a hydrogel is cast on top of the graphene,
formingjunctions. The acoustic vibration changes the capacitance of
thejunctions, whichin turn changes the current through the channel.
By measuring the relation between the gate voltage and the channel
current, one can detect the acoustic waves. Toimprove the sensitivity
of the acoustic sensor, microstructures are introduced to the hydro-
gelto further increase the contact area between the hydrogel and the
graphene.

NFJacoustic sensors have higher sensitivity than traditional opti-
cal, piezoelectric and capacitive acoustic sensors at low frequency.
For example, the hydrogel-based NFJ acoustic sensor described in
Fig.4awithasurface areaof 9 mm?produces asignal 30 dB stronger at
~25 Hz than acommercial capacitive acoustic sensor (5Q 26 Cetacean
Research Technology, Seattle, WA, USA)*. Furthermore, this hydrogel
sensorisacousticallyinvisible, becauseitsacousticimpedanceis nearly
identical to that of water.

Temperature sensing

Temperature affects many physical properties, and in principle a
change in any of these properties can be used to measure tempera-
ture. This idea led to the development of NFJ temperature sensing®.
Although we have discussed the principle of an NFJ temperature sen-
sor earlier, we now expand on the design and additional details of a
real sensor.

Inadditiontotheelectrode, electrolyte and electrode-electrolyte
junction, a sensing unit may also contain a dielectric between the
electrode and electrolyte (Fig. 5a). The dielectric prevents electro-
chemicalreactions at the electrode-electrolyte interface, soitis only
needed whentheelectrodeis non-polarizable.Ingeneral, owingto the
chargeimbalance between adsorbedions at the electrolyte-dielectric
interface and trapped electrons at the electrode-dielectric inter-
face, an ionic atmosphere forms in the electrolyte. According to
equation (1), when temperature T changes, the thickness of the ionic
atmosphere L (thatis, the Debye length) also changes. By setting the
electric potential of the electrolyte far away from the interfaces to be
zero, a change in temperature causes a change in the voltage across
thejunction by

0i+0e Oe
=—l—ep - g,
& de (6)

(O]

Here, g, is the adsorbed ions per unit area at the electrolyte-
dielectric interface, o, is the trapped electrons per unit area at the
electrode-dielectric interface, €4 is the permittivity of the dielectric
and dis the thickness of the dielectric. The dielectric needs to be thin
compared with the Debye length, so that the junction voltage is
dominated by the first term on the right-hand side of equation (6).

The electrode, electrolyte and dielectric (if needed) can be
arranged in various designs to meet requirements of different
applications®. The sensor can be made stretchable, transparent and/or
stable based on the materials used for each component. Unlike the NFJ
pressure and acoustic sensors which operate by measuring theimped-
ance, the NFJ temperature sensor operates by measuring open-circuit
voltage and self-energizes. The sensitivity of the sensor depends onthe
type of the electrode and the concentration of ions, but not on stretch.
Inthe mostbasic design, two electrodes are connected by anionic con-
ductor, forming two junctions that serve as a sensing end and a refer-
enceend (Fig.5b).Insuchadesign, the two electrodes are assumed to
beideally polarizable and nodielectricisused. The reference endis held
ataknowntemperature T,... When the temperature of the sensing end
Tchanges, boththe charge ontheinterface and the Debye length L may
change. These changes cause achange involtage, whichisrecorded by
the voltmeter. A high sensitivity of -1 mV K™ and fast response time of
~10 ms are achieved. Theasymmetry inthe twojunctionsis crucial for
sensing. When the electrodes at the sensing end and the reference end
areidentical, the voltages across the two junctions cancel out and do
notrespond to temperature.

In a second design, the sensing end has a stretchable electronic
conductor (silver-plated fabric) and a stretchable ionic conductor
(hydrogel) (Fig. 5¢). A temperature difference between the sensing
end and the reference end generates a voltage. As the silver nano-
particles on the fabric are rigid, stretch does not affect the junction.
Consequently, the voltage is insensitive to stretch. This design enables
astretchable NFJ temperature sensor.

