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A B S T R A C T

Structural Health Monitoring (SHM) has a major role to play in the damage identification strategy of
engineering structures. Sensors form an integral part of SHM and the development of sensors with minimum
effect on measuring physical parameters leads to effective monitoring. The exciting discovery of MXene
nanomaterials has made a tremendous impact on the field of sensors for various applications ranging
from wearable health sensors to gas sensors. This review paper explores the sensing capabilities of MXene
nanomaterials for SHM of engineering structures. MXenes are a family of two-dimensional nanomaterials with
carbide or nitride layer (X layer) sandwiched between transition metal layers (M-layer); with more than 100
unique stoichiometric MXene combinations discovered to date, these nanomaterials can achieve wide tunability
by varying ratios of M or X layers. Monolayer Titanium Carbide (𝑇 𝑖3𝐶2) MXenes are widely used for sensing
applications and these MXenes have 330 ± 30 GPa modulus, 2.31 ± 0.57 μΩ.m electrical resistivity, and 2.6
± 0.7 cm2V−1s−1 field-electron mobility. The review paper first covers the physical and chemical properties
of MXene and MXene composites. Next, various MXene sensors developed in recent years are compared with
conventional sensors; for example, 𝑇 𝑖3𝐶2-MXene sensors have shown impressive response times as low as 7.13
± 1.28 μs which are comparable to piezoceramic sensors and outperform piezoresistive-type silicon sensors
(for similar shocktube experiments). Additionally, recent advances in computational models for MXenes and
their nanocomposites are provided to discuss further possibilities of virtual model development for the design
of sensors. Sources of uncertainties of both physical sensors and computational models are discussed along
with the effect of MXene material properties on measurement concepts like repeatability, reliability, and error
estimation, etc., of the sensors. The purpose of reviewing both physical and computational models is to facilitate
the use of MXene nanomaterial-based sensors in SHM applications.
. Introduction

The operation of aerospace, mechanical and civil engineering struc-
ures in a dynamic environment leads to changes in the structural
ield variables (displacements, strains, temperature, etc.), and these are
easured using sensors. The accumulated sensor data is interpreted,

nd the diagnosis of structural health is carried out. The diagnosis
hase involves system identification (geometric, material, and inertial
roperties of the system), structural model updating (with changing
tates of the structure), structural condition assessment, and finally,
stimating the residual service life of the structure (prognosis). The
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underlying objective of this process in Structural Health Monitoring
(SHM) is to identify the damage and take preventive or corrective
measures to ensure safe and efficient operation of the engineering
system with reduction of the cost linked to failure [1–3]. A general
schema of the SHM process with the type of sensors used is represented
in Fig. 1. In this SHM process, sensors play an important role and sensor
devices during the measurement process are expected not to alter the
measured quantity. The sensitivity, stability and mechanical durability
are important factors for sensor development for SHM applications (see
Fig. 2 for a schematic representation). Such a requirement is satisfied
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Fig. 1. General schema of Structural Health Monitoring and it’s components.

by nanomaterial-based sensors which are compact and can be packaged
effectively for varying operating environments.

Nanomaterials discovered in the last few decades have found var-
ious applications like battery technology [4], wireless communica-
tions [5], multifunctional composite materials [6–9], sensors [10–13]
and biomedical devices [14,15]. The sensors developed using nanoma-
terials like carbon nanotubes and graphene have also found their way
for applications in SHM [10,16,17]. The use of nanomaterials in SHM
offers flexibility in tailoring the sensor design to the required domain
of usage [18,19]. Also, the extraordinary properties of these nanomate-
rials lead to enhancement in the sensitivity of the sensor devices [20].
They are either embedded in the structural composite matrices, applied
as a coating over the structural surface, or embedded as thin-film
devices in laminated composites [17,21]. Most of these nanomaterial-
based sensors have a dominant piezoresistive sensing behavior that
is used for measurement [22]. Though the usage of nanomaterials
for smart structure design has increased, they are not commonplace
yet due to the issues of repeatability, accuracy, chemical degradation,
and uncertainties in sensor manufacturing processes which are still
evolving.

Other nanomaterials used for sensor design apart from carbon nan-
otubes and graphene are boron nitrate, molybdenum disulfide, quan-
tum dots, metallic nanoparticles, silica nanoparticles, and MXenes (see
Fig. 4). The versatility of MXene nanomaterial compositions and the
ability to tailor the material for multiple engineering and biomedical
2

Fig. 3. Number of publications in past years for keywords ‘‘MXene’’ and ‘‘MXene
sensor’’ as for November 2021.
Source: Scopus.com.

applications make them an important nanomaterial with potential to
solve the issues mentioned above.

Among the nanomaterials discovered, MXenes were first synthesized
in 2011 [23] and since then many new members of the MXene nanoma-
terials family have been discovered and are being studied for various
applications [24,25]. MXenes are two-dimensional (2D) nanomaterials
formed by the etching of MAX phase compounds. The naming con-
vention used for MXenes are 𝑀𝑛+1𝑋𝑛𝑇𝑥, where M is early transition
metals (Ti, V, Mo, etc.), X is Carbide, Nitride, or Carbonitride, and 𝑇
is a functional group (e.g. O, F, OH, Cl and from molten salt synthesis
methods it could be -Sc, -NH2) that terminates the surface of MXenes
(where n = 1–4). This flexibility in synthesis and various combinations
of MXenes that can be formed, results in the possibility of tailoring
the 2D MXene nanomaterial for various end-use. Due to those reasons
MXenes has recently gained a lot of interest in the scientific community
and, also in sensing applications (see Fig. 3).

2D Titanium Carbide (Ti3C2) MXene was the first compound to be
reported among the MXene family and it has demonstrated good elas-
ticity, film-forming ability, and conductivity. Other MXenes, like Mo2C
(molybdenum carbide) [26], Ti3CN (titanium carbonitride) [27], Hf3C2
(hafnium carbide) [28], Mo2TiC2 (molybdenum titanium carbide) [29],
etc., have also been synthesized and they are being studied for their
physical and chemical properties [30]. Various works on MXenes have
reported the optical, electrical, magnetic [31], tunable optoelectrical
properties [32], light to heat conversion ability [33], energy storage
capacity [34,35] etc. With such a promising nanomaterial like MXene,
it is obvious that several sensors have been developed and reported in
the last decade [36–39]. Recently, the dynamic response properties of
pure Ti3C2-MXene film were reported for the first time with dynamic
loads for both high and low velocity of impact [40]. The dynamic
Fig. 2. Main factors for sensors for Structural Health Monitoring.
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Fig. 4. Nanomaterials used for sensing applications.

Table 1
Recent review articles on MXene based nanocomposites.

@ Main topic of review Reference

Comprehensive review on MXenes Gogotsi et. al. [41]
MXenes and Their Applications in Wearable Sensor Xin et. al. [42]
Strain, gas, optical and environmental sensors Pei et. al. [43]
MXene-Based Nanocomposite Sensors Riazi et. al. [44]
Strain Sensing Coatings for Large Composite Structures Monastyreckis et. al. [45]
Application of MXene in Electrochemical Sensors Wu et. al. [46]
Recent advances in MXene-based force sensors Tan et. al. [47]
MXene-Based Gas Sensors Aghaei et. al. [48]

Lee et. al. [49]
Bioanalytical Sensors: Design, Characterization, and
Applications

Khan et. al [50]

response behavior of the pure Ti3C2-MXene film is compared with
commercial sensors and also state-of-the-art devices manufactured with
MXenes in this paper (Section 3.4). This literature work [40] also
demonstrated the piezoresistive response of MXene nanomaterial that
is being used to develop sensors for dynamic phenomena measurement.

In the past few years, there have been various reviews that were
published regarding MXenes and their applications. Some of them are
listed in Table 1. In this paper, the focus is not just on reviewing
and analyzing the use of the MXene-based sensors but also on using
them for SHM applications. In detail, this paper focuses on MXene
nanomaterial-based sensors that utilize the unique electrical, thermal,
and mechanical properties of these novel nanomaterials. The review
also discusses the progress made on the experimental and computa-
tional modeling fronts for MXene sensor along with a discussion on the
future scope of these sensors.

The field of SHM is also evolving with time and this review needs
to be placed in context to the progression of the field. To achieve this
end, the review evaluates the computational model development and
discusses the inter-dependency of computational models with physical
models to guide in sensor design. In detail, the paper also discusses
the sources of uncertainties for both physical sensor development and
computational models, a first for MXene nanomaterial-based devices.
This is addressed along with the repeatability, consistency, and other
measurement criteria for sensor usage. Identification of uncertainties
leads to quantification which is helpful in the SHM system design
framework. The MXene nanomaterial-based sensors, when used in such
a framework, bring in additional uncertainties since the nanomaterial
response is based on the nano-microscale material phenomenon that
leads to macroscale measurement of the field variables. This indicates
the multiscale and multiphysics material phenomenon should be con-
sidered when modeling such sensors. All these aspects are discussed in
3

this review providing a foundation for the future integration of MXene
nanomaterial-based sensors into the digital twin framework [51] which
is a developing topic of interest in SHM.

