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The current pandemic has forced the healthcare system into a transformation where the patients are
required to be continuously monitored without the need for hospitalization. The advances in wearable
sensors with their ability to sense various body parameters precisely have helped in accelerating the
personalized healthcare revolution. The selection of sensing material and its properties lay the
foundation for designing flexible sensors and carrying out reliable measurements. Sensing materials for
wearable applications, in general, are expected to be flexible, biocompatible, electrically conducting,
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electrochemically active, and of low cost. TizC,—MXene is a new two-dimensional transition metal
carbide that belongs to the family of MXenes, which meets many of the material requirements for
biochemical sensing applications. In the present work, we discuss the properties of TizC,—MXene in detail
and analyze its potential in the development of wearable biosensors. A review of recent developments in

DOI: 10.1039/d1ma01170g

rsc.li/materials-advances this rapidly developing field and suggestions for future research directions are presented.

1. Introduction

The world healthcare system is going through a transformation
in which personalized healthcare, point-of-care diagnostics,
remote patient monitoring, and healthcare internet-of-things
are rapidly evolving. Wearable devices have recently seen a surge
in both research and commercialization."* However, the devel-
opment of commercial-grade wearable sensors has seen both
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progress and setbacks. The latest advances in nanotechnology,
miniaturization, wireless sensing technologies, embedded
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systems, and flexible electronics make it possible to develop
smart systems that continuously provide personalized health
monitoring.>* Soft wearable sensors are devices that can be worn
onto the human skin in accordance with the body architecture
to continuously and closely monitor health. In this context,
epidermal electronic systems are developed at the laboratory
stage for clinically diagnosing respiration rate, heart rate, skin
temperature, electromyography, and perspiration rate.”® While
biocompatible and biodegradable electronics in the form of soft
wearable and implantable devices could clinically monitor a
person’s health, they can also serve as tools for the treatment
of diverse diseases.'® Similarly, multiple research groups have
developed wearable devices for monitoring real-time data of
various electrolytes and metabolites non-invasively using textile
and tattoo-based sensors that perform accurately in situ
measurements.'' However, most wearables still rely on decade-old
sensing techniques. For example, transdermal glucose monitors
depend on enzyme electrodes in the form of low-cost finger prick
test strips.'” In fact, the transdermal glucose sensing device is
arguably the only widespread wearable sensor that quantitatively
measures the glucose concentration in blood and monitors the
status of the underlying disease. The potential diagnostic capabil-
ities of epidermal sensors can be realized by addressing key
technological challenges in manufacturing and establishing reliable
correlation to standard sensing modalities."

Two-dimensional (2D) materials are promising candidates
as active sensor materials due to their excellent physical and
chemical properties. Their large surface area, ease of surface
functionalization leading to enhanced chemical and electro-
chemical activity, optical sensitivity, and mechanical strength
all mean that these materials are promising for biosensing
applications. In recent years, a new class of two-dimensional
materials known as MXenes has emerged as a promising
prospect for wearable applications. MXenes are layered 2D
materials made of transition metal carbides, nitrides, or carbo-
nitrides. MXene is synthesized by selective etching of the parent
material called the MAX phase. MAX is a layered metal carbide/
nitride or carbonitride structure with the general formula Mx.,AX,,
(n=1, 2, 3). Here M is a transition metal, A stands for the element
of group 13 and 14, and X is carbon and/or nitrogen. The A layer is
chemically and selectively etched that results in an My, X,
structure known as MXene. During the synthesis, the MXene layer
is terminated by surface moieties such as oxygen, hydrogen, and
fluorine. Hence, MXenes are presented as Mx.1X,Ty, where T,
represents the surface functional group. A few notable examples
of MXene include Ti,CT,, Ti;C,Ty, and Nb,C;T,. Since the dis-
covery of Ti;C,T,, the first MXene to be synthesized, various
compositions have been subsequently produced and dozens more
are theoretically predicted to exist."* TizC,T, is the most explored
and widely used MXene, known for its 2D nature, metallic
conductivity, and hydrophilicity. Its atomically thin nature paves
the way for a distinct set of properties including anisotropic
electron transport behavior, excellent electrochemical properties,
and flexibility. The large surface area, excellent piezoresistive
behavior, and solution processibility make Ti;C,T, a promising
material for wearable sensing applications.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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The prevailing mood of the science community towards
MXene research has encouraged many researchers to review
and outline the recent advances in this domain. Several articles
have been published detailing the aspects of MXene based
sensors and wearables.*>° While these articles made efforts
to cover all strands from materials to applications, the vastness
of MXene wearables forced them to revolve around specific
sections. As it is impossible to cover every detail under single
review, we have contributed our part by addressing a few
aspects which were not covered in detail in earlier papers.
The current review highlights the recent advances in MXene-
based wearable biomedical sensors. The focus was set on the
use of Ti;C, Ty, one of the most widely explored MXenes to date
in developing flexible and body mountable devices. A compre-
hensive study on the material properties, sensor fabrication
aspects, and design criteria is carried out. Further, the practicable
applications towards health monitoring and their existing
limitations are elaborated. Finally, we conclude this review with
an outline of research aspects that would impart significant
advances towards the future of MXene wearables.

2. MXene chemistry in wearable
sensors
2.1 Electrical conductivity

Materials that can react to external stimuli via a change in
their electrical conductivity are highly popular in the realm of
wearable sensing. To exhibit such sensing behavior, the sensing
material should possess good electrical conductivity. The
discovery of MXenes has opened up new prospects in wearable
sensing as most MXenes are predicted to have metallic
conductivity, while a few combinations exhibit semiconductor
behavior. The surface functional groups are strongly coupled to
the electronic properties of MXene. The high electronegativity of
oxygen and fluorine groups imparts higher work functions, while
hydroxyl functionalization renders an ultra-low work function,
due to the strong surface dipole moment.>" Interestingly, a band
can be formed on some transition metals just by changing the
surface functional groups. Consequently, the functional groups
can offset the density states at the Fermi level thereby affecting
the electronic conductivity and band structure. For example, any
surface termination on d1 transition metals (Sc and Y) exhibits
semiconducting behavior, whereas d2 transition metals in
contrast (Ti, Zr, and Hf) require oxygen termination to initiate
the bandgap. Moreover, the structural defects and mixed surface
groups introduced during the synthesis of MXene influence its
electrical conductivity. In addition to that, the etching process
and intercalation method can also have an impact on the
conductivity of MXene as intercalation of the Li+ cation results
in better conductivity than organic intercalation,® as shown in
Table 1. The flake size can also potentially affect the electronic
transport in MXene films. The high electrical conductivity of
MXene with controlled alighment of 2D sheets enables the
piezoresistive sensing mechanism suitable for wearable sensing
applications.
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Table1l Conductivity of different MXenes that are synthesized using various etching and intercalation techniques and comparison with the conductivity

of other 2D materials

Materials Synthesis method Conductivity (S em ™) Ref.
Mo,C-MXene HF etching with TBAOH intercalation 4.35 23
V,C-MXene HF etching with TBAOH intercalation 384.6 24
Nb,C-MXene HF etching 0.00164 25
Mo,N-MXene Ammoniation of Mo,C 2083 24
V,N-MXene Ammoniation of V,C 4166 24
Mo, TiC,-MXene HF etching with TBAOH intercalation 50 26
Mo,Ti,C;-MXene HF etching with TBAOH intercalation 100 26
Ti,C-MXene HF etching, free-standing disc ~2 27
HF etching with hydrazine monohydrate intercalation (disc) ~0.178 28
HF etching with TMAOH intercalation (free-standing film) ~200 29 and 30
Fluoride based salt etching (LiF + HCI, free standing film) 6000-8000 30 and 31
MILD method (free-standing film) ~ 8000 30
1T-MoS, Chemical exfoliation and intercalation 10-100 32
Graphene Mechanical exfoliation ~2000 33
rGO Hummers’ method and thermal reduction 550 34

2.2 Hydrophilicity

The hydrophilicity of MXenes can be ascribed to their surface
terminations such as hydroxyl, chlorine, or fluorine groups.
Synthesis of MXenes using acidic-fluoride-containing solutions
results in -0, -OH, or -F terminations, represented by the
chemical formula M,,,,X,(OH),0,F,.***” The surface terminations
on MXene are randomly distributed and the presence of the -OH
group facilitates hydrogen bonding with water.”® Being a
hydrophilic material, Ti;C,T, MXene exhibits higher electrical
conductivity when compared to solution-processed graphene.*®
Furthermore, the intercalation of cations during the synthesis
process assists Ti;C,T, sheets to slide over each other by
influencing their rheological properties and exhibiting a clay-like
behavior.*®**° The hydrophilicity and metallic conductivity of
Ti;C,T, MXene allow them to form stable water-based conductive
inks having a uniform dispersion without the need for any
surfactants or additives.*® Hence, MXenes enable easy processing
of functional inks for different thin film fabrication methods such
as printing, coating, and casting techniques to develop wearable
Sensors.

2.3 Ability to form free-standing films

Delamination of layered materials into individual layers is
necessary to probe their characteristics in the 2D state. In its
multilayer form, MXene exhibits two- to four-fold stronger
interlayer interactions when compared to layered materials
such as graphite or bulk MoS,.*" Ti;C,T, flakes with strong
interlayer interactions assist easy formation of flexible films
that demonstrate excellent electrochemical and piezoresistive
properties. Different polar organic molecules such as hydrazine,
urea, dimethyl sulfoxide (DMSO), or iso-propylamine, or large
organic base molecules such as tetrabutylammonium hydroxide
(TBAOH), choline hydroxide, or n-butylamine can be used as
an intercalating agent during the MXene synthesis process.
The intercalated MXene layers when subjected to mechanical
vibration result in a colloidal solution of single to few-layer
MXenes. Filtering of this solution forms a uniform film on the
filter paper that can be easily peeled off after drying. The
resulting free-standing film in the form of MXene ‘paper’

3786 | Mater. Adv,, 2022, 3, 3784-3808

manifests superior flexibility and electrical conductivity and
constitutes a potential candidate for wearable sensors. These
free-standing films can be easily patterned into user-defined
shapes and size, and their thickness and conductivity can be
tuned by controlling the concentration of MXene in the solution.
The unique 2D morphology of MXenes endorses them as the
‘building block material’ for various sensing applications.