Inathird design, the sensing end has a small piece of electronic
conductor connected to two ionic conductors of different con-
centrations of ions, forming two asymmetric junctions (Fig. 5d).
Astretchable and transparent dielectric elastomer is placed between
the twoionic conductors forinsulation. The three-layered structure
serves as a stretchable and transparent interconnect between the
sensing end and reference end. A temperature difference between
the two ends generates a voltage, which is insensitive to stretch.
This design enables astretchable and transparent NFJ temperature
sensor.

In afourth design, the sensing unit has an ionic conductor sand-
wiched between two different electronic conductors, forming two
asymmetricjunctions (Fig. 5e). When the temperature of the sandwich
changes, avoltageis generated. This design enables an NF) temperature
sensor without areference end. When aluminium and gold are used as
the two electronic conductors, amuch higher sensitivity of -10 mV K™
and long-term stability are achieved. This is because a thin layer of
native oxide exists on the surface of aluminium. The native oxide pos-
sesses hydroxylgroups, whichenhance the adsorption ofions and thus
the sensitivity. The thin layer of native oxide also serves as adielectric,
passivates the aluminium and stabilizes the sensor.

Inthethreelatter designs, astretchable and transparent dielectric
elastomer (very high bond, VHB) is used for seal.
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Electrolyte

Fig. 5| Non-faradaicjunction temperature
sensing. a, The sensing element consists of an
electrode, anelectrolyte and a dielectric, forming
junctions. When temperature 7 changes from blue
Ttored T, the thickness of the ionic atmosphere

L changes and the voltage across the junctions
changes. b, Basic design. Two electrodes are
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Stretchable and transparent dielectric elastomers
are used for seal and insulation in all designs.

f, Stretchable and transparent non-faradaic junction
temperature sensors for soft robots. Reprinted

with permission from ref. 45, National Academy of
Sciences.

The NFJ temperature sensor can be useful for applications in
stretchable electronics, soft robots and smart textiles. For example,
astretchable and transparent NFJ temperature sensor has been inte-
grated into a soft robot to accurately measure the temperature of
curved surfaces (Fig. 5f). An NFJ of a polyelectrolyte and anelectrode,
in principle, can be also used as a temperature sensor, but remains
unexplored.

We now discuss the electric circuit for open-circuit voltage meas-
urement. Consider two electrodes connected by an electrolyte and a
voltmeter (Fig. 5b). Eachjunction functions as atemperature-sensitive
capacitor, and the voltmeter behaves like a resistor in series with an
ammeter. Theinternal resistance of the voltmeter R, is large (typically
above 10 MQ), so that negligible current flows through the voltmeter.

When the change in charge is small, the junctions are approxi-
mately at equilibrium under the open-circuit condition. Consider two
identical electrodes having the same charge Q. When both junctions
are at the same temperature T,.;, the voltage across each junction is
identical ®(Q, T,.;). Because the two junctions are in series with opposite

polarities, the voltages of the two junctions cancel out, and the volt-
meter records zero voltage. When the temperature of the sensing
junctionchanges to Tand the temperature of the reference junctioniis
maintained at T, the two junctions have the same charge Q, but the
voltage across each junction is different, ®(Q, 7) and ®(Q, T,). As a
result, the voltmeter records a voltage, ®(Q, T) - ®(Q, T.¢). The sensor
is calibrated by measuring voltage-temperature curves.

To ensure reliable open-circuit measurement, the charge on the
electrode should change negligibly. When the voltmeter records a
voltage ®(Q, T) - d(Q, T,r), the charge flowing across the voltmeter
[D(Q,T) - ®(Q Trep)lt

Ryolt
R,:=10MQ,D(Q, T) - D(Q, T,.r) =10 mVand t =10 s, this estimate gives
the charge flowing across the voltmeter 0.01 pC. Taking the voltage
acrossajunction-~100 mVand the capacitance of ajunction -10 pF, we
estimate that the charge of ajunctionis -1 uC. Consequently, the charge
flowing across the voltmeter is about 1% of the charge on the junction.
Toreducethe charge flowing across the voltmeter, avoltmeter of large

during time ¢ is . For the representative values of
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internal resistance and a junction of large capacitance are required.
Largeinternal resistance decreases the currentinthe circuit, requires
an ammeter of high sensitivity and increases the cost. Large junction
capacitance canbe realized by increasing the junction area.