The structure of the paper is given henceforth. Initially, a brief
discussion is provided on carbon-based nanomaterials that are used as
fillers in nanoreinforced sensors. This helps in identifying the major
nanomaterial property landscape in which MXenes have a role to play
for sensing applications. The state-of-the-art of MXenes and MXene
Nanocomposite (MXNC) are reviewed consisting of — MXene nano-
material fabrication and processing, physical and chemical properties,
and the application of MXenes as a sensing element. Subsequently,
the various sensors developed using MXenes are evaluated in the
context of using these for SHM applications. A thorough comparison
between the various MXene sensors are also carried out (with a focus
on manufacturing techniques and their performance). Computational
models for 2D nanomaterials, particularly for MXenes are reviewed to
consider their validation using the experimental results. These physical
and computational models are then assessed from the point of view of
measurement to consider repeatability and consistency. The source of
uncertainties identified for these computational and physical models
lead to the positioning of MXene nanomaterial-based sensors in the
larger framework of SHM system design. A test case of the application
of MXene-based sensors for SHM is also discussed to elucidate the im-
plementation process. Finally, the advantages of MXene-based sensors
are discussed along with the conclusions of the review.

2. Nanomaterials for SHM

The carbon-based nanomaterials and their physical properties are
discussed briefly at the beginning of this section. The drawbacks of
these materials and the advantages that MXenes offer over carbon-
based nanomaterials are provided as an introduction to the MXene
material. This section also outlines current state-of-the-art fabrication
processes and the resulting properties of MXenes and MXNC. Finally,
the use of MXenes as a sensing element is discussed to provide a
background for MXene-based sensors in the subsequent section.

2.1. Carbon-based nanomaterials

The discovery of many carbon-based nanomaterials over the last
three decades [18] has led to increased use of these materials for
various applications including sensor development for SHM applica-
tions [52,53]. The main reason for such an interest is the increased
sensitivity which depends on the unique physical properties of nanoma-
terials (as atomic structure) [19,54–56]. CNTs and graphenes are two
carbon-based nanomaterials that have dominated the efforts for sensing
applications [20,56].

CNTs are long carbon cylinders along with the three spatial direc-
tions constructed by graphene sheets [57,58]. CNTs were first reported
as cylindrical carbon structure in 1952 [59] and then as a by-product of
fullerene in 1991 [57]. Two main types of CNTs are single-walled and
multi-walled carbon nanotubes [60] with single sheet and multi-sheet
graphenes forming these structures, respectively. CNTs have a thermal
conductivity of about 3000 W m−1 K−1 [61], Young’s modulus close to
1 TPa [62] and resistivity of less than 10−6 Ω m [19,63,64].

Graphene is a 2D carbon-based nanomaterial with unique elastic
and thermal properties [65]. The elastic modulus of graphene is pre-
dicted to be about 1 TPa [66] and the thermal conductivity is reported
to be 5000 W m−1 K−1 [67]. The oxidized form of graphene is more
stable and has a wide commercial use. Graphene oxide and reduced
graphene oxide have an elastic modulus of about 207 GPa [68] and
250 GPa [69], respectively. But the electrical conductivity of graphene
and its oxide form is less compared to CNTs [19]. Also these properties
are for free-standing or suspended graphene. These properties degrade
when graphene is placed on different substrate platforms or if they have
large defects during manufacturing [66].
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Though carbon-based nanomaterials have been around for more
than a decade with multiple applications, there are a few drawbacks
that have restricted their ubiquitous use in SHM applications [19].
Making pure sample preparations is difficult due to the possibility of
contamination [70]. The CNTs and graphene are hydrophobic in nature
and this leads them to form agglomerates when dispersing within a
solvent. Due to this fact, manipulating the positions of the carbon-based
nanomaterials to the desired location in polymer matrices is difficult.
The carbon-based nanomaterials also pose an environmental health
hazard as they are not biocompatible and have high toxicity [71].

There have been efforts to overcome these challenges of carbon-
based nanomaterials [18,19]. Use of methods like ultrasonification,
electrostatic plasma treatment, and electric field manipulation with
polymer wrapping and ball milling are used to reduce the length of the
CNTs to make them suitable for large-scale use. Various methods for pu-
rification have also evolved over time like acid treatment, thermal an-
nealing, and microfiltration to reduce the mass of the synthesized CNTs.
Chemical functionalization techniques are being applied extensively
in the literature to improve the controllability of CNTs positions and
also avoid agglomerations in polymer matrices [21]. Therefore many
research works have demonstrated carbon-based nanomaterial-filled
composites to have good physical properties with functionalization and
controlled alignments [72,73].

With an established track record of the use of carbon-based nanoma-
terials, there needs to be significant advantages of any new nanomate-
rial to be more useful both for sensing application and for SHM system
sensors. The next few subsections will dwell more on the advantages
that MXenes offer in comparison to these carbon-based nanomaterials.

2.2. MXenes and MXene nanocomposites

MXenes are inorganic compounds of a metal nitride and metal
carbide formed by etching of MAX (M — Transition Metals; A —
Elements of 13th and 14th group of the periodic table; X — Carbide
or Nitride or Carbonitride) phase compounds leading to the formation
of this 2D nanomaterial. The notation used for MXenes are 𝑀𝑛+1𝑋𝑛𝑇𝑥,
where 𝑇 is a functional group (e.g., O, F, OH, Cl and from molten
salt methods it could be -Sc, -NH2) that terminates the surface of
MXenes, M is early transition metals (Ti, V, Mo, etc.) and X is Carbide,
Nitride, or Carbonitride (n = 1–4). The terminal functional groups
result in MXenes having hydrophilic behavior. The unique hydrophilic
behavior property allows the MXenes to be synthesized and used as
clay or colloidal or film-form in its pure form or mixed with polymer
matrices to form nanocomposites. This is a major advantage of MXenes
over carbon-based nanomaterials. The free-standing films formed using
delaminated MXenes result in films with high conductivity. MXene
compounds in their single flake form also have very good conductivity
and elasticity. The electronic and chemical properties of MXenes can be
altered by altering the compound chemistry. This is another advantage
over carbon-based nanomaterials as the molecular structure of carbon
nanomaterials consists of mainly sp2 carbon. Currently, in literature,
carbide-based MXenes are explored while there is a lot of potential for
nitride and carbonitride-based MXenes to be used for sensing devices.
All these points are discussed in detail in the subsequent sections.
These physical properties of MXenes make them a strong competitor to
carbon-based nanomaterials for sensing element development for SHM
applications

2.2.1. Fabrication of MXenes and MXNC
Acid-based methods are extensively used in the literature for the

chemical synthesis and etching process of MXenes from their MAX
phase precursor [74]. The prominent method used among them for the
etching process of MXenes is the in-situ Hydrogen Fluoride (HF) forma-
tion with Minimally Intensive Layer Delamination (MILD) method [74].
For the case of Titanium Carbide (Ti3C2), discovered in 2011 [23],
Aluminum in Titanium Aluminum Carbide (Ti AlC ) was etched to
4

3 2
form Titanium Carbide colloidal solution. Subsequently, a vacuum-
assisted filtration process – a common process used in chemistry –
pulls the MXene colloidal solution against the filter paper to form
a thick layer of film which comprises stacks of MXene monolayers
(flakes) [72,75]. The MXene colloidal solution is mixed in a predeter-
mined proportion (for example, 5 wt.% or 10 wt.% or 25 wt.% etc.) with
polymer and subjected to the same vacuum-assisted filtration process
to form MXNC films. The earliest MXNC demonstrated was with PVA
material in 2014 [75]. Since then many MXNC have been fabricated
with PVA and nanofibers [76], nanocellulose [7] and Ti3C2-MXenes
have added conductivity and reinforcement to common elastomer —
nitrile butadiene rubber [77], epoxy-resin and C-hybrid foam [72], and
Polyaniline [78,79], etc.

The recently used layer-by-layer assembly process works well for
nanocomposite fabrication [80] compared to vacuum-assisted filtration
due to the controlled lay-up of MXenes and polymer. The layer-by-layer
assembly process used in manufacturing MXNC films provides control
of the polymer thickness and the lay-up is similar to the laminated
fiber-reinforced polymer composite manufacturing process [81].

The characterization studies of Ti3C2-MXenes are described with the
figures. Fig. 5(a) provides the X-ray Diffraction results for Titanium
Aluminum Carbide (Ti3AlC2) and the 2D Titanium Carbide (Ti3C2) pre-
pared using the process described above. The vanishing of the 104 peak
from the MAX phase in the MXene material validates the etching of the
MAX phase compound into MXenes, in this case Ti3C2-MXenes. The
transmission electron microscope (TEM) image provided in Fig. 5(b)
confirms the morphology of 2D Ti3C2-MXene nanosheets. The transpar-
ent form of Ti3C2-MXene nanosheet is observable in this figure along
with the darker regions indicating the presence of more than a single
layer or folding of Ti3C2-MXene [40]. Among the three types of MXenes
synthesized, namely, multilayer, few-layers, and delaminated MXenes,
the single-layer delaminated MXenes have excellent electromechanical
properties which have attracted a lot of investigations in the literature
as well.