2.4 Mechanical properties

The distinct compositions and versatile chemistry of MXenes
bestow them with a variety of compelling mechanical properties
which greatly complement other electrochemical characteristics.
The mechanical properties are also influenced by the number of
atomic layers in the MXene structure, determined by ‘7’ in its
chemical formula M,.;,X,. The flexibility, bendability, Young’s
modulus, stress-strain relationships, and fracture strength are
the key mechanical parameters that need to be investigated since
they play a vital role in the fabrication of wearable sensors.
Borysiuk et al. have computationally studied the bending ability
of MXene nanoribbons.*” This is vital for body mountable
flexible sensors as many wearable strain and pressure sensors
work on the principle of bending of the sensing layer with
respect to applied pressure. The bending rigidity (D) of the
MXene layer increases with its thickness (k) which can be
governed by the equation

ER

D—— "
12(1—72)

where E is Young’s modulus and y is the Poisson ratio. MXene is
one of the very few 2D materials that can produce flexible free-
standing films, as detailed in the previous section. The elastic
modulus of MXene along its basal plane is predicted to be over
500 GPa by first-principle studies.*® Lipatov et al. have studied
the mechanical properties of Ti;C,-MXene monolayer using the
atomic force microscopy (AFM) indentation method as repre-
sented in Fig. 1A.** Further, Young’s modulus of the Ti;C,
monolayer was calculated to be 330 £+ 30 GPa and the breaking
strength was 17.3 £ 1.6 GPa. The smaller value of Young’s
modulus obtained experimentally against the computational

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Mechanical properties of TisC,—MXene: (A) the nanoindentation test was performed on suspended TisC,—MXene to measure the mechanical
properties. A Si/SiO; substrate with prefabricated microwells was used to suspend TizC,—MXene and subjected to microforces using an AFM tip. (B) Force
vs. deflection curves of monolayer and bilayer TizC,—MXene observed under AFM indentation. (C) Force vs. deflection curves of graphene and TizC,—

MXene. The elastic modulus (E2°

) and stress in the sheets (6°°) of TisC,—MXene were less compared to those of graphene. (D) Young's modulus of

various monolayer 2D nanomaterials: GO, rGO, MoS;,, h-BN, and graphene. Adapted under the terms of the CC-BY Creative Commons Attribution 4.0
license.** Copyright American Association for the Advancement of Science 2018.

method (~ 500 GPa) can be attributed to the presence of surface
functional groups and mechanical defects.** A comparison of
force vs. deflection curves for monolayer and bilayer Ti;C,—
MXene is shown in Fig. 1B. Young’s modulus of bilayer Ti;C,-
MXene was found to be twice that of monolayer Ti;C,-MXene,
suggesting strong interaction between layers possibly arising
from the hydrogen bonding between the functional groups of
Ti;C,.

In general, monolayer graphene is the strongest material
known with a Young’s modulus value of around 1 TPa. Force vs.
deflection curves of pristine graphene and Ti;C,-MXene are
compared in Fig. 1C. The elastic modulus (E*”) and stress in
the sheets (¢°°) in monolayer Ti;C,-MXene are comparatively
less than their graphene counterparts. These extreme properties
of graphene are limited to mechanically exfoliated layers, and
they have the disadvantage of poor solubility in many solvents
and the small lateral size of individual layers. Interestingly,
graphene oxide (GO) is a low-cost and scalable alternative to
graphene. The presence of functional groups in GO makes it
easily solvable in water and other solvents, and its ability to form
monolayers of large lateral size provides added advantage in
sensor fabrication. The monolayer of GO exhibits a young’s

© 2022 The Author(s). Published by the Royal Society of Chemistry

modulus value of 200 GPa, 5 times less compared to that of
pristine graphene due to its crumpled structure. A comparison of
Young’s modulus of MXene with that of pristine graphene, GO,
rGO and MoS, is shown in Fig. 1D. MXene displays superior
properties compared to solution-processed graphene (GO and
rGO) and MoS,. Albeit there are approximately 20 MXenes that
can be synthesized, the mechanical properties of most MXenes
are yet to be verified experimentally.

Flexible and stretchable strain sensors gained popularity
in wearable platforms with diverse applications involving
physiological health monitoring. However, the metal- and
semiconductor-based conventional strain sensors exhibited a
narrow sensing range (¢ < 5%) and low gauge factors (GF = 2).
The epidermal sensors are recommended to be of very low
thickness such that they can be perfectly mounted on human
skin for maximum strain sensitivity and accurate measure-
ments. Interestingly, the stiffness of MXene films varies by
changing the surface terminating groups. It is proven that -F
and -OH terminations on MXene yield low elastic stiffness
while -O termination results in MXenes of very high elastic
stiffness.*”> Wearable sensors for monitoring physiological sig-
nals demand curvilinear shapes and adaptable elastomeric

Mater. Adv,, 2022, 3, 3784-3808 | 3787
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substrates. Flexibility of MXenes with other tunable properties
offer scope for building a stretchable device in accordance
with the body architecture considering all the tensions at the
surface level.

2.5 Electrochemical properties

The literature demonstrates the potential use of Ti;C,-MXene
as an efficient electrode material for electrochemical energy
storage and battery applications.*®"” The presence of polar
groups along with the large surface area of MXene offers
prospects for further functionalization and anchoring of
biomolecules (DNA, enzyme, protein, etc.) and plays a catalytic
role in the fabrication of highly efficient biosensors.*®™°
Besides this, the large surface area and anti-bacterial
properties®® of MXene are predicted to be a better platform
for immobilization of biomolecules. They increase the loading
of biomolecules with the desired orientation and enhance the
performance of biosensors in terms of sensitivity, detection
limit, and stability. Similar to other 2D materials, Ti;C,-MXene
also suffers from the restacking problem, limiting its electro-
chemical performance. The restacking of MXene layers even-
tually prevents ionic transport and minimizes the access of
electrolytes to the active redox sites. This problem can be
overcome by spontaneous intercalation of MXene layers using
polar organic molecules, metal ions, and electrochemically
active materials. For example, a range of mono- and multivalent
cations such as Li*, Na*, K*, NH**, Mg>*, and Prussian blue can
intercalate (chemically or electrochemically) and occupy elec-
trochemical active sites on the MXene surfaces. The diverse
chemistry and promising characteristics of MXenes serve as a
sensitive interface and allow the detection of the analytes
present in biofluids such as saliva, sweat, tears, and urine.
Therefore, MXenes portray as a promising sensing material for
the development of wearable electrochemical sensors.

2.6 Biocompatibility

Integration of MXene based wearable devices on the human
body requires careful consideration of allergic reaction, toxic
behavior, and biocompatibility studies.> These parameters need
to be addressed during the experimental design for human trials.
For long-term integration of MXene based wearable devices, the
interface must be biocompatible for continuous monitoring of
bio-signals (ECG, EMG, EEG, etc.) with a high signal-to-noise ratio.
Otherwise, it may progressively increase the body impedance
triggered by the immune response.> Recent studies have opened
up the possibilities of use of MXene for theragnostic nano-
medicine, biosensing, imaging, as an antimicrobial agent, and
for cancer treatments.> MXenes have been reported as multi-
functional theragnostic agents for efficient magnetic resonance
(MR) and photoacoustic (PA) dual-modality imaging-guided
photothermal therapy (PTT) against cancer due to their excellent
biocompatibility which is a significant pathway.”® MXenes
facilitate the fabrication of mediator-free biosensors by enabling
direct electron transfer between the electrode and bioreceptors
and acting as biomolecule immobilization matrices to protect
active proteins. The TiO,-Ti;C, nanocomposite was revealed to be

3788 | Mater. Adv, 2022, 3, 3784-3808
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an excellent immobilization matrix from spectroscopic and
electrochemical studies, displaying compatibility towards redox
protein and affording good stability and protein bioactivity.”®
These multifunctionalities of 2D MXenes with intriguing bio-
chemical properties pave a new avenue for versatile sensing
modalities in wearable biosensing applications.

3. Fabrication of the MXene sensing
layer

Hydrophilicity and metallic conductivity project MXene as a
well-desired candidate for fabrication of versatile wearable
sensors towards biomedical applications. The presence of
surface functional groups such as hydroxyl (-OH) and oxygen
terminations (-O) provides a hydrophilic nature which enables
MXenes to be dispersed into aqueous solutions and inks. These
inks can be effectively utilized in realizing sensors using
various approaches like drop-casting, screen printing, spin
coating, extrusion printing, etc., which are explained below in
detail. The rheological properties of MXene dispersion at
various concentrations were studied to set guidelines for these
fabrication —methodologies.®® The substantial surface
charges along with hydrophilicity allow MXenes to form dilute
dispersions at low concentrations (<0.20 mg mL™')*® suitable
for spray, dip or spin coating applications. Higher concen-
tration slurries have also been reported to exhibit flowability
at MXene dispersion up to 70 wt%. These high loading slurries
obtained via swelling of multilayer MXene could be utilized for
applications that demand high packing density and form 3D
printable inks without any sacrificial additives that can be used
for extrusion or inkjet printing.

3.1 Dip coating

In this method, a substrate is immersed in solution containing
the coating material, soaked for a while, and pulled out,
wherein the pulling speed dictates the thickness of the desired
coating layer. To ensure that the substrate is uniformly covered
with the coating material, it is completely immersed in the
coating solution and then dried via heating or at room
temperature. The amount of functional material deposited on
the substrate depends on the absorption ability, surface proper-
ties of the substrate, and the concentration of the solution.

Yue et al. reported a porous MXene sponge network as a
piezoresistive sensor.”” Sponge being a widely available mate-
rial is cost-effective and a good absorber of solvents. Its porosity
coupled with high surface area and flexibility makes it an ideal
candidate for fabricating body-mountable sensors. In the
reported work, the dipping-drying method was adopted for
sensor fabrication, wherein the sponge was dipped in MXene
solutions of different concentrations and combined with
polyvinyl alcohol (PVA) nanowires as a spacer. The fabrication
process flow is demonstrated in Fig. 2A.