Compared with a thermocouple®, an NFJ temperature sen-
sor offers a different way of measuring temperature. The NFJ) sensor
is based on an equilibrium thermodynamic phenomenon, but the
thermocouple relies on non-equilibrium thermodynamic principles.
Inthe NFJsensor, the junctionbetween the electrode and theelectrolyte
behaves like a capacitor, whereas thejunction between two electrodesin
thethermocouple conductselectricity. Achangeintemperatureinduces
atransient currentinthe NFJ sensor but produces asteady currentinthe
thermocouple. Both devices are self-powered, as atemperature change
resultsinavoltage change. The NF) sensor measures temperature using
an open-circuit voltage between two junctions, with a sensitivity of
~1-10 mV K; the thermocouple measures it using an open-circuit volt-
age between two dissimilar metals, with asensitivity of ~10-100 pV K™ In
addition, the NFJ sensor is based onaninterfacial phenomenon, allowing
ittooperate withoutatemperature difference betweenthe point of inter-
estand the voltage measurement point. By contrast, the thermocouple
isbased onabulk phenomenon and requires atemperature difference
between these two points. When the temperature difference is fixed,
continuous connection to a voltmeter causes a voltage drop in the NFJ
sensor over time by discharging the junction capacitor, but maintains
aconstantvoltage inthe thermocouple. Furthermore, because the NFJ
sensor ismade ofionicandelectronic conductors, it canbe stretchable
and transparent, unlike the thermocouple, whichis rigid and opaque.

NFJ temperature sensors have distinct benefits over two other
types of thermometers, the resistive temperature detector and the ther-
mistor. Similar to thermocouples, conventional versions of the resistive
temperature detector and the thermistor are stiff, unstretchable and
opaque, because they are made of metal and semiconductor, respec-
tively. Neither the resistive temperature detector nor the thermistor is
self-powered, unlike the NFJ sensor. Stretchable resistive thermometers
are under development*®°, but they still are not self-powered.

Chemical sensing
Compared with pressure, acoustic and temperature sensing, the chal-
lenge of chemical sensing is that numerous species of chemicals exist
inthe world. Detection of a single analyte in acomplex background is
important to food safety and healthbut has been shown to be difficult.
The difficulty comes from the similarity between analytes, design of
analyte-specificchemistriesand calibrationforeachanalyte. Established
NFJ chemical sensors include electrolyte-insulator-semiconductor
devices™*? (Fig. 6a) and light addressable potentiometric sensors*>**
(Fig. 6b).Inanelectrolyte-insulator-semiconductor device, whenan
analyte in the electrolyte adsorbs at the electrolyte-insulator inter-
face, the impedance of the semiconductor channel changes and the
current flowing through the channel changes at the same applied gate
voltage. The device detectsthe adsorption of chemicals by measuring
the voltage-current curve.Inalight addressable potentiometric sen-
sor, an analyte in the electrolyte adsorbs at the electrolyte-insulator
interface and the photocurrent changes at the same applied voltage.
This sensor detects the adsorption of chemicals by measuring the
voltage-photocurrent curve. In addition, capacitive NFJ chemical
sensors have also been demonstrated™.

Aself-powered approach to chemical sensing by measuring volt-
age across an NFJ was described in 2022 (ref. 56). When a sensing elec-
trode coated with receptors contacts an electrolyte, an analyte in the

electrolyte adsorbs at the junction and generates a voltage (Fig. 6¢).
Measurement of the voltage gives the concentration of the analyte. For
activeelectrodes, athinlayer of dielectricis needed toretard electro-
chemicalreactions and to serve as asubstrate toanchor receptors. The
dielectricalso provides enormous design space for selective chemical
sensing with high sensitivity via diverse chemistries. Several species of
metalions and organic molecules can be detected.