2.2.2. Properties of MXene monolayers
Titanium Carbide (Ti3C2T𝑥; where 𝑇𝑥 indicates surface termination

with -O, -OH, -F groups and this would be dropped from usage fur-
ther) is the earliest synthesized MXene compound and the physical
properties of this compound have been studied extensively compared
to the other MXene compounds discovered recently; and it is for
this reason that Titanium Carbide (Ti3C2) MXene has been chosen as
the primary material for review in this paper. The estimation of the
physical and chemical properties of MXene monolayers has been done
using both numerical and experimental techniques in the literature.
The geometrical properties of MXene monolayers have been studied
extensively and the results [72,75] of morphology and characterization
of MXenes developed in the last few years with the synthesis process
of in-situ HF formation with the MILD method, indicate a lateral
dimension of MXene monolayers to be in the range of few microns
(1–10 μm, without sonification) and the thickness to be in the range
of few nanometers (1−10 nm) [82]. These dimensions of MXenes are
larger and the size can be modified with sonification [82]. Large flake
size changes the percolation and dielectric properties which can result
in enhanced sensing properties for applications [83].

MXene monolayer (flake) exhibits field-electron mobility of 2.6
± 0.7 cm2 V−1 s−1 and low electrical resistivity of 2.31 ± 0.57 μΩ
m and this has been investigated using experiments on the mono-
layer [84]. The elastic properties of the MXene monolayer are de-
termined through a nanoindentation experiment using atomic force
microscopy [85] and Young’s modulus is reported to be 330 ± 30 GPa
and a yielding strength of 17.3 ± 1.6 GPa. Computational methods
have also been used in the literature to study the monolayer Ti3C2-
MXene elastic properties (like Molecular Dynamics (MD) [86] and
Density Functional Theory [87,88]). The MD simulation [89] estimated

the monolayer Ti3C2-MXene Young’s modulus to be 502 GPa. The
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Fig. 5. (a) SEM image of two-dimensional Ti3C2-MXene nanosheets with edge folds. (b) cross-section of MXene showing stacking behavior (c) single flake of MXene.
Table 2
Varying electro-mechanical properties with changing weight fraction of Ti3C2-MXenes in PVA [75].

MXene content Film thickness Conductivity Tensile strength Young’s modulus Strain to failure
wt % μm S/m MPa GPa %

100/0 3.3 240,238 ± 3500 22 ± 2 3.52 ± 0.001 1.0 ± 0.2
90/10 3.9 22,433 ± 1400 30 ± 3 3.0 ± 0.001 1.8 ± 0.3
80/20 6.1 137 ± 3 25 ± 4 1.7 ± 0.2 2.0 ± 0.4
60/40 7.2 1.3 ± 0.08 43 ± 8 1.8 ± 0.6 3.0 ± 0.5
40/60 12 0.04 ± 0.003 91 ± 10 3.7 ± 0.002 4.0 ± 0.5
0/100 13 – 30 ± 5 1.0 ± 0.3 15 ± 6.5
difference between the experimental and theoretical prediction is at-
tributed to the effect of surface functionalization on the Ti3C2-MXene
monolayer. The experimentally reported Young’s modulus is higher
than the reported mean values of graphene oxide (207 ± 23.4 GPa)
[68], reduced-graphene oxide (250 GPa) [69] and molybdenum di-
sulfide (270 ± 100 GPa) [90] which have been subjected to similar
nanomechanical experiments using atomic force microscope.

The mechanical behavior of the MXene monolayer subjected to
nanoindentation test indicates a membrane structure-like behavior
which can be seen in [85]. MXene monolayers, also called delaminated
MXenes, are a part of the MXene colloidal solution which are then
subjected to a vacuum-assisted filtration process to form pure MXene
films. The pure MXene films are fabricated and tested for their various
properties which are discussed in the following subsection.

2.3. Properties of pure MXene films and MXNC for sensing element

The current section discusses the physical properties of MXenes,
particularly, elastic, electrical, and electronic properties along with
chemical stability. These properties are critical for using MXenes as
sensing elements for field variable measurement of SHM systems.

2.3.1. Elastic properties
The vacuum-assisted filtration process results in stacking up of MX-

ene monolayers and forming chemical bonds with neighboring MXene
flakes. This process results in constraints on the MXene flake defor-
mation. The bulk effect of this at the macroscale leads to constitutive
behavior which is almost linear initially before damage sets in. The
5

pure MXene films (films formed by colloidal solution of delaminated
MXenes using vacuum-assisted filtration) when subjected to mechanical
tensile tests in micro universal testing machine (UTM) which exhibited
Young’s modulus of 3.52 GPa [75].

A large difference in Young’s modulus between a monolayer MX-
ene compared to a pure MXene film can be observed from literature
reports [75,85,87]. This leads to the conclusion that the interactions
between MXene monolayers forming the stack are the cause for such
a difference. This has been attributed to the weak van-der-Waals in-
teraction between MXene–MXene single layers [72]. It must be taken
into consideration that the intercalation mechanisms between MX-
ene layers play an important role in the properties of these pure
MXenes [78]. Recently, a scalable blade coating process has been
demonstrated which resulted in free-standing Ti3C2-MXene thin film
with high tensile strength (about 570 MPa), Young’s modulus of about
20.6 GPa [91].

MXenes were used as fillers for nanocomposites with many types
of polymers, [92] e.g. polyvinyl alcohol (PVA) [75], epoxy-resin [72],
UHMWPE (ultra high molecular weight polyethylene) [79], etc. The
elastic properties of the most commonly used Titanium Carbide (Ti3C2)
based nanocomposites are discussed in this section. The understanding
of the elastic properties of the MXene nanomaterial-based structures
is important as this helps in optimizing the sensor design procedure
and modifying the elastic properties according to the environment
of usage of the MXene nanomaterial-based sensor. Experimental re-
sults obtained in [75] for MXene/PVA nanocomposite, summarized
in Table 2, indicate that with the increase in the weight fraction of
polymer, an increase in the polymer intercalation between the MXene



Measurement 189 (2022) 110575K. Grabowski et al.

t
w
u

G
i

i
n
v
t
A
t
t
p
p

2

f
t
m
9
r
t
o
T
p

t
t

M
d
T
n
T
a
v
e
p

t
f
a
r
e
p

p
c
b
(
r
f
u
u
o
c
t

2

M
i
t
r
i
a

p
M
M
t
p
a
c
a
f
b
e
a
s
a
M
t
S
o
s
a
e
m
h

s
h
c

Table 3
Varying Young’s modulus with changing weight fraction of MXenes in
Epoxy-resin [72].

Weight fraction (wt.%) E experimental (GPA)

1.093 3.62
2.96 4.1
5.0709 4.37
14.9518 3.42

layers can be observed and this results in changes in the thickness
of the film and variation in elastic properties. The results in Ta-
ble 3 from the Ti3C2-MXene/Epoxy-resin nanocomposite experimental
est results [72] provide Young’s modulus values of films fabricated
ith different weight fractions. The sudden increase in Young’s mod-
lus at 40 wt.% Ti3C2-MXene/PVA nanocomposite in Table 2 and

5 wt.% Ti3C2-MXene/Epoxy-resin nanocomposite is a result of the
percolation threshold phenomenon observed in the nanocomposites
for mechanical behavior [93] (also observed with electrical behav-
ior [94] of nanocomposites). Due to this phenomenon, the properties
of the nanocomposite reach a maximum value due to the optimum
distribution of the randomly dispersed filler material — MXenes.

The MXene nanocomposites discussed till now were prepared pre-
dominantly by vacuum-assisted filtration procedure. The recently ap-
plied technique of layer-by-layer assembly [80] offers a tensile strength
of 138 MPa–225 MPa placing it as one of the strongest MXene-
based films prepared due to the nacre-like brick-and-mortar struc-
ture assembly. The addition of Ti3C2-MXene into UHMWPE led to
an increase in the yield strength and ultimate tensile strength com-
pared to pure UHMWPE [79]. Compared to pure UHMWPE, the Ti3C2-
MXene/UHMWPE nanocomposite demonstrated significant improve-
ment in surface hardness, creep resistance (for 2 wt. % of Ti3C2), and
anti-friction performance (reduced from 0.186 for pure UHMWPE to
0.128 MXene nanocomposite). Ti3C2-MXene used as fillers with nitrile
butadiene rubber also indicated good improvement of Young’s modu-
lus [95]. Recently synthesized Ti3CN-MXene was combined with the
epoxy matrix material and the nanocomposite resulted in an increase
in the elastic properties compared to pure epoxy [96] . In quantitative
terms, Young’s modulus of Ti3CN-MXene/Epoxy nanocomposite (12.8

Pa) was three times that of the pure epoxy (4.26 GPa), indicating the
mprovement of the fundamental elastic property.

Though the MXNCs have shown good elastic strength, the scal-
ng up of their usage is not complete due to the degradation of the
anocomposites in the presence of humidity and oxygen in the en-
ironment. To address this challenge, significant work is being done
o produce more stable MXenes, this is discussed in Section 2.3.3.
chieving stable MXenes will broaden the capability for application as

he size-dependent behavior of MXene offers an opportunity to prepare
he MXene monolayers to the required size by using the sonification
rocess [82]. The elastic properties are inter-twined with the electrical
roperties of the MXNCs, these are discussed in the next Section 2.3.2.