In another work, Guo et al reported the fabrication of
MXene based wearable pressure sensors using the dip coating
method for human-machine interfacing.”® The fabrication of

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 MXene sensor fabrication via dip coating: (A) the dipping—drying
method was adopted to fabricate a 3D hybrid porous piezoresistive sensor
by dipping sponge in MXene solutions of different concentrations and
combining with polyvinyl alcohol (PVA) nanowires as a spacer. The fabrica-
tion process flow is illustrated in the figure. Reprinted with permission from
ref. 57. Copyright Elsevier 2018. (B) The screen-printing process is explained
in detail. A mask of the desired shape was placed on the substrate and the
MXene slurry was dropped on top. Printing was carried out by applying a
squeegee at a specific velocity. The mask was later removed, and the
pattern was dried to obtain the MXene film of the desired shape. (C) MXene
films are printed on various substrates. Photograph displaying the excellent
flexibility of screen-printed films. Reprinted with permission from ref. 60.
Copyright John Wiley and Sons 2019.

the pressure sensor comprised of tissue paper as the base
which was dip-coated in MXene solution and sandwiched
between PLA films. Tissue paper was cut into the desired shape
(a rectangular piece of size 0.6 mm x 0.8 mm) and immersed in
MXene solutions of different concentrations. Sheet resistance
decreased from 56.5 MQ to 6.7 kQ with the increase in
concentration due to better connectivity between sheets.
Solution concentration was optimized at 2.5 mg mL ™" for low
sheet resistance, high-pressure sensitivity, and good repeatability.
Porous tissue paper ensured uniform coating all over the sub-
strate, owing to the strong adsorption and interconnected porous
nature of paper. Similarly, Ma et al. fabricated piezoresistive strain
sensors by dip-coating a flexible polyimide (PI) substrate in
MXene solution.>® MXene ink was optimized by dispersing MXene
sheets in ethyl alcohol at a concentration of 250 mg mL ™", The

© 2022 The Author(s). Published by the Royal Society of Chemistry
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dip-coated sensor displayed a gauge factor of ~180 with a fast
response time of ~30 ms. It is important to note that the number
of coating layers is inversely proportional to the flexibility of the
thin film. The increase in deposited 2D layers on the substrate
reduced the flexibility of the sensor with the possibility of
inducing cracks in the sensing film at high bending conditions.
Therefore, a balanced approach is required to maintain the high
sensitivity and flexibility of the device.

Dip coating ensured high electrical conductivity of films
over a large specific area, large scale production and a low-cost
fabrication process. However, this method has possible draw-
backs such as requirement of a large volume of coating solution
and high dependence on substrate adsorption and surface
properties, and offers no flexibility in patterning.

3.2 Screen printing

Screen printing is a highly popular and versatile printing
technique adopted by various industries like clothing, polymer,
graphics, printed electronics, etc. Here, a permeable membrane
is used to transfer the coating material (ink) onto the substrate
with the help of a blade or a squeegee. Specific patterns are
produced on the permeable membrane using a stencil that
blocks inks from seeping through.

Yu et al. reported screen printing of nitrogen-doped MXene
inks for energy storage applications.®® The ink consisted of
crumpled MXene-N nanosheets synthesized via the MF tem-
plating method. In the reported work, melamine-formaldehyde
(MF) was added to the aqueous dispersion of MXene, which
spontaneously wrapped MXene around the template to produce
a crumpled structure. This procedure also doped MXene with
nitrogen, thereby increasing the electrochemical activity of
the resulting material through surface modification. The ink
was stabilized by mixing super P, LA123 binder and DI water.
The MXene slurry displayed shear thinning behavior where the
viscosity of the fluid decreased with increasing shear rates.
This property is essential to maintain a continuous flow of
ink for the screening printing process. In a typical procedure,
the screen printing mesh with the interdigitated pattern was
obtained by the photochemigraphy method. The MXene-N
slurry was dropped on top of the mesh and spread across using
a squeegee that moved at a velocity of 2 m s~ *. The ink was
transferred from the mask to the substrate forming an inter-
digital pattern, and then it was air-dried to get the final
conducting structure (Fig. 2B). The films printed via this
technique displayed superior flexibility as shown in Fig. 2C.

The screen-printing method can be successfully adopted to
print MXene on various substrates such as PET, PI, paper,
rubber, Al foil, copper foil, glass, and stainless-steel. This is a
widely popular and cost-effective procedure that can be easily
adapted to fabricate wearable devices for sensing applications.

3.3 Blade coating

Blade coating is an industrially adopted coating and printing
process where the desired coating material is poured on the
substrate. The excess material is removed using a blade to
produce a uniform layer of coating on the substrate. The blade
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moves along the length of the substrate at a specific height
which determines the thickness of the coating layer. The ink is
then annealed at a particular temperature. A similar strategy
was employed by Zhang et al. to obtain free-standing films of
Ti;C,-MXene.®' The blade coating method was used to print
additive-free MXene inks on a Celgard membrane (Fig. 3A),
dried at 200 °C, and peeled off to produce free-standing films
with highly stacked layers of MXene. However, the superior
mechanical properties of single-layer MXene are usually not
transferred to the macroscale due to the limitations in solution
processing that result in smaller flake size and poor flake
alignment. The group has discovered that increased lateral size
of individual MXene flakes can produce highly aligned films
when printed at the macroscale, thereby boosting their mechan-
ical and electrical properties (Fig. 3C and D). Flakes of high
lateral size can be achieved through certain modifications in the
MXene synthesis process. Following the MILD technique, an
average flake size of 10 & 2 pm was reported by Zhang et al.®*
These flakes with large lateral size were carefully aligned into
thin films of desired thickness via blade coating. The precise
control over flake alignment played a vital role in determining
the conductivity and strength of MXene films. Blade coating
produced uniform films of 924 nm thick MXene, several meters
in length with the highest tensile strength (568 + 24 MPa) and
Young’s modulus (20.6 + 3.1 GPa) reported for pristine MXene.
The 214 nm film obtained via blade coating exhibited the
highest electrical conductivity of 15100 S cm ™.

Another common technique to obtain free-standing films of
MXene is via vacuum filtration.®> However, the simplicity of the
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vacuum filtration method is overshadowed by the limitations to
produce films of large lateral size, which mainly depends on the
size of the filtration setup. Also, the alignment of MXene flakes
in the vacuum filtration method is poor when compared to the
blade coating method, as shown in Fig. 3B. Thus, the blade
coating method produced dense packing of MXene flakes
whose tensile strength was reportedly 30 times higher than
that of vacuum filtered films. In addition to high tensile
strength and conductivity, blade coated MXene films also
displayed excellent flexibility. Fig. 3E shows the free-standing
MXene film bent at different angles. The films were tested for
stability under repeated bending conditions of 180° angle for
5000 cycles. The electrical resistance of blade coated films
increased to a minimal value of ~0.4% after the cycling test
indicating superior mechanical stability for bending (Fig. 3F).
Therefore, it is anticipated that the large area free-standing
films produced by the blade coating method have high strength
and superior conductivity and can be used to fabricate flexible
MXene sensors for wearable applications.

3.4 Stamping

Stamping is a process wherein a specific image or pattern is carved,
engraved, or molded on a material, usually rubber. The mold is
then coated with ink and pressed against a substrate or medium
such that the desired pattern gets imprinted on the substrate. The
stamping technique is widely used in the textile industry to imprint
colored patterns on clothes. The method is effective in transferring
ink patterns on a variety of substrates, including fabrics, paper,
wood, plastic, and metals.** The stamping technique successfully
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Fig. 3 Blade coating to produce free-standing MXene films: (A) illustration of the blade coating process where a blade moving on a substrate at a specific
speed produced MXene film with highly aligned flakes. (B) Comparison of flake orientation in blade coated and vacuum filtered films. (C) The stress—strain
graph indicates that blade coated films display much higher Young's modulus compared to vacuum filtered films. (D) The electrical conductivity of blade
coated MXene films is compared with that of films obtained from other fabrication methods. The graph suggests that blade coated films exhibit superior
conductivity, and it can be increased further by annealing at 200 °C for 6 hours. (E) A bending test of the free-standing MXene film done at specific angles
confirms excellent flexibility. (F) Electrical stability of different MXene films bent at 180° for 5000 cycles. (G) 180° bending of the blade coated MXene film
formed a radius of curvature of 62.5 pm as seen in the SEM image. Reprinted with permission from ref. 61. Copyright John Wiley and Sons 2020.
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Fig. 4 Stamping, inkjet, and 3D printing of MXene: (A) stamping molds of different shapes were 3D printed specific to the given application. (B) TizC,T, and
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Attribution 4.0 license.”® Copyright Springer Nature 2019. (F) Schematic illustration of the process involved in the 3D printing of MXene devices. It starts with
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printing of MXene ink layer by layer in the required design. (1) Freeze drying at a specific temperature and pressure forms free-standing structures of MXene.
3D printed structures are used to construct energy storage devices. Reprinted with permission from ref. 71. Copyright John Wiley and Sons 2019.
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yielded better results in fabricating various devices using graphene
inks.®* Unsurprisingly, rheological studies have shown that MXene
inks can be tuned suitably for stamping. Zhang et al. have reported
the fabrication of micro-supercapacitors by stamping MXene inks
on a flexible substrate (Fig. 4A-D).*® Different patterns were formed
via 3D printing the desired stamp molds depending on the
requirement. MXene ink was brushed on the mold and stamped
on a flexible PET substrate. The stamped Ti;C,T, inks in the form
of interdigitated micro-supercapacitors exhibited a high areal
capacitance of 61 mF cm 2. The 3D printed stamps with inter-
digitated electrodes achieved a spatial resolution of ~300 pm.
For high concentration inks, the thickness of stamped MXene
layers can be tuned by controlling the amount of ink brushed onto
the 3D printed mold. The lowest thickness of ~100 nm was
achieved by diluting the ink up to ten times and stamping it on
an Al substrate. Stamping being a kind of transfer process, a certain
value of film thickness is essential to form a uniform conducting
layer depending on the substrate. Making ultrathin films is a
limitation of this method. Additionally, the work also reported
scaling up of the stamping process via fabrication of cylindrical
stamps that can be cold rolled on a substrate to produce multiple
patterns in minutes. Therefore, this process can be effectively used
to fabricate wearable sensors on cloth or other flexible substrates
suitable for body mountable sensing applications.

3.5 Spray coating

In this method, the coating solution is compressed and
dispensed in the form of aerosols. When a pressurized liquid
stored inside a container is released, it evaporates quickly
outside the can, converting into mist by forming tiny droplets.
The stream of dispersion is directional and can be controlled
using a rotating nozzle. Uniformity of deposition can be
achieved by changing the distance between the nozzle and
the substrate and by tuning the spray pressure. Cai et al.
demonstrated the fabrication of MXene/CNT nanostructures
on an elastic (latex) substrate by the spray coating technique for
strain sensor applications.®® This layer-by-layer coating process
involves spraying the MXene and CNT solutions on the latex
substrate, followed by drying using a nitrogen gun. Individual
layers of MXene and CNT were deposited one on top of the
other alternatively multiple times until a continuous film of
desired electrical conductivity and thickness is formed. Even
though this method is cost-effective and scalable, the technique
is not clean, and causes wastage of the coating material.
Spray coating is also a time-consuming process, laborious
and not suited for applications demanding very high patterning
resolution.