In this self-powered NFJ chemical sensor*®, various metals (such
as aluminium, copper, gold, platinum and iron) are used as the sens-
ingelectrode, whichis switched between an electrolyte containing an
analyte and the ground. The sensor can detect Fe* at an ultralow con-
centration of 1077 M, with asensitivity six orders of magnitude higher
than the luminol test. Selective chemical sensing of other species is
achieved by grafting functionalized polymer brushes to the surface of
the sensing electrode. For example, polyacrylic acid polymer chains
grafted to the surface of aluminium selectively detect Ca*".

In contrast to an electrolyte-insulator-semiconductor device,
which integrates the adsorption and detection of analytes, the
self-powered NF) sensor (Fig. 6¢) separates these processes. This sepa-
ration allows the sensing electrode to be made from arbitrary materials
without requiring a microelectronic fabrication facility and enables
rapid prototyping of receptor-analyte pairs. Furthermore, amultiplex
NFJ chemical sensor can be designed to simultaneously detect multiple
analytes. Proof-of-concept wearable sensing, selective sensing and
detection of biological tissues have already been demonstrated*, sug-
gesting that the NFJ chemical sensor may find applicationsinwearable,
implantable and biodegradable devices.

An RC circuit has been developed for accurate measurement of
the voltage across the junction®. A grounded counter electrode is
immersedinanelectrolyte and areference junctionisformed. Asens-
ingelectrodeisinseries with a charge amplifier, a capacitor of capaci-
tance C, aresistor of resistance R and the grounded counter electrode.
The sensing electrode is cleaned and switched between the ground
and the electrolyte. When the sensing electrode contacts the electro-
lyte, the voltage across the sensing junction @, is generated. The charge
on the capacitor is a function of time t as q(t) = Q.,[1-exp(-t/RC)], in
which Q.4 is the equilibrium charge on the capacitor. The equilibrium
charge Q., gives the voltage across the sensing junction®,by ®, = Q.,/C.

Inprinciple, the charge g can also be measured using anammeter.
Consider the sensingjunction and the reference junction connected by
anammeter, aresistor of resistance R and a capacitor of capacitance C.
The voltage across the reference junctionis held constant, and the volt-
age across the sensingjunction changesinresponse to the adsorption
of an analyte. The ammeter records a current as a function of time.
Take the simplest case of a voltage step as an example. The ammeter
detectsthe flow of anon-faradaic current, which decays exponentially
with a time constant RC. After measuring the current-time curve, an
integration gives the charge on the capacitor C.

Finally, we discuss and compare several internal timescales.
Adsorption and diffusion of ions set up an equilibriumjunction. Time of
adsorptionistypicallyinarange between10™sand 107°s (refs. 57,58).
Time of diffusionis determined by the diffusivity ofions and the thick-
ness of the ionic atmosphere (the Debye length). Taking the diffusiv-
ity ofions D, ~10"°m?s™ and the Debye length L ~10~° m, we estimate
the time of diffusion ofions ;- L*/D,~10"%s. To accurately measure the
charge, RCneedstobelarge compared with the time of adsorptionand
diffusion. Consequently, the response time of the NFJ chemical sensor
is limited by the response time of electric instruments (for example,
the charge amplifier) and not by the adsorption and diffusion of ions.
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Fig. 6 | Non-faradaic junction chemical sensing. a, Electrolyte-insulator-
semiconductor device™. The adsorption of an analyte at the receptor layer
changes the impedance of the semiconductor channel and the current
flowing through the channel at a given gate voltage. b, Light addressable
potentiometric sensor**. The adsorption of an analyte at the receptor layer
changes the impedance of the semiconductor channel and the photocurrent
atagiven voltage. ¢, Chemical sensor by voltage across ajunction’®.
Anelectrolyte and two electrodes form a sensing junction and a reference
junction. A charge amplifier, a capacitor Cand aresistor R are connected
between the sensing junction and reference junction to measure the voltage
across the sensing junction. Panel a adapted with permission from ref. 52,
Wiley. Panel b reprinted with permission from ref. 54, Elsevier. Panel ¢
reprinted fromref. 56, CC BY 4.0.
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Outlook
We now highlight the challenges and opportunities in the development
of NFJ sensing.