.3.2. Electrical, electronic and electromagnetic properties
Among electrical properties investigated, the pure Ti3C2-MXene

ilms have shown electrical conductivity of 4600 S/cm [97] and elec-
romagnetic shielding property effectiveness of 92 decibels for a 45-
icrometer thick film [97]. Pure Ti3C2-MXene films also transmit ≥
7% of visible light per nanometer thickness and are transparent [98],
eflective coefficient −65 dB for a translucent Ti3C2-MXene film of 8 μm
hick. Ti3C2-MXene was also reported to show a volumetric capacitance
f 360 F cm−3 at 2 m V s−1 and 162 F cm−3 at 200 m V s−1 [99].
i3C2-MXene has also demonstrated superior microwave absorption
erformance in an ultralight foam form [100].

The tensile strength of MXNC films increase with an increase in
he PVA polymer content while the electrical conductivity reduces as
he polymer added has very low electrical conductivity compared to
6
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Xene fillers (as quantified in Table 2). This demonstrates the inter-
ependency on the electrical and elastic properties of nanocomposites.
his also emphasizes the need to perform a comprehensive study of
anocomposite properties in both electrical and mechanical domains.
he nanocomposite films also showed volumetric capacitance as high
s 528 F c m−3 at 2 m V s−1 [75]. The intercalation of polymer and
arious surface functionalization also plays a role in determining the
lectrical and electronic properties, but this is beyond the scope of this
resent discussion [101].

The work on MXene/Epoxy-resin nanocomposite [72] also discusses
he electromagnetic shielding behavior of MXNC films. For an MXene
iller weight fraction of 15%, electrical conductivity of 38 S m−1

nd electromagnetic induction shielding of approximately 30 dB were
eported at 8.2∼12.4 GHz. Several other studies have also focused on
lectromagnetic shielding, but as this is not the focus of the review
aper, we make a passing reference to this behavior [97,102–104].

One of the recent studies on Ti3C2-MXene has also shown the
ossibility of using them as antennae to transmit data through wireless
ommunication [5]. This allows for the development of Ti3C2-MXene-
ased devices and also has the same material for internet-of-things
IoTs) implementation with wireless communication. This plays a major
ole in developing sensor devices for SHM applications, as this allows
or remote monitoring with wireless data acquisition. It is certainly
nique to find nanomaterials that can act both as sensors and also be
sed as a critical component of wireless communication. This aspect
f MXenes makes it a promising nanomaterial for SHM but the major
hallenge for scaling up the use of these materials will be addressed in
he next section.

.3.3. Chemical stability
The critical problem that has been troubling the scaling up of

Xene usage for practical applications including the domain of SHM
s chemical stability. Since the discovery of the material, a decade ago,
his important challenge has been the focus of the investigation of many
esearch groups across the world [23,25,105]. The recent developments
n this research provide hope not just for stable MXene development but
lso impact the application of MXenes.

The MXenes synthesized (through etching) from MAX phase com-
ounds are delaminated using the MILD process. The delaminated
Xenes are stored in colloidal or aqueous form. The delaminated
Xene colloidal solution is then poured onto the filter paper during

he vacuum-assisted filtration process. Both delaminated MXenes and
ure MXene films undergo degradation due to exposure to humidity
nd oxygen in the environment. This leads to a drastic change in
hemical stability. The degradation of pure MXene films results in
reduction in the conductivity of the films [106]. The pure MXene

ilms which are flexible in the initial days of film formation become
rittle and disintegrate into fragments. It has also been shown that
xposure to UV light also accelerates oxidation [106]. This work [106]
lso indicated that the oxidation was the fastest in liquid media and
lowest in solid media like polymer matrices. Nevertheless, the MXNC
lso undergoes degradation (at a longer time period compared to pure
Xene in liquid solution or as dry powder) as polymers cannot all

ogether avoid oxidation and the possibility of moisture absorption [9].
tudies have also shown that the oxidation of pure MXenes is dependent
n the pH of the stored solution and the concentration of MXene in the
olution [107]. This is not restricted to pure MXene films alone. MXNCs
lso undergo degradation and many devices formed using MXNCs
xperience reduction in their shelf-life. This issue has been flagged by
any researcher groups and the last few years of concentrated effort
ave led to some solutions which will be discussed here.

MXenes in delaminated (monolayer) form have been chemically
tabilized using antioxidant — citric acid [107] and the oxidation rate
as been demonstrated to be reduced by maintaining a high dispersion
oncentration of MXene due to the steric shielding effect among the
anosheets. The use of another antioxidant like sodium L-ascorbate has
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also provided an effective approach to arrest the oxidation of colloidal
and dehydrated Ti3C2-MXene [108]. Sodium L-ascorbate usage resulted
in stability of morphology, composition, electrical conductivity, and
colloidal stability. Recently, another method has demonstrated long-
term (∼10 months) chemical stability [109]. This method focuses on
the modification of the synthesis of Ti3AlC2 MAX phase compound by
including excess aluminum. The electrical conductivity of the Ti3C2-
MXene increased to 20,000 S cm−1 (along with reduced oxidation)
compared to the conductivity value discussed in Section 2.3.2. This
work also identified the problem from the synthesis procedure followed
to date which led to defects in the MXene samples that eventually
led to chemical instability. A recent work, which is yet to be peer-
reviewed, discusses the use of molten salt and an acid-free process
for producing water dispersible and stable Ti3C2-MXene [110]. These
solutions to produce chemically stable MXenes have a direct impact on
the commercialization of MXene nanomaterials. This eventually affects
the applications and shelf-life of MXene devices. These studies also
provide a new path for exploration that can result in developing stable
MXene devices with reproducibility, repeatability, and consistency for
use as sensors for SHM applications.

2.3.4. MXenes as sensing element for measuring quasi-static and dynamic
loading

The physical properties discussed thus far, results in the response
of MXenes for various types of field variable measurement while the
chemical stability of MXenes ensures long shelf-life avoiding degrada-
tion. These results enable the use of MXene as a sensing element for
sensor development. The quality of a sensing element is assessed by its
capacity to measure the change in the field variable without affecting
the measured quantity. Along with this the other critical property of
a sensing element is the response time for dynamic loading. Various
fields of application of MXenes as sensing elements are discussed in
the following section that follows.

3. MXene-based and MXNC-based sensors

In the present section, the MXene nanomaterial-based sensor devices
reported in the literature are reviewed. As the number of sensor devices
being made with MXenes is increasing drastically, this review considers
the articles published until early 2021.

3.1. Multifunctional strain sensor

The electromechanical properties discussed in the previous sec-
tion indicates that MXenes and particularly Ti3C2-MXene have good
scope for use as sensors. The piezoresistive property of MXene being
predominant in many investigations, became the basic method for
measuring the changes in displacement and providing strain values.
These strain sensors developed with Ti3C2-MXene inclusions also have
multifunctional properties as many have demonstrated vibration mea-
surement, bending measurement, and have also demonstrated use as
human wearable sensors for pulse rate measurement. Table 4 provides
an exhaustive list of all the works that used Ti3C2-MXenes as a strain
sensor.

Several of these studies provided in Table 4 have also investigated
how the MXene devices work as multifunctional strain devices. The
spacing between the 2D nanosheets or the cracks of the nanosheets
or the morphological changes during strain measurement is captured
by the MXene or MXNC films through the piezoresistive mechanism.
The cracks created between MXene nanosheets lead to a process of
engagement–disengagement of contact between these sheets leading to
a change in resistance values of the whole film which acts as a sensing
device [36]. A similar mechanism but with interlayer distance variation
is discussed in [37].

The fabrication process and the resulting gauge factor or sensi-
tivity of the sensors are noted in Table 4. It can be observed from
7

Fig. 6. Comparison of Gauge Factors across different sensors.

the table that the fabrication methods for the sensor plays a critical
role and this results in varying sensitivity and gauge factor. Various
methods of fabrication available also lead to flexibility in choosing
the method suitable for each application problem in SHM. Many of
these fabrication methods like dip coating, laser patterning, screen-
printing, etc., have a potential for quickly scaling up of the production
process. The fabrication process like vacuum-assisted filtration [111–
113] and laser etching (etched after forming films) [36] uses pure
Ti3C2-MXenes films. The stacking up process of delaminated Ti3C2-
MXene nanosheets forms a consistent and homogeneous material that
results in high electrical conductivity and good elasticity [75]. These
manufacturing processes result in very high sensitivity as shown in
Table 4. The ink printing, dip coating, freeze-dry, electrospun mat,
screen-printing, and wet spinning processes involves the random as-
sembly of Ti3C2-MXenes and the randomness results in less consistency
in the electromechanical properties in turn leading to less gauge factor
or sensitivity as shown in the same table. The film-formation of Ti3C2-
MXenes plays a critical role and the vacuum-assisted filtration process
used results in consistent sensing element properties. When the sensi-
tivity or gauge factors of pure Ti3C2-MXene film-based strain sensors
are compared with the literature reported carbon-based nanomaterial-
based strain sensors (MWCNT and graphene), the Ti3C2-MXenes based
sensors outperform the carbon-based nanomaterial sensors [114] (see
Fig. 6).