3.6 Inkjet printing

With the advent of flexible electronics, inkjet printing evolved
itself into a potential candidate for printing functionalized inks
on a wide range of substrates such as plastic, cloth, paper, etc.®
This low cost and scalable technique is suitable for fabricating
strain gauges, transistors, LEDs, and photovoltaic devices.®”*®
Inkjet printing was widely used in graphene research to develop
flexible electronics by dispersing graphene and its derivatives
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in adequate solvents.’® In inkjet printing, the droplets of ink
are propelled onto a substrate (provided with good surface
adhesion) using a nozzle. The amount of ink dispersion and
direction of flow can be controlled via a programmed mechanism.
The functional inks must have key properties such as good
dispersion in the solvent, low viscosity, ability to form droplets,
good jetting capability without clogging the printer nozzle, and
low surface tension for substrate wetting.

The inverse Ohnesorge number Z predicts the formation of
stable ink droplets suitable for inkjet printing and is given by
the expression

Z = \/ypD/n

where Z depends on surface tension (y), density (p), viscosity (17),
and nozzle diameter (D).”® After ink propulsion, wetting of the
substrate, uniform deposition, and drying of ink are crucialfor
getting uniform films of desired conductivity. Zhang et al
introduced additive-free direct printing of MXene for energy
storage applications.”® The group demonstrated extrusion and
inkjet printing of MXene inks prepared in both aqueous and
organic solvents without any additives and surfactants (Fig. 4E).
Furthermore, stable inks of MXene were formed using N-methyl-
2-pyrrolidone (NMP) and ethanol as solvents for inkjet printing
and an AlO, coated polyethylene terephthalate (PET) substrate
was used since the coating improved the wettability of the
substrate for organic inks. Inkjet-printed MXene nanosheets
were found to be well preserved even after 6 months. Resolution
of printed patterns depends on the solvent and the type of
substrate opted for fabrication. NMP ink on a PI substrate
displayed better resolution for printing interdigitated electrodes
(line width ~80 pm, gap ~50 pm, spacial uniformity ~3.3%)
contrary to ethanol-based inks (line width ~ 580 pm, gap ~130 pm,
spacial uniformity ~6.4%). On the other hand, substrates like
glass and Kapton produced non-uniform films with NMP inks.
Overall, the technique is highly flexible, fast, limits the wastage
of materials, and provides good patterning resolution during
printing.

3.7 3D printing

Additive manufacturing is a scalable alternative towards large-
scale production of devices for industrial applications.”” 3D
printing is a process of rendering 3D structures of different
shapes and sizes through sequential layer stacking of materials
controlled via a computer. This method of fabrication is superior
to previously discussed processes owing to its advantages that
include greater design freedom, flexibility in design, design
complexity, and optimized material usage. The versatility of
3D printing extends to the use of various materials such as
polymers, ceramics, and metals.”*”* Interestingly, studies have
shown that 2D materials like graphene oxide and MXenes having
a high aspect ratio and surface charges can be tuned with respect
to their rheological properties and utilized as inks for extrusion
printing.>®”> Yang et al have reported 3D printing of
free-standing architectures of MXene for the first time towards
energy storage applications (Fig. 4F-1). Initially, the as-prepared
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MXene ink was analyzed for its rheological properties to under-
stand its competence in 3D printing.”* Optimizing the viscous
and viscoelastic properties of ink is essential for it to flow easily
through printer nozzles and retain the shape after extrusion.
Earlier studies have observed a shear-thinning behavior in
solutions of 2D materials’®”” for which the viscosity recovery
of shear-thinning MXene inks over time benefits the extrusion
process. Viscoelastic fingerprints of MXene ink at 50 mg mL "
exhibited an elastic modulus of 36507 and a yield stress of
206 Pa, which are ideal for printing applications.”®”® Once the
ink was optimized, the group had successfully extruded various
3D structures using additive-free Ti;C,X, as shown in Fig. 41. The
extruded 3D structure was freeze-dried to protect the free-
standing Ti;C,T, architecture. Ultimately, this method can be
effectively utilized to fabricate wearable sensors of diverse sizes and
shapes and can be employed for health monitoring applications.

4. Characteristics of MXene based
wearable sensors

A wearable system in general consists of three components: (1)
sensing electrodes, (2) data analysis unit, and (3) display unit.
Limiting our discussion to the sensing and data collection units
of soft bioelectronic wearable sensors, different possibilities are
explored in detail. Although skin is termed as an information
barrier for chemical changes happening inside, it is a gold mine
of data to study muscle movements, sweat, and temperature
combined with the functionalities of internal organs reflected
onto the skin such as pulse, ECG, EMG, etc. It is essential for a
wearable sensor to be flexible and robust, and have good
adhesion to the human body. As we know, traditional sensors
are bulky, heavy, and rigid, and hinder the movement of the test
subject.®® The advent of flexible electronics brought about
sensors that are flexible, lightweight and skin conformal.®'
Moreover, wearable sensors are generally worn on the body
for a prolonged period for continuous monitoring of vital para-
meters. These sensors are designed to provide a comfortable
user experience while provoking no adverse effect on the body.
Hence, wearable sensors must follow a few design criteria in
order to display high sensitivity, durability, miniaturization, and
robust build along with user comfort. The sensors fabricated
using high-quality soft nanomaterials, particularly TizC,T,-
MXene, are known to improve their functionality and perfor-
mance. Additionally, device packaging plays a crucial role in
determining the flexibility, robustness, biocompatibility, and
sensor adhesion to the human body. Electrical contacts are
another parameter critical for wearable sensors to record
accurate measurements of health signals. These criteria are
elaborated in the following section.

4.1 Sensitivity

Selection of the MXene synthesis procedure, sensor architecture,
and sensing mechanism plays a crucial role in achieving high
sensitivity towards wearable measurements. MXene’s flake size,
electrical conductivity, and rheology influence sensitivity depending
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on the fabrication method adopted, as detailed in the previous
section. The choice of a suitable substrate, the thickness of the
sensing film, and the flexibility of the film determine the sensor
response to external stimuli governed by the adopted sensing
mechanism. Fabrication of the MXene sensing layer in the form
of a free-standing structure, 2D coating, conductive polymer
composite, or 3D assembly offers versatility in sensor design
and high sensitivity specific to the given application.

Kedambaimoole et al. demonstrated the Ti;C,T,~MXene
resistor as a highly sensitive strain sensor in the form of an
ultrathin skin mountable temporary tattoo (~ 20 pum thickness).®?
The free-standing film of Ti;C,T,-MXene (~2 pm thickness)
achieved via the vacuum filtration method facilitated ultrathin
sensor fabrication. Its high strain sensitivity with a gauge factor of
about ~7400 has been attributed to the development of nano-
cracks and their propagation through the film due to applied
strain. Gao et al. devised a piezoresistive sensor that measures the
smallest changes in pressure by confining the MXene in
microchannels.®* The finger-like microstructure in the channel
and the accordion-like architecture of MXene form a synergetic
effect resulting in a highly sensitive sensor (99.5 kPa™') with a
limit of detection of 9 Pa and a fast response of time of 4 ms.
This body-mountable sensor demonstrated multi-functional
characteristics, capable of sensing sound, micromotions, and
acceleration in a single device.

4.2 Flexibility

Flexibility is an essential factor for wearable electronics since it
is part of ergonomics. 2D materials in general possess inherent
flexibility and hence are suitable for fabricating wearable
sensors aimed at mounting on the curvilinear shape of the
human body. Although MXene nanosheets are fragile when
compared to other 2D materials like graphene,®* with suitable
packaging, they can be used as a flexible sensor for wearable
applications.®> The advantage of nano and 2D functional
materials is that, though the lateral size of individual flakes
is small, they can be uniformly coated on a flexible substrate
and used as flexible sensors.?® A similar strategy was adopted to
fabricate different flexible devices using MXene.®>®” These
flakes, when deposited with sufficient thickness, form conducting
films on flexible substrates. The act of bending or stretching
induces strain in the MXene layers, forcing them to slide one on
top of the other or develop cracks.®® The change in the conductive
pathways within the film due to bending can be measured as a
function of induced strain, which is a prominent physiological
signal to explore for health monitoring applications.

MXene’s ability to form a free-standing film is explained in
the earlier section (Section 2.3). The free-standing films fabricated
using the blade coating method displayed high flexibility.**
Metallic conductivity coupled with hydrophilicity enables MXenes
to behave as filler materials for polymer composites. Ling et al.
reported that MXene nanocomposites combined with polydiallyl-
dimethylammonium chloride (PDDA) and polyvinyl alcohol (PVA)
polymers offer commendable tensile strength for energy storage
applications.®® These free-standing polymer nanocomposites can
be easily adopted in developing wearable biosensors. A recent
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study has shown that Ti;C,T,-MXene/CNT films obtained via LBL
(layer by layer) assembly where the long hairy CNTs knitted the
Ti;C,T, loose sheets into textile possess an enhanced and
more ordered connection that improved the structure along with
orderliness of layers and electronic pathways. As a result, this
structure endowed MXene/CNT films with high polymeric
elasticity favorable for stretchable sensing applications. The
Ti;C,T,—polyvinyl alcohol (PVA) composite on the other hand
exhibited superior flexibility, large tensile strength and compres-
sive strength when compared to isolated TizC,T, films.

4.3 Signal to noise ratio

Sensors in general are recommended to have a high signal-to-
noise (SNR) ratio for accurate measurements. Wearable bio-
monitors continuously detect vital body parameters and they
need to eliminate the influence of external noise generated
from the body and surroundings for better health analysis. The
human body is a complex and dynamic system under constant
motion and is home to various mechanisms. Isolating a
particular signal from the bunch of input stimuli is a requisite
for any wearable sensing system. For example, sensors tracking
artery pulse must suppress the response generated from muscle
movements, sweat, and temperature fluctuations. Hence, a
wearable sensing system must possess solid electrical contacts,
a suitable skin mounting mechanism, and robust packaging to
eliminate noise and improve SNR.