Characterization of non-faradaicjunctions

NFJs are mainly characterized by properties such as junction voltage,
interfacial charge, junction capacitance and surface tension'*"%. These
macroscopic properties are determined by microscopic structures,
whose characterization remains challenging. Synchrotron X-ray tech-
niques, such as X-ray standing waves, X-ray absorption spectroscopy
and X-ray photoelectron spectroscopy, have been used to investigate
theionicconcentrations and electric field of NFJs'”**, Because the junc-
tions are affected by alarge number of variables, including concentra-
tionof eachionic species, solvent, electronic conductor, temperature,
pressure, voltage and the chemistry of the interface, a full characteri-
zation of a given junction by experiments alone is an enormous task.
Consequently, NFJs provide arich platform for interdisciplinary studies
using experiments, simulations and machine learning.

Self-powered non-faradaic junction sensors

Althoughwe have described self-powered NF] temperature and chem-
ical sensors, existing NFJ) pressure and acoustic sensors operate by
measurement of capacitance. In principle, NF) sensors of all signals
canbe made self-powered. For example, as the voltage across an NFJ is
independent of the junction area, achangeinjunction capacitance by
environmental signals can cause a change in charge on the electrode.
Such a change in charge can be measured by a charge amplifier, and
the sensor can be self-powered.

Self-cleaning non-faradaic junction sensors

By design, an NFJ chemical sensor is exposed to the environment. After
some use, the junction may become contaminated by various species
of molecules that affect the calibration of the junction. This contami-
nation limits the use of sensor to ashort time. Any strategy to clean or
self-clean the sensors s desirable.

Multiplex sensing

In chemical sensing, many analytes might exist in a solution. A single
measurement of voltage is not precise enough to detect the concen-
tration of each analyte. One multiplexing strategy is to use an array of
NFJs of various chemistries to measure multiple voltages. Each voltage
isafunction of the concentrations of many analytes. Collectively, the
measurements determine amap between the space of concentrations
and the space of voltages. This map is typically nonlinear and can be
used to determine the concentration of every analyte. Such multiplex
sensing strategies could be extended to include signals other than
chemicals, such as temperature, pressure and stretch.

Electrolyte-electrolyte junction sensing

This Review has focused on electrode-electrolyte junctions. However,
charges canadsorb atanelectrolyte-electrolyte junction. The adsorbed
charges will stabilize an ionic atmosphere in the electrolytes. Such a
junction can also be used to develop fully ionic sensors, which mimic
junctions between neurons. In particular, ajunctionbetweentwo types
of polyelectrolytes, one carrying positive mobile ions and the other car-
rying negative mobileions, functionslike asemiconductor p-njunction.
Afew devices along these lines have been demonstrated”"*",

Additive manufacturing

In principle, NFJ sensors can be made small and have arbitrary shapes,
enabling sensing arrays that can map the distribution of diverse envi-
ronmental signals in complex engineering structures and biologi-
cal systems. However, fabrication of such NFJ sensors with unusual
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geometries and structures is challenging. Additive manufacturing
technologies have become highly developed for various materials
and structures'®?*'” offering potential approaches to large-scale
fabrication of NF) sensors and their arrays.

Bioelectronics

Therapid development of soft materials provides enormous flexibility
inchoosingelectronic andionic conductorsto achieve transparency,
stretchability, softness and degradability. NFJ sensors self-energize
or operate at low voltage, which can serve as bioelectronic interfaces
with neurons and other cells. In addition, the emerging use of soft,
porous, biocompatible electronic and ionic conductors can substan-
tially enhance the sensitivity of NFJ sensors to create robust interfaces
with biological systems.

Materials

To ensure that the junction of an ionic conductor and an electronic
conductor is non-faradaic, ionic and electronic conductors must be
chosen such thations and electrons do notreact electrochemically. To
fulfil challenging requirements in emerging applications, such as wear-
able devices and soft robotics, materials for each side of the junction
need to be soft, stretchable, transparent and degradable.