The repeatability and the accuracy of the sensors with good chem-
ical stability can be ensured by following the methods illustrated in
Section 2.3.3. Thus, MXene-based multifunctional strain sensors may in
the future be applicable in SHM and also for bio-compatible wearable
sensors. However, most methods have been tested and validated on a
laboratory scale, therefore it is desired in future research to validate
the stability of sensors based on MXenes in real objects such as wind
turbines.

3.2. Pressure sensor

The piezoresistive property of MXene used for strain sensors can also
be used for pressure measurement. The fluid load applied on the MXene
sensor causes deformation of the MXene film (either in pure form or
nanocomposite form) that leads to a change in resistance of the sensor.
This change in resistance is measured for a range of pressure applica-
tions and the calibration process leads to corresponding resistance for
each pressure load. Thus, the MXene sensors are employed as pressure
sensors.

Ti3C2–MXene/PVA/Polyvinyl pyrrolidone double-networked hydro-
gel were used to prepare a pressure sensor which also had the function
of a flexible strain sensor [38]. The nanocomposite hydrogel resulted in
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Table 4
Piezoresistive strain sensors (Ti3C2-MXene compared with MWCNT and Graphene [114]).

Material Fabrication method Sensitivity or Gauge factor Linear range (test range)

MWCNT/Epoxy [114] Casting film GF, 4.45% <2.83%
Graphene/rubber [114] Hot compression GF,82.5% 100%
Ti3C2-MXene–paper [115] Dip coating 3.81 (kpa−1) 982–10 kPa (23 Pa–30 kPa)
Pure Ti3C2-MXene [37] Ink printing GF, 180 0.19–0.82% (0.19–2.13%)
Ti3C2-MXene–paper [115] Dip coating 3.81 (kpa−1) 982–10 kPa (23 Pa–30 kPa)
Ti3C2-MXene/PVA [39] Composite hydrogel formation GF, 80 0–0.5% (0%–3%)
Ti3C2-MXene/sponge [116] Dip coating 442 (kpa−1) 5.37–18.56 kPa %
Ti3C2-MXene/PVA/Polyvinyl pyrrolidone [38] Hydrogel formation 10.75 (kpa−1) 0–61.5 kPa %
Ti3C2-MXene/Copolyamide 6,10/n-propanol [117] Electrospun mat GF, 4.5 @ 25 ◦C –
Ti3C2-MXene nanoparticle–nanosheet hybrid [113] Vacuum filtration GF, ≥178.4 0.0025%–53% (0.0025%–53%)
Ti3C2-MXene/PDMS [118] Schiff base reaction GF, 3.6 0%–75% (0%–75%)
Pure Ti3C2-MXene [36] Laser patterning GF, 7400 0.6–0.7% (0–0.7%)
Ti3C2-MXene/RGO/PDMS [112] Vacuum filtration GF, 190.8 0–52.6% (0–74.1%)
Ti3C2-MXene/Polyestyrene [119] Vacuum filtration GF, 1400 120%–240% (130%–900%)
Ti3C2-MXene/Polyurethane [120] Electrospinning technique GF, 228 0%–10% (0%–150%)
Ti3C2-MXene/PVA/Polyacrylamide [111] Vacuum filtration GF 44.85 0%–200% (0%–350%)
Ti3C2-MXene/1D silver nanowire/Poly(dopamine)[121] Screen-printing GF, ≥200 0%–15% (0%–83%)
Ti3C2-MXene/Polyurethane [122] Co-axial wet spinning GF, 238 − (0%–152%)
Ti3C2-MXene/Rubber [123] Dip coating GF, 107.4 0%–10% (0%–75%)
Ti3C2-MXene/Silver nanocomposite-based Yarn [124] Dip coating GF, 309.1 0%–60% (0%–200%)
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good tensile performance, toughness, and resilience. Also, the flexible
pressure sensor had a high sensitivity of 10.75 kpa−1, a wide operating
ange (0–61.5 kPa), and a low detection limit of 0.87 Pa. Another
Xene nanocomposite with Ti3C2-MXene/Polyvinyl butyral resulted

n a high sensitivity of 11.9 kpa−1 in the operating range of 31.2
a–312 Pa while about 1.15 kpa−1 for operating range of 312 Pa–
2.4 kPa [125]. The same work also reported a complete range of
etection of 31.2 Pa to 2.205 MPa with a low power consumption of
bout 3.6 ± 10−−10 Watts. There is also a quantum transport device
ith Mo2TiC2O2 being proposed as a pressure sensor device [126]. The

hange in the chemistry of the MXene nanomaterial results in a change
n the performance for various measurements allowing the flexibility of
se of a particular type of MXenes for particular sensing.

There can also be modern fabrication techniques that can be used
n the sensor development process. Similar to the reduced graphene
xide sensor developed in this literature work [127], MXenes films
an be subjected to laser etching as reported in [36] and be used as
ensing elements. Again, the emphasis is on the long shelf-life of these
ensors. Therefore along with the chemical stability-enhancing mea-
ures, appropriate selection of manufacturing process and packaging is
ecessary.

.3. Temperature sensor

The change in electrical properties with the temperature change is
ne of the mechanisms used to measure temperature in the surrounding
nvironment. Ti3C2-MXene film subjected to vacuum filtration is used
or the temperature sensor development where the film is inserted into
re-polymerized PDMS and then post-polymerization is conducted to
orm a PDMS sandwich with Ti3C2-MXene [128]. The flexible wear-
ble temperature sensor is then subject to temperature cycle tests (at
emperatures from 25–50◦ C) where the temperature variation is used
o measure the change in resistance. This flexible temperature sensor
esulted in a high sensitivity of up to 986 ◦C−1 with a maximum
perating limit of up to 140 ◦C. Ti3C2-MXene nanocomposite prepared
ith poly(n-isopropyl acrylamide) hydrogel matrix demonstrated tem-
erature sensitivity along with strain sensing properties [129]. The
hermal conductivity of MXene-based nanocomposites particularly with
poxy was reported in [130]. The thermal conductivity of 1 wt.%
i3C2-MXene in epoxy (0.587 W(mK)−1) led to an increase of 141.3%
ompared to pure epoxy.
8
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.4. Quasi-static and dynamic sensors

The response time plays a critical role as the sensing element
hould respond appropriately to the changing field variable that is
eing measured either in a static or dynamic loading environment. Pure
i3C2-MXene film responds well for quasi-static loading (tensile load-

ng) [36] as well as for dynamic loading (shock impact) [40]. There has
lso been a demonstration of the response of Ti3C2-MXene film to both
ow-velocity impact and high-velocity impact with different loading
imes on the sample [40]. Ti3C2-MXene film performed well for both
hese cases along with fast response times compared to commercial sen-
ors available in the market. Response time of several MXene devices
as been provided in Table 5 for various types of loading environments.
he measurement method is predominantly piezoresistive where the
hange in resistance of the sensing element is measured with the change
n field variable quantities.

The application of dynamic loads was demonstrated with clear evi-
ence to develop sensors using Ti3C2-MXenes as a sensing element [40].
nspired by the low and high-velocity loads applied in the literature
sing ball drop test [134] and shock wave application [6,135], re-
pectively, similar loading was applied to study the dynamic response
ime and also as a means to dynamically calibrate the sensing element
ith plastic packaging. Fig. 7 provides the dynamic shock impact

est configuration illustration along with the results from the tests.
he results indicated that the Ti3C2-MXene film responded with a
ast response time compared with the commercial piezoelectric sensor
Table 5). The same literature indicates a shock impact sensor that
ould be developed using the Ti3C2-MXene material. A similar response
as found when the sample was subjected to a ball drop test. The

llustration of setup, the response of the MXene sample for various
all weights and an individual ball drop response are indicated in
ig. 8. The response times reported in this work [40] were superior
hen compared to many works published in the literature [136]. These

esults reported indicate the use of MXene nanomaterial-based sensors
or SHM application where the structures have impact loads due to
arious working environments.

One of the key aspects to be kept in mind while using MXene as
sensing element is the packaging of either pure MXene film or the
XNC. The packaging would vary for different applications in different

oading environments. An effective packaging leads to an effective
ensor which brings in greater commercial value. The uncertainties
nvolved in the physical sensor development process are also discussed
ater in this paper. But for the purpose of application in the SHM
omain, it is important to model these sensing elements with MXenes
or estimating physical properties prior to extensive experimentation
hich would be costlier. To address these issues, the next section
ocuses on the modeling aspect of nanomaterials and nanocomposites.
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Table 5
Comparison between response times and characterization methods for Ti3C2-MXene sensing application.
Material Characterization method (Material behavior) Response time

Pure Ti3C2-MXene film [40] Shock tube test (Piezoresistive) 7.13 ± 1.28 μ s
Pure Ti3C2-MXene film [40] Ball drop test (Piezoresistive) 1̃.56 ± 0.03 ms
Pure Ti3C2-MXene film [37] Compression test (Piezoresistive) 30 ms
Ti3C2-MXene/Sponge network [116] Compression test (Piezoresistive) 130 ms
Pure Ti3C2-MXene [36] Tensile test (Piezoresistive) 88 ms
Ti3C2-MXene nanoparticle–nanosheet hybrid [113] Tensile test (Piezoresistive) 130 ms
Molybdenum Carbide/Polyacrylamide/PVA [131] Humidity test (Piezoresistive) 1̃ & 1̃.8 s
Ti3C2-MXene/Polyvinyl butyral [125] Pressure test (Piezoresistive) 1̃10 ms
Ti3C2-MXene/PVA/Polyvinyl pyrrolidone [38] Tensile test (Piezoresistive) 33.5 ms
Ceramic [132] (Commercial sensor) Shock tube test (Piezoelectric) 3 μs
Silicon [133] (Commercial sensor) Shock tube test (Piezoresistive) 1 ms
Fig. 7. (a) Illustration of shock tube testing (b) signal output measured in the shock
tube using commercial sensor (c) signal output from the Ti3C2-MXene sample (after [40]
Published by The Royal Society of Chemistry.).