4.3.1 Electrical contacts. Electrical contact to a sensor
enables the user to carry out various electrical measurements
and record the device’s response to a given stimulus. Wearable
devices that are flexible and very thin demand flexible contacts
to measure electrical response without causing any fluctuation
in contact resistance. The metallic property of Ti;C,T,~MXene
aids the formation of ohmic contact with standard metal elec-
trodes like gold, silver, and platinum which are predominantly
used in the fabrication of piezoresistive strain sensors.
Interdigital electrodes of gold sputtered on a substrate are
commonly used for electrical measurements of MXene wearable
devices.”” To carry our accurate measurements, the contact
resistance of the sensor also needs to be taken into account. In
general, the electrical resistance of a thin-film sensor is given by

Riotal = Rcontacts + Rfilm

In piezoresistive strain sensors, the change in Reontacts adds up
to the device sensitivity as explained by Li et al.®” The work
demonstrated pressure sensing using Ti;C,-MXene coated
textile via the dip-coating method. Here, the MXene deposited
textile was connected to the interdigitated electrode and
pressure was applied. Under the influence of external pressure,
the contact area between the sensing MXene film and the
electrode varied. The change in the contact area altered the
value of R.ontacts thus changing the total device resistance which
was proportional to applied pressure. Moreover, electrical
contact for thicker MXene films can be drawn with metal wires
attached using silver paste, conductive ink or slurry. Fabrication
methods like 3D printing and stamping produce thick MXene
films that require robust electrical attachments.*®”* Silver paste
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may serve the purpose. Care must be taken while using silver
contacts for flexible devices as dried silver paste solidifies and
develops cracks that can hamper electrical measurements.

4.3.2 Sensor interface with the body. Wearable sensors are
predominantly placed on the skin. It is known that the skin is the
largest organ of the body which protects against pathogens,
controls water loss, and regulates body temperature. The multi-
functional epidermis consists of sweat pores and hair and is
rough. The curvilinear shape of the skin along with its roughness
dictates the need for soft, flexible, and conformal sensors. These
sensors along with their packaging should be very thin to transfer
maximum strain from the skin to attain high sensitivity.
Epidermal electronics is a fully integrated system that is soft,
flexible, and designed to match the physical properties of the
human skin. When sensors are designed with skin-matching
thickness, elastic moduli, and bending rigidity,””*® they seamlessly
integrate onto the skin via the action of van der Waals forces
alone, without the need of any adhesive layer.”® Different polymers
and hydrogels have been tried out as the packaging material to
obtain better conformity and adhesion to skin.”’ Among these,
soft materials such as the silicone elastomer Ecoflex have been
popularly used as they display an Young’s modulus (125 kPa)
closely matching that of the human skin and allow a conformal
skin interface.* It is recommended that the thickness of the sensor
should be of the order of skin roughness to be skin conformal. The
effect of device thickness is studied by changing the thickness of all
layers proportionally.”> Though many designs for wearable MXene
sensors are reported, it is essential for them to be skin conformal
to have better sensitivity, lightweight, and provide utmost user
comfort. The surface morphology of skin is a crucial parameter to
be studied for the design of skin conformal sensors. The skin
surface can be represented by a sinusoidal waveform with skin
roughness amplification Zouen and the wavelength /rouen is given
by the expression

21
V(X)) = hrouen {1 + cos(1 id )} /2
Arough

These mechanical concepts are crucial for successfully building
high-performance sensors that laminate skin. Various fabrication
methodologies explained in earlier sections have demonstrated the
ability to form ultra-thin MXene films with promising electrical and
mechanical properties. Sensors designed using thin MXene sheets
have a significant advantage in epidermal sensing applications.

4.4 Stability and durability

Ultrathin MXene films are fragile and are vulnerable to damage
without mechanical support as wearable applications involve
constant movement of body parts. Thus, proper packaging is
mandatory for skin attachable devices. Additionally, MXene films
are sensitive to humidity and temperature fluctuations.”*** To
facilitate minimum possible oxidation, the standalone MXene
films require robust packaging, containing barrier properties
against oxygen, water vapor, dust, and other environmental
fluctuations. In addition to the above-mentioned barrier proper-
ties, the packaging material should be soft and non-allergic to the
skin. Wearable sensors demand ultra-thin packaging that is
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ideally inexpensive, biocompatible, and biodegradable without
hampering device sensitivity or flexibility. In recent work, a
flexible PLA film was used to sandwich MXene coated tissue
paper and was demonstrated as a wearable pressure sensor. The
group reported that the sensor was environmentally friendly and
biodegradable; when immersed in water, the sensor entirely
degraded within two weeks.*® Similarly, a thermoplastic polymer
was used for packaging the MXene coated sponge deposited on a
PI substrate. The packaging also ensured effective contact
between the MXene sponge and the interdigitated electrodes
deposited on the PI substrate.”” However, further improvement
in packaging structure and design is necessary to adapt trans-
duction of new parameters such as respiration and biomarkers.
One of the drawbacks of existing sensor packaging methodolo-
gies is the inability to integrate signal conditioning electronics
with the sensing electrode as a complete system under a single
package. Although significant improvements have been reported
in the domain of sensor packaging over the recent years, further
efforts are necessary to build wearable health monitoring sys-
tems with stable measurements and high SNR.

5. Sensing mechanism and
applications of MXene wearables

The human body continuously undergoes several physical and
chemical mechanisms to keep the body alive and functioning.
These mechanisms involving the functioning of different
organs generate various signals and actuations that can be
sensed non-invasively to determine the person’s health. Body-
to-signal transduction in wearable sensors occurs via different
mechanisms and it plays a significant role in fabricating highly
sensitive health monitoring devices. The wearable sensing
systems can be classified into physical and chemical sensors
based on the body parameter under observation.

5.1 Physical sensors

Common physiological signals that are of interest include
artery pulse pressure, body temperature, and strain induced
from muscle movements. The bulk of MXene sensors reported
to date are aimed at responding to the mechanical deformation
caused by pressure and strain. Here are the major physical
sensing mechanisms reported for MXene wearables.

5.1.1 Sensing mechanism

Piezoresistive based sensing. The majority of MXene strain/pres-
sure sensors work on the principle of piezoresistivity. Any mechan-
ical deformation of the conductive material induces a change in its
electrical resistance known as a piezoresistive effect. When a
conductive film is subjected to elongation or compression due to
applied force, its resistance R changes according to the equation

_prL

R
A

where p is the resistivity, L is the length, and 4 is the cross-sectional
area of the conductor. Owing to the high sensitivity and simple
design of piezoresistive sensors, the piezoresistive effect has been
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popularly adopted for wearable physiological sensing applications.
High sensitivity is an important characteristic of wearable
strain sensors which improves the signal-to-noise ratio during the
detection of dynamic strain. Strain sensitivity is typically quantified
with the gauge factor (GF) given by

AR
TR, Xe

GF

where AR is the change in resistance, R, is the unstrained
resistance, and ¢ is the strain. Along with high sensitivity, wearable
resistive strain sensors must exhibit high flexibility to be mechanically
reliable when mounted on the body, allowing for long-term use.
Additionally, mechanical deformation under the application of
strain can be of different types. The following are three main
structural changes observed in MXene based strain sensors.

(i) Change in the interlayer distance. In general, allotropes
of carbon, ie., carbon nanotubes (CNTs) and graphene, and
their composites are widely used materials for wearable strain
sensing applications since they exhibit no extensive plastic
deformation when subjected to repeated strain. Since these
materials possess high effective modulus (~1 TPa), the inner
atomic structure hardly undergoes structural deformation to
contribute to the sensitivity. These shortcomings have motivated
the use of MXenes which have relatively large interlayer
distances (3-12 nm) and hence permit easy interlayer atomic
movement.”® Fig. 5a shows the in situ TEM images demonstrating
the reduction in the interlayer distance of MXene layers during
compression. The change in the interlayer distance with respect
to applied pressure leads to high sensitivity to subtle human
physical activities. Further, Fig. 5a illustrates the interlayer
movement mechanism of the MXene film under the influence
of external pressure. The total resistance Ry of the sensor can be
calculated from the equation

RT:R1+RC

where R; is MXene’s part resistivity corresponding to the
interlayers with an initial smaller distance, being a nearly
unchanged resistivity under pressure, and Rc corresponds to
interlayer resistance with varying layer distance as represented
in Fig. 5a. The interlayer movement mechanism produced a
high gauge factor (GF ~ 180.1) and fast response (<30 ms)
under various pressure conditions. The MXene-based process
also exhibited good recovery performance with high repeatability
(over 4000 cycles) without mechanical degradation.

(it) Conductive network in the polymer matrix. MXene
nanosheets dispersed in a polymer matrix such as PVA-based
hydrogels exhibit a different kind of response to applied strain.
Here, the strain sensitivity depends on the formation of new
conductive pathways under the influence of external force.*®
Fig. 5b illustrates the network structure of the MXene
nanosheets embedded within a polymer matrix. Upon application
of force, as shown in Fig. 5b, the MXene composite material
undergoes compressive deformation, reducing the gap between
MXene sheets and creates new conductive pathways for the flow of
electrons, and as a result, the resistance of the composite
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Strain
d Hydrogel a

MXene/PVA hydrogel

Fig. 5 Various sensing modalities for the MXene based wearable strain sensor. (a) The working mechanism of the MXene strain sensor with varying interlayer
distance. External pressure decreases the wider gap between MXene layers (D) while the narrow interatomic distance D,, undergoes a smaller compression.
This compression of MXene sheets results in a change in the resistance of the device as represented in the figure. Adapted under the terms of the CC-BY
Creative Commons Attribution 4.0 license.>® Copyright Springer Nature 2017. (b) Randomly oriented MXene nanosheets in a polymer matrix form new
conductive pathways upon application of force. The sensor experiences a relative change in sensor resistance with respect to the magnitude of force applied.
(c) SEM images of the freestanding MXene film illustrating the crack propagation mechanism under the influence of lateral strain. As the strain value increases,
the gap between the crack edges widens, thereby increasing the sensor resistance significantly. Reprinted with permission from ref. 82. Copyright American
Chemical Society 2020. (d) MXene-PVA hydrogel for the fabrication of stretchable capacitor electrodes. A dielectric layer sandwiched between MXene
electrodes acts as a capacitor whose capacitance changes with the applied strain. Reprinted with permission from ref. 95. Copyright John Wiley and Sons 2019.

decreases. When the force is released, due to the elastic nature of
the polymer in the composite, the spacing between MXene
nanosheets expands and consequently increases the resistance.
Similarly, the MXene layer deposited on porous substrates with
high elasticity and internal surface area such as sponge, paper,
etc., also exhibits a similar strain sensing mechanism.””*® The 3D
synergetic structure of the substrate material experiences
structural deformation upon application of force. This changes
the contact resistance between MXene conductive nanosheets
resulting in a change in device resistance.