Electronic conductor

Ideally polarizable electrodes, at which ions and electrons do not cross
thejunctionregardless of the applied voltage, are good candidates for
avoiding electrochemical reactions. Even though no such electrode
existsover the entire range of voltage, many junctions are non-faradaic
within ranges of voltage, called electrochemical windows. For exam-
ple, thejunction between mercury and deaerated potassium chloride
solutionis non-faradaic within a voltage range of about 2 V (ref. 14).

Most of the sensors described in this Review use metallic conduc-
tors. Inert metallic conductors, such as gold, platinum and silver, are
effective atavoiding electrochemical reactions injunctions where no
voltageis applied. Some active metals, such as aluminium and titanium,
are passivated by athinand dense layer of native oxide that retards elec-
trochemical reactions and enables stable operation of NF) sensors*>**,
Inprinciple, high entropy alloys with designable microstructures and
properties®®*canalso be used as electrodes for NFJ sensors with high
sensitivity, selectivity and stability.

Carbon — including graphite, carbon grease, carbon nanotubes
and graphene —isanother widely used family of electronic conductors.
Carbon electrodes with a high ratio of interface area to volume have
been widely used in supercapacitors, actuators and sensors®* ™. The
interface between carbonand electrolyte canformanNFJ,and alarge
area-to-volumeratiointhe carbonelectrode enhances the sensitivity
of NFJ sensors.

Conductive polymer typically comprises a soft elastic polymer
matrix filled with conductive particles or wires®*°. In particular, con-
ductive polymer hydrogel electrodes with porous structures have been
used to increase junction capacitance for high-fidelity ion-electron
transduction’”% Such electrodes enhance the sensitivity of NFJ
sensors, while making them soft and stretchable.

Semiconductors have also been used as electrodes to develop NF)
sensors. As mentioned earlier, awell-established approach to chemical
sensing, the electrolyte-insulator-semiconductor device®*, relies on
the NF) between a semiconductor and anionic conductor.

To make electronic conductors stretchable for emerging appli-
cations such as wearable sensing, soft robotics and stretchable

bioelectronics, strategies have been developed at both geometric
and material levels. Geometric designs are globally soft, but locally
hard; they are stretchable by virtue of their overall shape, not the
intrinsic material. Examples include serpentine metallic wires"”>™7”,
metallic nanomeshes’”” and metallic nanowires’’°. Stretch-
able materials, including conductive polymers®**° and organic
semiconductors®-®, are globally soft; they are stretchable by virtue
of their intrinsic material design. A common approach to producing
stretchable carbon-based conductors is to disperse carbon fillers
into an elastomeric matrix, forming a composite®**®, Inks of car-
bon (such as carbon nanotubes and graphene) can also be printed
to an elastomer surface®*°°. Transparent electronic conductors are
desired for soft optical devices, such as stretchable displays. Indium
tin oxide is a well-known transparent electronic conductor, but is
brittle and unstretchable. In general, it is difficult to have a stretch-
able and transparent electronic conductor. Progress in stretchable
and transparent electronic conductors has been made and several
reviews are available® .

Ionic conductor

lonic conductors are a broad class of materials that include liquid
electrolytes, hydrogels, ionogels and polyelectrolytes. This diversity
provides enormous flexibility in designing NFJ) sensors with various
attributes, such as transparency, stretchability, softness and degra-
dability. Many ionic conductors contain water. Water dissolves many
other molecules and allows them to migrate freely, enabling ionic
conductors to mimic the function of biological tissues. The most
well-known ionic conductor is salty water, or electrolytic solution in
general. Inorganic superionic conductors are also being developed
for solid-state batteries™.