Fig. 8. Illustration of the ball drop test conducted on the Ti3C2-MXene film with the
output signal (after [40]).

4. MXene nanomaterial and nanocomposite modeling and analy-
sis methods

Modeling techniques and analysis methods have also evolved over
the past few decades for nanomaterial-based composites primarily for
pre-designing the nanocomposites and estimating their properties well
before the physical sample of the nanocomposites are fabricated. This
helps in reducing the number of physical samples that need to be
fabricated and tested to finally get an estimate of physical properties
for a configuration of nanocomposite constituent. Moreover, modeling
gives a better understanding of physical phenomena in nanocomposites.
9

Table 6
Ti3C2-MXene elastic properties [87].

Elastic properties Units Values

Young’s modulus in planar direction (E) GPa 312.5
Poisson’s ratio (𝜇) – 0.2265
In-plane shear modulus (G) GPa 141
Density (𝜌) tmm−3 3.2 × 10−9

Maximum allowable tensile strength GPa (17.3 ± 1.6)

Nanomaterials have been widely modeled using discrete mechanics
theory, namely Molecular Dynamics [137] and Density Functional
Theory [88] at the length scale close to a few nanometers, while
continuum-based models have been built for scales above few hundred
nanometers. Two-dimensional nanomaterials like Graphene, Molybde-
num disulfide, MXenes, and others have lateral dimensions of the order
of a few hundreds to thousands of nanometers and various methods
of continuum [138,139], semi-continuum [140] and equivalent contin-
uum [141] plate theory models have been used to model them. Among
the methods of discrete mechanics, Density Functional Theory (DFT)
was used in [87] to estimate Young’s modulus and Poisson’s ratio of
Ti3C2-MXene as 312 GPa and 0.2260 in one planar direction (along
the 2D plane of the MXene nanosheet) and 313 GPa and 0.2270 in
the other planar direction, respectively (properties listed in Table 6).
The prediction from the DFT is well within the standard deviation
bounds of the experimentally determined Young’s modulus of Ti3C2-
MXene monolayer (330 ± 30 GPa) in [85]. It is also to be noted that
the prediction from Molecular Dynamics (MD) gives an overestimation
of Young’s modulus to be 502 GPa [89].

Models using the principles of continuum mechanics have become
more relevant for 2D nanomaterial-based composites because of the
variety of contact models for the interface layer between the filler
and matrix material as well as the interface layer between layered
filler materials in the matrix. There have been various efforts to model
nanocomposites both using analytical and numerical methods [89]
including the interface behavior through continuum mechanics.

Many micromechanical analytical methods with continuum me-
chanics assumptions like Rule of Mixture [142], Halpin–Tsai method
[39], Mori–Tanaka model [143] have been used to estimate the mate-
rial properties of general composites having fillers and matrix material,
e.g. long or short Fiber Reinforced Polymer (FRP) composite and Par-
ticulate Reinforced Polymer (PRP) composites, etc. The modification
of the Mori–Tanaka model which depends on Eshelby’s inclusion prin-
ciple leads to the Effective Interface Model (EIM) [144] which has
been used for nanocomposites (including 2D nanomaterials) model-
ing from the early 2000s [138,145]. Classical Laminate Plate Theory
(CLPT) has also been used to model 2D nanomaterial-based compos-
ites [139] using continuum mechanics assumptions due to the stacking
of nanomaterials.

Several numerical models have been built for 2D nanomaterial-
based composites using Finite Element Analysis [138,145]. Most fre-
quently, these are multiscale models where the 2D nanomaterials are
inserted in a polymer matrix at the micro- or mesoscale in the form of
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Representative Volume Elements (RVEs). The numerical models devel-
oped at lower scales are subsequently scaled up to the macroscale level
using various techniques, e.g. the popular FE2 method [146]. These
models form the basis for hierarchical multiscale models which are used
to predict material properties and physical behavior of nanocomposites
across scales [146].

Along with the modeling of the filler and the matrix, there is a
need for modeling the bonding between these two constituents in 2D
nanomaterial-based composites [147]. The nanomaterial fillers used as
reinforcement in the polymer matrix have an interface region whose
properties are driven by the changes in the molecular structure at the
filler-matrix interface as well as a filler-matrix-filler interface when the
fillers stack-up with the polymer. Because of the nanoscale thickness of
the monolayer MXenes dispersed in the polymer, this interface effect
seems to play a crucial role in the electro-mechanical response, thereby
affecting the overall properties of the composite. This effect can be
observed from the results reported for Ti3C2-MXenes in [75], where the
increase in weight fraction of the matrix in the nanocomposite increases
the gap between the MXene monolayers, thereby, affecting its physical
properties.

In state-of-the-art modeling approaches for MXenes, these materi-
als are modeled with equivalent continuum (homogenized) physical
properties, embedded in the polymer matrix. The interface between
MXenes and the matrix is most frequently assumed perfect and of
uniform thickness for all the analytical methods found in the literature.
Although numerical methods offer a variety of interface modeling
approaches, e.g. based on Cohesive Zone modeling [148] or frictional
contact [149], perfect bonding is typically assumed due to the lack
of reliable experimental input data for these models. The deformation
and failure of the Ti3C2-MXene nanosheets were studied to predict
the mechanical behavior of the nanosheets [150]. A nanoindentation
process, generally used in experimental mechanics study, was simulated
using a finite element model. The paper reported that the interlaminar
shear strength and the in-plane stiffness of the MXene, influence the
mechanical behavior of MXene when the MXene film is subjected to
tensile forces.

Recent work discusses microscale mechanical modeling of MX-
ene/Polymer nanocomposites models with the numerical method of
Finite Element Analysis applied using commercially available soft-
ware [105]. This work considers a simple model of the interface
between MXene and polymer. Another literature work used the plate
model of MXene nanosheets embedding them in the polymer matrix
to conduct microscale simulation using representative volume element
with the finite element method and perfectly bonded interface assump-
tion [151]. The same work also modeled the MXene/Polymer nanocom-
posites using bio-inspired nacre-like brick-and-mortar assembly that
has also been used as a process in experimental demonstration [121]. It
is interesting to note that controlled assembly of MXenes with polymer
matrix achieved experimentally and modeled numerically can provide
opportunities for the tailor-made MXene/Polymer nanocomposites with
optimized material properties. This acts as a precursor to the pre-
design of nanocomposites which can then be optimally used as sensing
elements. These microscale models demonstrated in [105,151] provide
the building blocks to scale-up models to macroscale using the hier-
archical multiscale models, similar to the works demonstrated with
carbon nanotubes [152].

Apart from the multiscale model development, the MXene
nanosheet model can also be improved to include each chemical bond
as a continuum element forming a truss pattern for the 2D material
similar to a work done for graphene [153]. This would allow minute
details of the 2D MXene material to be included in the modeling phase.
The MD approach of modeling the interface using Lenard-Jones poten-
tial needs further consideration to provide a consistent interface model
for MXene monolayer and polymer. The hierarchical multiscale model
framework that can be used for future implementation is provided
in the next section followed by a brief discussion of the boundary
conditions for the numerical model.
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Fig. 9. Multiscale electromechanical domain numerical framework for pure MXene and
MXNC models.

4.1. Hierarchical multiscale modeling framework of MXNC

A framework for hierarchical modeling of MXNCs for electrome-
chanical domains has been shown in Fig. 9. As many numerical models
have focused on the sub-micron scale, the results from this litera-
ture [88] can be used for further implementation of the hierarchical
models at micro and macroscale. The FE2 method (Finite Elements are
used at both micro/meso and macro scale for spatial discretization and
numerical analysis, hence FE2) of multiscale modeling is used for the
implementation in this section. The information about the fundamental
material properties obtained from the sub-micron scale using DFT or
MD simulations form the input to the micro/mesoscale.

Consider a quasi-static load being applied at the macroscale on the
MXNC coated test sample as shown in Fig. 10. The macroscale model
which consists of the base sample with MXNC coating is discretized
using finite elements. The tensile force at macroscale results in strains
at various nodal points of the finite element model. Each nodal location
of the MXNC coating is linked to the microscale model leading to
the transfer of strains from macroscale to the microscale model. The
microscale model consists of representative volume elements (RVEs)
with MXenes dispersed in the polymer matrix and the nodal field
variables of the discretized MXene model (assuming a thick plate model
implementation [154]) is transferred to the nearest nodal locations of
the discretized polymer matrix. The link between the MXenes and the
polymer is defined using the multi-point constraint equations available
in the finite element analysis framework. The RVE employed at the
microscale provides the stress distribution at the microscale due to the
strain or local displacement change transferred from macroscale load-
ing. The stress distribution at the microscale is then transferred back
to the macroscale model where the response to the applied external
loading is provided as output. A similar linkage exists for the electrical
modeling, but the difference is that the stress–strain distribution at the
microscale causes a change in the position of the nanomaterials thereby
changing the resistance paths within the MXNC. This results in the
macroscale change in electrical resistance due to external mechanical
loads. The microscale implementation and the use of the finite element
method at microscale with the Hill–Mandel principle are shown in
Fig. 10 [154]. The boundary conditions applied for these models are
discussed in detail in the next section.