(iii) Generation and propagation of nanocracks. A new type
of working mechanism was observed in MXene based wearable
sensors where several nanocracks were developed on the surface
of the sensing layer, and their width was varied to achieve a
tunable resistance change upon application of tensile strain.®?
The stress developed at the MXene-polymer (PDMS) interface
resulted in the generation of nanocracks and their density and
spacing were controlled by stretching them in a particular
direction. Fig. 5¢ shows the SEM images of freestanding MXene
films where the nanocrack can be visualized under different
strain conditions. Upon application of strain, the gap between
the crack edges increases and causes a hike in device resistance.
When the strain is released, the gap reduces, and the crack edges
come in contact with each other to decrease the resistance. The
difference in the elastic moduli of the MXene film and polymer
substrate influenced this sensing mechanism to achieve very
high strain sensitivity (GF ~ 7400).
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Capacitive based sensing. Apart from the piezoresistive effect,
the capacitance-based approach was also demonstrated for
wearable strain sensing applications.’°® Conductive MXene
sheets were used to fabricate electrodes for capacitors whose
capacitance was changed with the application of strain.
As elasticity is an important form factor for the fabrication of
wearable electronics, MXene-polymer composite (PVA hydrogel)
electrodes were developed with high stretchability and self-
healing abilities. The MXene-PVA hydrogel prepared to fabricate
stretchable capacitor electrodes is shown in Fig. 5d. The MXene
based electrodes with a dielectric layer sandwiched between
them form a simple capacitor structure, as shown in Fig. 5d.
Capacitance C of a standard capacitor is given by the equation

_ed

C
d

where ¢ is the dielectric constant of the material, A is the area of
the electrodes and d is the distance between the electrodes. Under
the influence of strain, the dimensions of stretchable MXene
electrodes and the distance between them vary, leading to a
change in the capacitance of the sensor. This mechanism while
also being highly repeatable was used for E-skin applications for
physiological monitoring.

5.1.2 Applications of physical sensors

Pulse monitoring. Arterial palpation due to opening and
closing of the aortic valve is known as pulse and the arterial
pulse is the most fundamental sign of clinical life. A trained
fingertip can feel artery pulse on different locations of the

© 2022 The Author(s). Published by the Royal Society of Chemistry
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human body like wrist, neck, groin, knee, etc. The measure of
artery pulse per minute determines the heart rate. A pulse wave
consists of two major components: a forward-moving wave
caused by the contraction of the heart, known as the systolic
component, and a reflected wave originated by relaxation of the
heart, also known as the diastolic component. A typical pulse
waveform consists of percussion, tidal waves occurring during
systole and the dicrotic peak arising during diastole, as shown
in Fig. 6A. These waves provide valuable information regarding
the heart and its functionalities. Analysis of different pulse
components provides the details regarding a person’s age,
activity mode, and heart-related diseases.”” Currently, several
types of sensors are used to acquire the pulse signal that works
on a different working mechanism such as piezoresistive
sensors, piezoelectric sensors, capacitive sensors and infrared
8987101 MXene based strain sensors that work on the
principle of piezoresistivity were employed to detect artery
pulse with high sensitivity and precision. Various fabrication
methods were adopted to make pulse detectors using MXene.
Fig. 6B demonstrates the response of the MXene tattoo sensor
to variation in strain caused due to artery pulse.®” The ultrathin
sensor fabricated via laser patterning of the free-standing
MXene film was highly skin conformal, resulting in high
sensitivity to artery pulse. Zhang et al. demonstrated pulse

SEnsors.
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sensing using MXene and polymer composite-based strain
sensors.'® In this work, a composite hydrogel was prepared
by mixing MXene with crystal clay which consists of PVA, water,
and dehydrating additives. The M-Hydrogel, as they call it,
exhibited excellent stretchability, self-healing ability, and good
adhesion to human skin. The presence of abundant functional
groups in conductive filler MXene formed a polymer-clay
network structure with dense polymer chains which resulted
in good elastic properties and stretchability. Besides, the large
number of functional groups also increased hydrogen bonding
in the composite structure thereby contributing to self-healing
and adhesion properties. The M-hydrogel was mounted on the
wrist to measure radial artery pulse. The pulse waves exerted
strain onto the hydrogel which caused an increase/decrease in
the contact area of MXene sheets, thereby changing their
electrical resistance. Parallelly, an MXene/RGO aerogel was
fabricated using a freeze-drying method as a piezoresistive
strain sensor and its ability to sense artery pulse was
studied.'® This fast response and highly sensitive sensor was
effective in recording human pulse and precisely distinguish-
ing percussion wave and diastolic waves. The sensor was also
successful in monitoring jugular venous pulse when it was
placed on the neck. Another work related to a MXene based
pulse sensor was reported by Shi et al. where a sensor fabricated

____________________ >Percussion wave
A B
---------------- >Tidal wave
————————— > Dicrotic wave X
3
14
<
: t (6 88 89 90 91 92 93 94 95
4 5
t Time (sec)
C Wrist pulse under different motion
‘ 20
_ 5 C15 D
Wrist pulse i (g —_1:: & {Percussion
| nnjn: | = i
uﬁg_’_”_... [ & | | Tidal ;
‘ __0 = / Diastolic
Unde}Wa/k,;, PR R R O WPRUOEY Pyl / 5
: 9 4L ;
\ y 1]“““']“““‘1"" £75 bpm : 05s |
; =i e =i TTTTT T T onesingle beat

0 4 12
Time (s)

16 20 ey e y

Fig. 6 Artery pulse sensing using MXene: (A) illustration of the typical artery pulse waveform consisting of percussion, tidal waves occurring during
systole and the dicrotic peak arising during the diastole phase of the cardiac cycle. Reprinted with permission from ref. 97. Copyright American Chemical
Society 2017. (B) The response of the MXene tattoo sensor for strain variations due to artery pulse. Reprinted with permission from ref. 82. Copyright
American Chemical Society 2020. (C) TizC,T,—Ag NW-PDA/Ni%* strain sensor detecting the heart rate of a female subject walking at two different paces.
Reprinted with permission from ref. 104. Copyright American Chemical Society 2018.
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via the brick-and-mortar architecture was used for recording
human artery pulse. The sensing element consisted of Ti;C,-Ag
NW-PDA/Ni" gel-like inks screen printed on a polyurethane
substrate and the sensor exhibited a high gauge factor for
pressure measurements.'® This ultra-thin and stretchable
sensor was carefully mounted on the wrist and a single heart-
beat was analyzed where the sensor recorded diastolic, tidal, and
percussion components of pulse accurately (Fig. 6C). The wearable
sensors fabricated using MXene were highly sensitive and repea-
table. However, for continuous monitoring, incorporating one-
time use sensors with environmentally friendly packaging material
is extremely important. In this context, an MXene based biode-
gradable wearable sensor is reported to be stable for up to 2
weeks.”® Robust substrates with firm packaging were used for the
fabrication of sensors that are meant for longterm use.*®”
Accordingly, high sensitivity and a wide range of strain sensing
enable them to utilize a single sensor for multiple applications.***°

Human activity monitoring. Electromyography (EMG) traces
the electrical activities of muscles and records human muscle
movements, which are essential for various biomedical appli-
cations. It also plays a vital role in athletic and prosthetic
applications which could consequently pave the way for
human-machine interfacing in the field of robotics. Moreover,
accurate measurement of various muscle movements is possible
using body mountable strain sensors. The discovery of CNT and
graphene has revolutionized the flexible and wearable sensing
domain as they display exceptional physical and electrical
properties. The high electrical conductivity and flexibility of
these materials aided the fabrication of complex structures on
flexible substrates. The 1D CNTs form a highly interconnected
network structure creating multiple conducting pathways for the
flow of electrons. Upon application of strain, the network
structure deforms, changing the resistance of the sensing layer
proportional to induced strain.'®® This mechanism also provides
high sensitivity compared to thin-film metal strain gauges. The
orientation of CNT correspondingly plays a role in determining
sensitivity and the operating range of the sensor.'® A similar
mechanism was introduced into making graphene-based flexible
strain sensors. Conductive 2D layers of graphene slide over each
other when subjected to strain. The change in the overlapping
area modified the conducting pathways thereby varying the
sensor resistance.'” The flexible graphene monolayers
provided better mechanical strength to the sensing layer thereby
increasing the strain sensing capacity at higher strain values.
The advantages of CNT and graphene were combined by
fabricating graphene-CNT composite sensors to achieve higher
sensitivity, a wide range, and robust design.'*®'?® Likewise, high
electrical conductivity is beneficial in utilizing the MXene as a
filler material for polymer composites to fabricate sensors with
superior flexibility. Piezoresistivity is the driving mechanism
behind the MXene sensor’s ability to respond to strain. The
sensor attached to a specific part of the body when moved comes
under the influence of strain. Such a strain mechanically
deforms the flexible MXene layer thereby changing the electron
conduction pathways. The change in the electrical resistance of
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the sensor is proportional to the applied strain. Human activity
monitoring involves a wide range of measurements such as
facial expression sensing, voice recognition, gesture sensing,
movements of the arm and leg, and tracking feet movements.
Facial expression and vocal cord movements fall under a lower
strain regime, whereas muscle and joint movements of hand and
legs involve recording of high strain values. Sensors need to
exhibit a wide sensing range along with high sensitivity at low
strain values for measurement of diverse body movements. A few
such applications are discuss below:

(i) Facial expressions. Movements of muscles beneath
facial skin mainly to convey emotions are known as facial
expressions. Several facial muscles work together to constitute
different facial expressions. Understanding and studying these
expressions will benefit the emerging technologies in the field of
machine learning, robotics, and human-machine interfacing.
Moreover, tracking a person’s expression also has biomedical
applications such as monitoring the recovery from paralysis,
brain injury, etc. In this context, the movement of the eyes is an
important part of the display of emotions. Fig. 7A reports the use
of MXene sensors for these applications. A MXene sensor was
attached to the corner of the eye to track the opening and closing
of eyelids such that the blinking rate could be analyzed to
determine if a person was lying.’® Furthermore, a MXene strain
sensor was used to study the movements of cheeks which
express happiness and sadness, basically being the key emo-
tional states of humans (Fig. 7B).”° A M-Hydrogel sensor
attached on the eyebrows to record expressions is detailed in
Fig. 7C."** A pressure sensor mounted on the cheek to monitor
occlusion (Fig. 7D)*® was also reported.

(it) Voice recognition. Humans produce sound using their
vocal cord to communicate and express emotions. The mechanism
of voice production involves pumping of air from the lungs,
vibration of vocal cords, and modulation and control of the voice
depending on the scenario by articulators like tongue, cheek, and
lips. The act of talking, singing, yelling, screaming, etc., necessarily
requires the production of sound. Generally, microphones are used
to record, convert, and understand the different frequencies
produced by humans to decode and comprehend the information
they carry. Interestingly, strain sensors attached to the neck can be
used to recognize the voice, following which MXene based sensors
are mounted on the neck to study different sounds (Fig. 7F).
The movement of Adam’s apple and vocal cords induces strain
in the wearable sensor causing a change in the resistance thereby
producing unique patterns for different words (Fig. 7G-1)."°*'* The
MXene sensor was used to record the act of swallowing and gulping
for medical purposes.”®>® The sensor attached to the neck also
recorded breathing variations, as shown in Fig. 7E.”