Despite most ionic conductors being a liquid medium, many
devices require solid-like ionic conductors. Hydrogels, polymer net-
works that contain alarge amount of water, fit this role™. Despite their
high water content, hydrogels retain a solid-like structure that can
be designed to be stretchable and transparent. Although they have
been developed since the 1960s for broad applications® such as con-
tact lenses”, superabsorbent diapers”, drug delivery®®'°® and tissue
replacement'”’, the past decade has seen rapid development of an
emerging field in which hydrogels serve asionic conductors: hydrogel
ionotronics®**'°>1°* Hydrogel ionotronics refers to a class of devices
relying on both mobile ions and mobile electrons. Examples of these
devices include transparent loudspeakers®, artificial muscles'*'°¢,
artificial axons'’”'%, artificial skins'*"'°, stretchable displays™ ™", soft
power sources'* and piezoionic sensors'™. In many hydrogel-based
ionic conductors, the polymer network is neutral, and ions of both
polarities are mobile in water. Polyelectrolyte hydrogels, meanwhile,
have a charged polymer network, and only ions of one polarity are
mobile in water. The junctions between polyelectrolyte hydrogels
withmobileions of opposite polarities have been used to develop ionic
diodes and ionic logic gates"* ™",

However, the water in hydrogels evaporates in open-air appli-
cations, which can dry out the ionic conductor. lonic liquids are
liquid-state salts, many of which are non-volatile. lonogels, which
are polymer networks containing an ionic liquid rather than water,
have been extensively developed as non-volatile ionic conductors*’'%,
Similarly, organogels, aggregates of polymers and organic solvent,
can be used for the same purpose'** %, Stretchable and transparent
hydrogel-based, ionogel-based and organogel-based ionic conductors
are discussed in more detail elsewhere? ™,
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Aliquid-free stretchable ionic conductor — called an ionoelas-
tomer —hasbeen developed over the past few years**'*3 In these con-
ductors, onespecies of chargeis fixed to the polymer chains, whereas the
other species of charge is mobile, so theionoelastomer functionsasan
ionic semiconductor. Stretchable ionic diodes and ionic transistors
have beendeveloped using thejunctions betweentwoionoelastomers,
namely, ionic double layers™, as the doping concentration of ionoe-
lastomers can be easily varied by copolymerization. However, no NFJ
sensor using ajunction of twoionic conductors hasbeen demonstrated.

Nafion, a thermoplastic fluoropolymer with ionic channels, is a
common ionic conductor in fuel cells, because it is mechanically and
chemically stable. Nafion has also been widely used as the ionomer in
ionic polymer-metal composite actuators and sensors™**°, An ionic
polymer-metal composite detects mechanical signals, such as pressure
andbending, by causingafluxofionsintheelectrolyte, whichgenerates a
voltage betweenthe two metal electrodes. Applications of suchinorganic
solid-state ionic conductors in NFJ sensors are full of opportunities'.

Dynamic polymer networks are good material candidates for degra-
dable and self-healing NF) sensors, because they are reprocessable,
recyclable, reshapable and weldable* ', The synergy of mechanics
and chemistry enables dynamic designs with desirable properties™*'*,
Asastep towards this goal, ionogels of dynamic polymer networks have

been developed for stretchable, healable, weldable ionotronics™.

Dielectric
Athin layer of dielectric between an ionic conductor and an electronic
conductor is able to retard any electrochemical reactions and can also
serve as a substrate for functional groups to enhance the sensitivity.
A familiar example is the native oxide on aluminium™®*’, which can be
as thin as afew monolayers and has on its surface hydroxyl groups that
canenhancethe adsorption ofions and thus the sensitivity of the sensor.
Eventhoughaluminiumissusceptible to electrochemical corrosion, the
dense native oxide enables aluminium to be widely used in everyday life.
It has been shown that a thin dielectric layer between an electrolyte and
anelectrode canimprove sensors by stabilizing the junctionand broaden
the scope of usable ionic and electronic conductors**°, To maintain the
functionality of some devices, the dielectric needs to be thin compared
withthe Debye length. The dielectriclayer also needs tobe thick enough
tobean effective barrier for tunnelling of electrons and diffusion of ions.
Adielectric-coated electrode provides enormous space for chem-
ical design to meet requirements for applications such as sensitive
and stable temperature sensing* and selective chemical sensing>®.
Apolyelectrolyte polymer brush, namely, molecular Velcro, has alsobeen
developed'*® and can serve as a substrate to anchor functional groups.
A family of soft dielectrics is dielectric elastomer, which in the
literature refers to any material that serves both as an elastomer and
asadielectric'®. Examples include 3 M VHB, silicone rubber and polyu-
rethane. Dielectric elastomers have been widely used in stretchable
electronicandionotronic devices, such asinsoftelectricactuators that
mimic the function of muscles™"°, and their mechanical and physical
principles have been extensively studied"***'">3, When an electric
field is applied to a dielectric elastomer through two soft electrodes
(for example, carbon grease and hydrogel), the area of the dielectric
elastomer increases and its thickness decreases. As mentioned earlier,
when the thickness of dielectric elastomer is small compared with
the Debye length, the dielectric elastomer can also be used as a thin
dielectriclayer in NFJ sensors toretard electrochemical reactions and
to serve as substrates for functional groups. Such NFJ] sensors remain
less explored and are promising in making fully soft devices.