4.2. Boundary conditions for the multiscale models

The numerical method under consideration in this paper is the
finite element method which involves mainly two boundary condition
definitions. The essential boundary condition or displacement boundary
condition describes the nature of constraints on the structure under
consideration (for example, fixed end or pinned end or free end of a
beam structure). The natural boundary conditions or force boundary
conditions describes the forces or moments acting on the structure
under consideration (for example, end load or continuous or distributed
load on a beam structure). These boundary conditions are applied at the
macroscale level of the structure being modeled.
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Fig. 10. Microscalemechanical model with Hill–Mandel principle for FE2 implementation. The various configurations are described along with elaboration of stress field results
for configuration 3. [Original citation [154]] — Published by MDPI.].
Consider the case discussed in Section 4.1, the base sample with
the MXNC coating is subjected to a tensile load. While modeling this
in the finite element environment, one end of the sample is fixed
(essential boundary condition) and the other end is subjected to a
quasi-static tensile force (natural boundary condition). As discussed in
Section 4.1, the forces at the macroscale are transferred as a strain or
displacements to the microscale model. The solution of the static or
dynamic problem is very sensitive to boundary conditions. The simple
assumption made for microscale boundary condition is the periodic
boundary condition assuming the periodicity of the structure at the
microscale. If this assumption is not satisfied at the microscale for the
material under consideration then the boundary conditions would be
more complicated.

There are also other special considerations of boundary conditions
while simulating the RVE at the microscale. In order to simulate at
the microscale, the RVE may be subjected to a one-dimensional virtual
tensile test, omitting the scaling-up from micro to macroscale and the
results are directly analyzed (following Saint-Venant’s principle) [155].
But the Hill–Mandel condition applied to the RVEs with a periodic
boundary condition helps in estimating the elastic properties of the RVE
models effectively [137,156].

Among the experimental conditions the MXene-based structures are
subjected to in the literature at the macroscale, the tensile test is
commonly applied as a quasi-static tensile test [75]. Apart from the
tensile test, other mechanical test conditions [40] like compression
tests, ball drop type impulse loading test, etc., are also applied. But as
a common practice most of the multiscale models (in numerical frame-
work) involve quasi-static loading conditions and they are discussed in
the literature [154].

Modeling of nanomaterials is developed from observations made
of the nanomaterial and the characterization studies conducted using
various microscopes at the microscale and optical observation at the
macroscale. As there are uncertainties bound to be present in exper-
imental studies and measurements, there are a few uncertainties that
need to be considered for numerical modeling as well to conduct virtual
testing. Both these uncertainties are addressed in Section 5.1 for a
detailed consideration from a measurement and sensor development
point of view.

5. Discussion and future scope

Sections 3 & 4 have reviewed recent developments of MXene-based
physical sensors and numerical model development in the context of
placing them in the SHM applications. As a step further from these
11
discussions, it is important to identify the sources of uncertainty of
these physical sensors and the numerical models. Identification of
uncertainties will eventually help in quantification and propagation
through statistical models, there by increasing confidence in decision
making of using these sensors for SHM systems. These uncertainties
along with the discussions on the issues of repeatability and reliability
of MXene-based sensors will provide a direction to the sensor develop-
ment activities to make these nanomaterial-based sensors suitable for
large-scale use in industry. This section ends with a discussion on the
use of multifunctional MXene-based sensors for SHM applications.

5.1. Uncertainties and errors

The presence of uncertainties in physical form through experi-
mental measurement [157,158] and in computational form, through
mathematical models, [159] (computational experiments of solving
the mathematical models through numerical methods) are common
in engineering practice. Most of the works reported in this review
consider the uncertainties in the physical parameters measured after
the chemical process is completed and the MXene nanomaterial-based
film or nanocomposite is formed. The systematic and random uncer-
tainties during the chemical synthesis process are not addressed in
detail. The measurement of the MAX phase compound using a weighing
scale before being added in in-situ formed Hydrogen Fluoride contains
systematic uncertainty due to the mass measuring instrument. Similar
uncertainty exists for the fluid measurement of Hydrogen Chloride
liquid which is mixed with Lithium Fluoride. Literature work [160]
has also shown that the precursor MAX phase materials when synthe-
sized from three different carbon sources result in different reaction
pathway leading to differences (after synthesis and delamination to
form MXenes) in MXene flake sizes, chemical compositions, chemical
stability and electrical conductivity. From this study, it was found
that graphite-produced Ti3C2-MXene showed the highest conductivity
and was the most stable. Variation in the use of etching agents like
HF, HCl orFeF3∕HCl can also result in modification of the surface ter-
minal group, oxidation sensitivity, delamination ability, intercalation
effectiveness, size of flakes, interstratification etc., [161]. Therefore,
changes in the stoichiometry during the synthesis of MXene would
affect the end result and there by affect the sensing material properties.

The MXene 2D single-layer or multi-layer dimensions obtained from
such synthesis process might also have uncertainty due to the random-
ness in the size of the MAX phase compound (even-though the MAX
phase compound has particle size specification provided by the man-
ufacturer, the range of such deviation in particle size also needs to be
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mentioned after thorough microscopic characterization). The variation
of shape of the MXenes needs consideration as the edges of these 2D
nanosheets can fold due to electronegative edges formed because of
functional group (-F or -O) termination [162] or due to addition of the
nitrogen into the lattice grid of Ti3C2 [163]. This would play a major
ole when there is a requirement of precise physical behavior at the
ano and microscale of these materials for sensor development.

The 2D MXenes either in single or multi-layer synthesized are
ubjected to microscopic characterization studies using a transmission
lectron microscope or scanning electron microscope (e.g. morphology,
omposition, etc.). The systematic uncertainties and the measurement
rrors of these microscopes also need to be considered before reporting
he final characteristics (e.g. lateral dimension and thickness of the
D MXene nanosheet) of MXene. Mention of the mean, deviation, and
ange of such measurement results can become the input to compu-
ational models to perform molecular dynamics or density functional
heory simulations for the single or multi-layer 2D MXenes. During the
xperimental work conducted by the authors [75], it was noted that af-
er the synthesis of Ti3C2-MXene, due to chemical instability (reported
n Section 2.3.3) and also due to improper etching process of MXenes
rom MAX phase compounds, impurities can be present in the Ti3C2-
Xene samples in colloidal or aqueous paste form. We report here those

bservations from such experimental characterization studies. Fig. 11
rovides the TEM image and EDX results of Ti3C2-MXene samples. As
arked in the figure, at locations 1 and 2, the sample contained traces

f Aluminum Oxide and Ti3C2-MXene with Titanium Oxides. Chlorine
nd Fluoride atoms were also observed to be present as impurities
n these tests. Fig. 11 provides an example of the presence of MAX
hase compounds indicating incomplete etching to form MXenes. These
mpurities which are random uncertainties affect the final application
f the Ti3C2-MXene samples. Further, in the subsequent sections, the
ncertainties and their sources for experimental and computation work
re discussed in detail.

.1.1. Experimental uncertainties
The experimental uncertainties after the MXene nanomaterial-based

ilm (or nanocomposite) is synthesized will involve the effect of chem-
cal stability on these films (or nanocomposite). Chemical stability
s a factor that would affect all the sensor devices fabricated in the
iterature, as well (Ti3C2-MXene films and nanocomposites can be
ade chemically stable with longer shelf-life with the methods dis-

ussed in Section 2.3.3 like the use of antioxidants or modified MAX
ompounds). The chemical instability leads to random uncertainty as
he variation of the electrical property might happen at a slow rate
r fast rate depending upon the humidity and oxygen exposure. The
hysical parameters measured in many papers use multiple samples,
eport average, deviation, and range of the parameters. The measuring
nstruments used in these experiments also lead to systematic as well
s random uncertainties with possible error propagation. Reporting
hese uncertainties in future works would be useful for uncertainty
uantification and propagation analysis.

The systematic uncertainty due to polymer matrix weight fraction
easurement compared to MXenes also needs to be ascertained when
anocomposites are being fabricated. These uncertainties when classi-
ied will help estimate the error that might occur due to the influence
f any of these factors. Considering the piezoresistive mechanism of
easurement of the sensors discussed in this review, multiple repeti-

ions of the sensor measurement needs to be made to find the range
nd deviation of the resistance change behavior due to varying applied
orces. Also, care should be taken while fabricating nanocomposite-
ased sensors with techniques such as screen-printing, electro-spinning,
ip-coating, etc. In the MXNCs, the electrical properties vary as a
unction of strain. Due to this effect, the focus needs to be laid on uncer-
ainty quantification and also verify the repeatability of properties of
12

hese samples with multiple loading cycles. As each of these processes t
as varying operating conditions and these lead to random uncertain-
ies in the final physical parameter measurement. Moreover, detailed
ehavior and operational principles of sensors based on MXenes have
et to be explored. Especially, the piezoelectric effect and tunneling
ffect should be investigated if they play the role in sensing behavior. In
ome of those aspects computational models may be required, however
hose also can be affected by uncertainties (which are described in the
ollowing section).