(iti) Motion and gesture sensing. Gesture sensing is an
important part of human-machine interfacing, and medical
and athletic applications involving monitoring of muscle
damage recovery, fractures, etc. Motion sensing involves a
frequent and wide range of movements of muscles and joints.
The sensor meant for such applications must be flexible and

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Analysis of facial expressions and voice patterns: (A) MXene sensor attached to the corner of the eye to track opening and closing of eyelids to
determine the blinking rate. (B) MXene strain sensor monitoring the movements of cheek muscles that express happiness and sadness, the key emotional
states of humans. Adapted under the terms of the CC-BY Creative Commons Attribution 4.0 license.>® Copyright Springer Nature 2017. (C) MXene—
Hydrogel sensor attached on the eyebrow to determine different facial expressions. Adapted under the terms of the CC-BY Creative Commons
Attribution 4.0 license. 1% Copyright American Association for the Advancement of Science 2018. (D) MXene coated tissue paper mounted on the cheek
to determine occlusion. Reprinted with permission from ref. 58. Copyright American Chemical Society 2019. (E) MXene sponge 3D hybrid sensor
attached on the neck to record the breathing patterns of the subject. Reprinted with permission from ref. 57. Copyright Elsevier 2018. (F) Schematic
illustration of the sensor adhered to Adam's apple for voice sensing. (G-I) Different sounds produced by the vocal cord exerted specific strain on the

MXene hydrogel sensor and created unique patterns in the R vs. T graph.

Adapted under the terms of the CC-BY Creative Commons Attribution 4.0

license.1%? Copyright American Association for the Advancement of Science 2018.

highly durable. The sensor packaging should effectively sup-
press noise from various other parameters such as sweat and
temperature. A wide variety of motion sensors were designed
and fabricated utilizing the outstanding characteristics of
nanomaterials like carbon nanotubes and graphene.''’''?
Flexible and wearable smart fabrics are becoming increasingly
popular in healthcare and motion monitoring because of their
potential applications in stretchable electronics. Recent work
by Kedambaimoole et al. demonstrated the fabrication of
flexible sensors wusing graphene for gesture sensing
applications."*® A highly stretchable sensor designed from dry
spun CNT on an Ecoflex substrate was used to study human
motion sensing.'®

© 2022 The Author(s). Published by the Royal Society of Chemistry

With the invention of MXene, researchers have found new
ways to develop strain and pressure sensors. These sensors
were utilized to study motion and gesture sensing. MXene
coated 3D hybrid sponge was used as a strain sensor to
determine finger movements as shown in Fig. 8A.”” The sensor
was attached to the finger joints and a change in current upon
finger bending was monitored. A MXene-hydrogel composite
sensor attached to the knuckles was capable of sensing ges-
tures, as shown in Fig. 8B."°> More complex gestures involving
full hand motions like ‘“zero,” ‘“one,” “two,” ‘“three,” “four,”
and “five” were sensed as they yielded a distinct resistance
value, and the signals were fully recoverable. As MXene based
sensors possessed high flexibility, sensitivity, and a wide range
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of strain measurement capabilities, full-range monitoring of
human activities could be widely explored. These sensors can
be used to predict the potential health status of patients;
Fig. 8C illustrates a MXene pressure sensor attached to an
arm muscle to detect radial muscle contractions which occur
through fist movements.’® They are remarkably useful for
physical training and also to cure muscle damage. Further, it
is reported that flexible MXene sensors attached to muscles and
elbow joints (orthopedic applications) and sealed with a trans-
parent tape could record bending-straightening of joints easily,
as shown in Fig. 8D. Furthermore, Fig. 8E illustrates the I vs.
T response for ankle bending which yielded accurate measure-
ments due to its credibility.>® Monitoring of knee bending
during walking to analyze body posture experiences large strain
variations and such sensors demand high stretchability and
working range. The TizC,T,-Ag NW-PDA/N>* composite sensor
fabricated via the brick-and-mortar architecture could precisely
measure motion signals under more vigorous movements
like running.’® Fig. 8F demonstrates a sensor attached to the
knee for tracking the step counts of a woman moving at
two different paces, first walking at 40 steps per minute
and then running at 80 steps per minute. Utilizing the know-
how approach of MXene based sensors and focusing on the
specific application for in-depth studies may pave the way
to address various unnoticed questions. Therefore, it is an
attractive choice to incorporate sensors onto the body for
motion sensing which can collect and process a variety of
broad-range biomonitoring data.
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5.2 Chemical sensors

5.2.1 Electrochemical sensor. There is a growing interest in
the non-invasive measurement of metabolites and electrolytes
through human body fluids (sweat, saliva, etc.).!'"'"®
Compared to physical sensors, wearable electrochemical sen-
sors have the potential to continuously measure (bio)chemical
markers such as glucose, pH, cortisol, electrolyte, etc., of
individuals that help in managing health and fitness. Electro-
chemical sensors are known to operate at low potential, and
thus consume low power, and are safe for wearable applications.
Further, ease of miniaturization, low cost, fast response time,
and versatility of integrating with wearable electronics make
them promising candidates for body mounting. In the fabrica-
tion of wearable electrochemical devices, transducer materials
play a vital role in sensor performance such as sensitivity,
selectivity, detection limit, ezc. We have discussed the electro-
chemical properties of Tiz;C,T,~MXene in Section 2.5. These
properties along with an understanding of the sensing mecha-
nism are essential for the design and fabrication of wearable
electrochemical sensors. Basically, electrochemical sensors use
electrodes to translate a chemical reaction into an electrical
signal. In addition, transducer materials are used to improve
the performance of these electrodes, as well as to immobilize
bioreceptors (enzyme, antibody, aptamer, etc.) efficiently without
hindering their activity. Therefore, transducer materials are
expected to have a high electrical conductivity that could
measure small electrical changes at the electrode-electrolyte
interface. To the best of our knowledge, there is one report to
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Fig. 8 Monitoring the movement of hands, legs, and feet. (A) MXene coated 3D hybrid sponge attached to the index finger and subjected to
periodic bending and straightening movement. The real-time current response generated a stable waveform. Reprinted with permission from ref. 57.
Copyright Elsevier 2018. (B) Attaching M-hydrogel onto the index finger reflected a 20% resistance change when the finger was bent. Under both fast
and slow bending motions, the signal was stable and also, full hand motions could be readily detected by adhering M-hydrogel to the knuckle. Adapted
under the terms of the CC-BY Creative Commons Attribution 4.0 license.’®2 Copyright American Association for the Advancement of Science 2018. (C)
MXene/tissue-paper-based pressure sensor was attached to an arm muscle with the help of medical tape and employed to detect radial muscle
contraction. Reprinted with permission from ref. 58. Copyright American Chemical Society 2019. (D and E) The sensor is directly attached to the muscle
joint and then is sealed with transparent tape thereby recording the bending release movement of the elbow and ankle. Adapted under the terms of the
CC-BY Creative Commons Attribution 4.0 license.>® Copyright Springer Nature 2017. (F) TisC;T,—Ag NW-PDA/N?* sensor can steadily detect
the bending of the knee under vigorous movements like running and walking. Reprinted with permission from ref. 104. Copyright American Chemical
Society 2018.
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date that uses a Ti;C,T,~MXene based electrochemical platform
for wearable sensor applications.49 In this work, Ti;C,T,~MXene
and Prussian blue composites were used as a highly efficient
electrochemical indicator for the detection of glucose and lactate
in sweat. One of the significant challenges in sweat-based
enzyme sensors is poor sensitivity and limited detection range
because of oxygen deficiency in sweat. To address these issues, a
solid-liquid-air interface based biosensing patch (electrode) was
designed using the CNTs/Ti;C,/PB electrode (CNTs are used to
provide mechanical support). The patch was supported by super-
hydrophobic carbon fibers (CFMs), which helped in preventing
the electrode from wetting and facilitated oxygen diffusion from
the bottom surface to the top of the biosensor patch where the
enzymes were immobilized (Fig. 9B). The interaction with the
analyte solution formed a solid-liquid-air interface and pro-
vided a constant oxygen-rich environment to the enzymes
immobilized over the electrode (CNTs/TizC,T,/PB/CFMs). This
resulted in superior sensitivity (35.3 pA mm ™" cm > for glucose
and 11.4 pA mm™ ' em™ > for lactate) and stability.

Sweat analysis. Sweat analysis is a non-invasive diagnostic
method that provides information regarding the health of a human
body. Sweat consists of vital biomarkers like glucose, lactate, urea,
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sodium, chlorine, calcium, potassium, protein, etc., along with the
primary component, water. These biomarkers can be analyzed to
study the health of a person which is essential for medical
diagnosis and athletic applications. Sweat is secreted by the sweat
glands located below the skin. Hence, sweat sensors are generally
placed directly on the skin as patches or tattoos. This requires the
sensor to be biocompatible and skin conformal to yield good
adhesion to the skin. Major challenges faced by sweat sensors
are degradation after repeated usage, long response time, reduced
shelf life, low sensitivity, and simultaneous measurement of multi-
ple biomarkers. Lei et al. demonstrated a wearable sweat sensor
using MXene for the first time to detect glucose, lactate, and pH
(Fig. 9C-E).** The three-layered electrochemical sensor shown in
Fig. 9A consists of (i) sweat uptake layer, which is adhering to the
skin and is composed of serpentine tunnels and a porous fabric for
sweat collection. When the sweat accumulates, sensors detect pH,
glucose, and lactate levels. (ii) Sensing layer - for inserting active
sensors consisting of sensor spaces and serpentine tunnels etched
onto it. (iii) Cover layer — made of soft silicon rubber that introduces
holes to allow oxygen diffusion towards the active sensor layer. This
mold helps to protect from an open environment.

Thus, the excellent conductivity, 2D nature and solution
processibility of MXenes pave the way for their integration with
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Fig. 9 Schematic illustrations of the bio-integrated sweat sensor. (A) Illustration of the system consisting of replaceable active sensors for collecting
sweat droplets and driving them into a sealed serpentine tunnel. The pathway is pumped with a liquid metal alloy called Galinstan enabling high

conductivity and mechanical stretchability. (B) The solid-liquid—air three-

phase interface consists of CNT intercalated TizC,T,/PB/CFMs (carbon fiber

membranes) allowing oxygen to diffuse directly from the air phase at the bottom of the electrode to the respective enzyme. (C) Real-time body
measurements carried out using the wearable patch indicating the glucose levels before and after intake of food, (D) pH levels taken at different time
intervals during physical activity, and (E) chronoamperometric responses of the sensor to lactate levels measured at specific durations during the
exercise. Reprinted with permission from ref. 49. Copyright John Wiley and Sons 2019.
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the existing electrochemical system towards wearable sensing
applications.