Dielectrics are commonly treated as good electric insulators
and seals in broad applications. However, one study has shown that
impedance of dielectric elastomersin the physiological environment
decreases over time™*. In other words, ions diffuse into dielectric
elastomers with different diffusivities. These findings call for further
study of diffusion of ions in dielectrics.

Mechanical properties

The mechanical behaviour of electronic conductors, ionic conduc-
tors and dielectrics is characterized by a large number of properties,
including stiffness, strength, stretchability, toughness and fatigue
threshold, among others. lonic conductors are newer materials com-
pared with electronic conductors and dielectrics, so proportionally
more research has been dedicated to their mechanical properties over
the past 20 years. The superb stiffness, toughness, strength, stretch-
ability, adhesion, fatigue resistance and lubrication of hydrogels in
particular have received a lot of attention> ', For example, the rela-
tionship between synthesis and properties of elastic hydrogels has been
studied, with emphasis on the effects of crosslinks and entanglements
under monotonicload'*and cyclicload'®. Reviews on design principle
of hydrogels”*'** and an ongoing series of papers on polyacrylamide
hydrogels'®>'%71° are available for details.

Adhesion among the electronic conductor, ionic conductor
and dielectric components is important for stretchable NFJ sensors.
Depending ontheapplication, such as wearable and implantable sens-
ing, adhesion thatis fast, strong, tough, stable, reversible, detachable,
biocompatible, biodegradable, waterproof and/or conductive can
be desirable™*"°'™* To ensure the functionality of the devices, the
adhesion should not affect the electrical properties of the junction.
Amongthe materials used in NFJ sensors, itis most challenging to real-
ize tough adhesion in hydrogel-based ionic conductors owing to the
abundance of water, which does not carry and transfer load. Achiev-
ing tough hydrogel adhesion requires supramolecular synergy of the
chemistry of bonds, the mechanics of dissipation and the topology
of connection'”. Examples of approaches to tough hydrogel adhe-
sion include covalent adhesion”**”, non-covalent adhesion**”° and
topological adhesion'”>"*,

The quality of adhesion among the electronic conductor, ionic
conductor and dielectric components affects the performance and
robustness of stretchable NFJ) sensors. Adhesion is characterized by
mechanical tests, such as the probe-pull test, lap shear test and peel
test. Among them, the lap shear test has been used to measure adhe-
sionstrength and adhesion toughness. For adhesion of hydrogel-based
ionic conductors, the distinction and applicability of the two types of
lap shear measurement have been identified"*"”’.

Long-term stability and reliability of NF] sensorsrely onthe fatigue
resistance of their electronic conductors, ionic conductors and die-
lectrics under cyclic loads. Fatigue causes nucleation and growth of
cracksin materials and subsequent degradation of mechanical proper-
ties. Studies on fatigue of electronic conductors and dielectrics, such
as metals, plastics and elastomers, have been extensive”* ™!, whereas
studies on fatigue of ionic conductors, hydrogels in particular, are
more recent’®'®, A general principle for materials to resist fatigue
has been proposed: deconcentrate stress elastically’®*. On the basis
of that principle, fatigue-resistant soft materials have been realized
by many forms of macrostructural and microstructural or molecular
design157*159,185*191_
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