5.2.2 Gas sensors. Prevalent degradation of the air quality
index in major cities and developing countries urges for the
necessity of wearable gas sensors. Continuous and real-time
monitoring of gases is vital for detection of hazardous and toxic
gases in various environmental and industrial setups. While
the exploration of gas sensors has been going on for years,'"®
wearability is a recent attribute introduced that institutes
several advantages in health monitoring and risk assessment
applications. Wearability can be achieved by designing sensors
that are flexible and biocompatible and at the same time have
conserved the sensing characteristics. The key aspects of gas
sensors are high sensitivity, low response time, a wide detection
range over several gases and concentrations, high selectivity
towards individual gases and the ability to detect gas molecules
and chemical vapors at ultra-low concentrations. 2D materials
have recently seen a lot of research interest in the development
of gas sensors due to the exceptional properties they inherit.
MXenes are currently one among the widely explored 2D
materials for gas sensing applications. The layered structure
of MXenes provides a large surface area for adsorption of gas
molecules. The excellent metal-like conductivity aids better
sensitivity and a high signal to noise ratio''” as gas molecules
induce a change in electrical response via physical and
chemical adsorption. The abundant surface functional groups
create strong binding to analyte molecules making them highly
desirable candidates for gas sensing. MXene’s versatile surface
chemistry along with abundant adsorption sites is ideal for gas
detection. The hydrophilicity and flexibility offered by this
material also support adaptation for wearable applications.
While several MXenes have been explored for gas sensing, the
focus of this article was specifically on the use of Ti;C,T,.

The key sensing mechanisms observed in MXene based gas
sensors are surface charge transfer from the adsorbed gas
molecules and Schottky barrier (SB) modulation. The adsorption
of gas molecules on functionalized Ti;C, surfaces and active
defect sites result in change in the electrical resistance of the
sensing film. This change in resistance is a function of majority
charge carriers in the film and the electron donating/withdraw-
ing behavior of the analytes. The gas sensitivity can be
dramatically improved with the presence of the SB. For example,
in a sensing material with electrons as mobility carriers, strong
oxidizing gases can move the SB upward and resist the flow of
electrons leading to a dramatic increase in gas sensitivity. Lee
et al. reported the fabrication of Tiz;C, based wearable gas
sensors on a flexible polyimide substrate for the sensing of
volatile organic compounds (VOC).'"” The chemiresistive sensor
was highly sensitive to exposure to an array of polar gases such
as ethanol, methanol, acetone, and ammonia gas at room
temperature. The Ti;C,sensor showed a p-type sensing behavior
with highest and lowest response towards ammonia and acetone
gas respectively. Lee et al. developed MXene/graphene hybrid
fibers for NH; sensing."'® A scalable wet spinning method
was adopted to produce stable and flexible MXene/rGO fibers.
These fibers which displayed excellent stability to mechanical
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deformations were woven into lab coats, illustrating their
capability for wearable gas sensing applications. The flexible
fiber geometry with a large surface to volume ratio showed 3
order higher sensitivity towards gas sensing compared to con-
ventional rigid films. In a similar study, Zhao et al. reported a
TizC, MXene-cationic polyacrylamide (CPAM) nanocomposite
for flexible NHj, gas sensing.""® These sensors displayed excellent
selectivity towards ammonia, long term stability at room
temperature and high flexibility for wearable applications. The
addition of CPAM not only increased the mechanical stability of
the rather fragile Ti;C, MXene, but also the abundant surface
functional groups of CPAM along with the formation of hydro-
gen bonding with the analyte gas dramatically improved the NH;
sensitivity of the overall composite material. With several works
reporting the capability of MXene and composite materials for
sensing a variety of gases, their compatibility can be further
investigated for wearable applications.

6. Outlook and prospects

MXenes are a new addition to the family of 2D materials with
great potential in wearable sensing applications. The oxygen,
hydroxyl, and fluorine terminations on their surface make
MXenes hydrophilic and allow them to form stable water-
based inks. The formation of surfactant-free colloidal solutions
facilitates versatility in device fabrication, including various
printing techniques. The rheological properties can be tuned to
realize sensors via additive manufacturing. The ability of
MXenes to form free-standing films enables design flexibility.
Metallic conductivity along with hydrophilicity makes TizC,~
MXene an excellent filler material to produce polymer compo-
sites. The piezoresistive property of MXene has been utilized
in fabricating strain sensors useful for wearable sensing
applications. The excellent material properties along with
fabrication techniques were fine-tuned to design robust sensors
for specific applications. Flexible wearable sensors have been
fabricated that are ultrathin, lightweight, and durable with
high sensitivity, a wide working range, and a fast response
time. Wearable MXene strain sensors have drawn attention due
to their flexibility, ultrasensitive range, and large stretchability.
These sensors coupled to a wireless transmitter have futuristic
applications towards real-time human motion detection,
clinical diagnosis, and healthcare monitoring. In addition to
that, multifunctional textiles could be endowed with highly
sensitive humidity sensors while maintaining their flexible
and porous features. Porosity and permeability also favours
impressive electromagnetic intereference shielding efficiency
that could have potential applications in military suits and
gadgets."?°

Despite these promising studies, the wearable applications
of MXenes are still in the embryonic stage. The fabrication of
flexible MXene devices has not been studied as extensively as
that of graphene-based sensors. The issue with the stretchability
of MXene nanosheets can be addressed by studying polymer
composites with a wide range of biocompatible polymers.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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The increased stretchability and wider sensing range will expand
the scope of MXene devices for new applications. Different
fabrication methodologies that include extrusion printing, 3D
printing, and stamping can be utilized in the fabrication of
wearable sensors on an industrial scale. From industrial aspect
to environmental monitoring, MXene could be modified into
gas sensors to detect volatile organic compounds with high
sensitivity and low detection limit. They provide promising
hybrids for gas sensing which could potentially be an additional
feature in a wearable sensor. Wearable MXene sensors benefit a
wide range of applications when all the features combined
provide optimized results.

MXenes have also been used for the functionalization and
immobilization of bioreceptors. They provide a platform for
uniform and high-density binding of bioreceptors that enables
fabrication of sensors for detection of analytes such as hemo-
globin, glucose, lactate, cancer biomarkers, etc.*®'*' Compared
to other 2D nanomaterials, MXenes have a unique set of
properties (high conductivity, electrochemical activity, photo-
thermal sensitivity, biocompatibility, immobilization of bio-
receptors, and flexibility). These properties enable MXene to
be used for wearable sensors that can detect both physical and
physiological parameters directly from sweat. Recent review
articles have comprehensively detailed the use of MXene based
electrodes for electrochemical sensor applications.'**™** While
Ti;C,T,~MXenes were utilized as a transducer material for
detection of a wide range of biomarkers and analytes, the
majority of the sensors reported were not body attachable
systems. Thus, there is untapped potential to fabricate highly
sensitive wearable electrochemical sensors. Interestingly,
MXene was recently reported for urea removal,'*® where such
properties prove to be useful for applications like enzyme-less
urea detection in sweat. The reported work could potentially
help in the early detection of kidney-related abnormalities and
eventually aid in the tracking of other vital organs. Next,
the self-reducing and catalytic properties of Ti;C,T,~MXene
provide the possibility to integrate MXenes with polymers/
metals without hampering their activity to greatly improve
sensor performance. Integration of electrochemical mediators
with Ti;C,T,-MXene sheets could help to reduce additional
steps in the fabrication of self-sustainable wearable electro-
chemical sensors. Even for athletes, MXene electrochemical
sensors could potentially detect the doping and stress level.

Next, surface functional groups are pivotal in determining
various properties of MXenes as they can potentially modify
conductivity, electrochemical activity, and plasmonic behavior.
The selectivity of functional groups can tune the performance
of wearable sensors and should be further investigated. The
ability to modify the bandgap of MXenes is beneficial in
exploring semiconducting properties and thus, showcasing
possible applications in transistor-based devices. Furthermore,
oxidation of MXene is a major issue that highly affects electrical
conductivity and thus sensor performance. The ability to limit
and control the amount of oxidation will provide stability to the
sensor thereby increasing its shelf life. In this context, the
stability of the sensors can be increased by providing additional

© 2022 The Author(s). Published by the Royal Society of Chemistry
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encapsulation using hydrophobic and thermally insulated
polymers.

Wearable sensors developed using MXene have immense
prospects in diverse fields. Remote healthcare monitoring is
critical for the elderly couple staying at home and for patients
with chronic diseases. Wearable sensors provide a low-cost
solution for continuous monitoring of health with major
improvements in wearable experience. Inconspicuous user
experience is essential for monitoring newborn babies. The
practical application of wearable sensing involves dynamic
measurements under the influence of various body parameters.
The sensor response usually is a combination of multiple signals
arising from different movements and temperature fluctuations.
For example, the strain sensor attached to the wrist for real-time
monitoring of artery pulse will also experience strain induced
from the motion of the hand along with the blood pressure.
Hence signal processing would play a vital role in procuring the
essential data from the sensor output. However, a detailed
analysis of sweat and muscle movements asks for the wearable
system for prolonged engagement with physical activities of the
human body. Therefore, the output of ultra-thin, flexible sensing
elements needs to be amplified, filtered, modulated and com-
municated to the nearest smartphone for further processing and
display. Consecutively merging polymer-based sensing elements
with a flexible signal conditioning circuit will help bridge the
technological gap between sensing, processing, and communi-
cation. Next, the signal conditioning module is generally a
silicon integrated circuit embedded on a flexible circuit board
that can be mounted on the skin easily. The circuit is then
configured according to the need and type of signal. In addition
to that, an RF or Bluetooth module can be attached for commu-
nication with the smartphone or the display unit. The advent of
flexible batteries and antennas provides better alternatives to
fabricate highly compact and flexible integrated circuits for
wearable applications. Overall, such skin conformal modules
increase the ergonomics of the entire system allowing real-time
monitoring in complex applications, including infants. Further
continuous and remote monitoring of a large group of people is
required during the time of pandemic diseases where social
distancing is necessary, especially during this COVID-19 crisis.
Efforts are made to utilize wearable sensors integrated with IoT
to constantly monitor people with likely symptoms of pandemic
diseases.
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