.1.2. Computational model uncertainties
Mathematical models are developed based on the observations made

rom characterization studies on MXene nanomaterial and MXNC. Thus,
he mathematical models developed and implemented through the
umerical method are bound to have some uncertainties which will be
iscussed in detail [159]. A few of the uncertainties are listed below:

1. Parameter uncertainty: The input to the computational model
directly linked to the mathematical model) depends on the experi-
ental observation made from characterization studies. This leads to
range of parameter values with average and standard deviation to

e used as input (e.g. dimensions for the MXene 2D plate model;
he shape of MXene, in reality, might have a 2D structure with edge
olding or stacking which might lead to errors in input parameters). The
rientation, shape and size of MXenes in nanocomposites also lead to
arameter uncertainties and hence quantification becomes important.
or this reason, statistical models need to be employed to arrive at the
est possible MXene distribution in a polymer matrix which can get the
odel output close to the experimental results. The statistical model
ill have several parameter uncertainties which need quantification
sing Monte Carlo or other methods.

2. Variation of parameters: The input parameters provided to a
omputational model could also vary with the kind of experimental
esting procedure employed. For example, The polymer material input
arameters would vary based on the thermal and resistance conditions.
he MXene electromechanical behavior also depends on thermal and
nvironmental conditions leading to variation of parameters.

3. Model inadequacy: One of the major model inadequacies in
Xene nanomaterial-based films or nanocomposite is the interface

roperties between the MXene–MXene interface and MXene-polymer-
Xene interface. The possibility of an interface layer that might have

arying elastic and electrical properties due to the chemical bonds
hich are formed needs more investigation at various length scales.
he microscale models developed in literature [105,154] are an ap-
roximation of the real microstructure of MXene films or MXNCs. As
he mathematical models approximate reality, model updating would
e necessary to get the models close to reality.

4. Numerical uncertainties: The finite element method has inher-
nt uncertainties and errors as the shape function assume the dis-
lacement field. The strong-form partial differential equations of the
hree-dimensional solid of the polymer matrix and partial differential
quations of the 2D plate model used for the MXene single-layer are
eakened with approximations to finally obtain the matrix form equa-

ions to solve in the literature [164]. The numerical integration schemes
nvolved with the solution process to interpolate behavior between the
inite element nodal points also contribute to the error.

5. Observation error: Section 5.1.1 discusses this in detail but the
bservation error can lead to mathematical models not being close to
eality and the approximations would lead to the propagation of these
rrors.

6. Uncertainties due to non-availability of input data: Certain com-
utational models simulated have input from experimental data which
an have a certain part of the data missing due to measurement errors
r data acquisition system error. These need to be accounted for and
hen compensated with interpolation or extrapolation models which
gain brings in uncertainties and errors as well. The other reasons for

he non-availability of input data would be due to non-characterization
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Fig. 11. (a) TEM image of impurities found with synthesized MXenes indicating uncertainties in chemical synthesis process which can lead to variations in physical properties.
(b) 1, 2 & 3 correspond to EDX results at 3 points marked in the SEM image. 1 — indicates presence of Aluminum Oxide; 2 — indicate presence of impurities of Chlorine and
Fluoride elements which are part of synthesis process; 3 — indicate present of Ti3C2-MXene nanosheets.
of the strain-dependent or temperature-dependent behaviors of MXene
nanocomposites.

Incorporating the uncertainties discussed above will allow for un-
certainty quantification and propagation for the computational models
ensuring the reliability of these virtual (computational) models.

5.2. Repeatability and reliability

The repeatability of the sensors reported till now indicates that
most works have been subjected to multiple repetitions to ascertain
the repeatability [36,120]. The reported works do not consider the
effect of chemical stability and report sensor functioning stability over
several weeks. This indeed affects the repeatability of the sensors
developed and affects the reliability of measurement with these MXene
nanomaterial-based sensors. It becomes imperative to utilize antioxi-
dants or a modified MAX phase compound approach to enhance the
chemical stability before new sensors are made which are bound to
have better shelf-life and the possibility of application in SHM.

5.3. MXene nanomaterial-based multifunctional sensors application to SHM
and virtual sensors

In Sections 3 and 4, the state-of-the-art MXene nanomaterial-based
sensors and the numerical models being built for MXene nanomaterial-
based structures have been discussed, respectively. The two comple-
ment each other in their development for the measurement of static
or dynamic field variables of the structures. Many engineering sys-
tems like wind turbines, electric machines, airplanes, ships, spacecraft,
etc., need structural health monitoring of multiple parameters like
acceleration, strain, displacements, impact forces, acoustic emissions,
temperature gradients, etc. MXene nanomaterial-based sensors have
multifunctional capabilities with a wide range of sensitivity with flex-
ible manufacturing techniques that can be implemented for many of
these engineering systems. The physical sensors which measure the
field variables and transfer the signals for post-processing can have
simulation counterparts like the numerical models discussed in this
review paper. The numerical models are built to mimic their real-world
physical counterparts.

With many of these engineering systems, an array of multiple sen-
sors are used and a sensor network is formed to collect the structural
health information. Due to the limitations of using multiple physical
resources, there is a need for optimal usage and also for interpolating
or extrapolating the sensing behavior where the physical sensor is not
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placed. Virtual sensors are conceptualized for such a purpose where
the sensor network data is used to estimate the possible data that
might come from a location where the sensor is not available [165]
but assumed to exist. This virtual sensing involves data augmentation
with sensor physics-based mathematical models. Hence, physical sensor
development and its physics-based models need to go hand in hand to
be incorporated into the rapidly progressing field of SHM.

The numerical methods used for such mathematical model repre-
sentation also serve the purpose of developing a digital counterpart or
twin of the physical twin [51,166]. The digital twin is conceptualized
to evolve with the changes in the state of the physical counterpart.
As this is a new idea and needs more discussions, only a passing
reference to this is made here. Multiple nanocomposites development
with MXene nanomaterial can result in multifunctional sensors that can
perform the function of sensing more than one field variable resulting
in reduced sensor usage in SHM and also leading to optimal sensor
placement. For example, to measure both impact forces and strain on
the wind turbine blades or airplane wings, MXene-based coating or
packaged film devices can be fabricated which might involve multiple
manufacturing techniques to achieve the end goal. In cases where
electromagnetic shielding is required along with sensing capability,
MXenes can be appropriately modified for the purpose. The use of
MXenes for wireless communication also offers opportunities for in-
tegration of IoT technology with these multifunctional MXene-based
sensors promising an advancement from the state-of-the-art in SHM.
Combinations of various MXene materials in the MXene family can lead
to sensors for electric machines where strain and magnetic fields need
to be measured for SHM. The variation in the chemistry and surface
functionality of MXenes change the electronic properties which allows
flexibility in usage. Similarly, many implementations of MXene-based
sensors for SHM are possible and these possibilities would continue to
grow with the discovery of many new MXene compounds. Chemically
stable MXene nanomaterials help in developing tailor-made sensors for
SHM applications along with improved sensitivity of the measurement.

6. Conclusions

Due to their unique physical properties, MXenes have drawn sig-
nificant attention in the scientific community. Especially in the scope
of sensing applications MXene nanomaterial-based sensors seem to be
a perfect candidate for Structural Health Monitoring. Space vehicles,
aircraft wings, multi-story buildings, wind turbines, etc., are a few
examples of the engineering structures and systems that MXene-based

sensors potentially can be implemented. In this paper, we reviewed the
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Table 7
Summary table with key publications cited from each section of the paper.

Sections of the paper Main articles cited

Introduction [10,16–19,23–25]
Nanomaterials for SHM [5,72,74,75,80,82,84,85,91,97,99,

106–109]
MXene-based and MXNC-based sensors [36–38,40,111–113,125,128,130]
MXene modeling and analysis methods [87,89,105,154]
Discussion and future work [51,157,159,161,162,166]

current state-of-the-art perspective of sensing applications (a general
overview of key publications is presented in Table 7).

Ti3C2-MXene, the first compound discovered among the MXene
family, has demonstrated good electromechanical properties and this
has led to its use in many applications including sensor development.
Many new members of the MXene family are also being discovered and
studied for their application as sensors. In this review, the physical and
chemical properties of Ti3C2-MXenes are evaluated along with their use
s sensors for measuring field variables (strain, temperature, pressure,
orce, etc.). The chemical stability of the MXenes has been a major
hallenge for the application of this material as it leads to a reduced
helf-life of the sensor devices. The unstable physical properties due
o chemical instability have also led to issues related to repeatability,
eliability, and consistency. Recent developments in addressing the
hemical stability issue with the usage of anti-oxidants (e.g. citric
cid and sodium L-ascorbate) and modified MAX phase manufacturing
rocess have shown promise in solving this issue and prolonging the
ife-cycle of the MXene samples and devices.

The hydrophilicity of Ti3C2-MXene results in good bonding with
olymer matrix materials avoiding agglomerate formation which is
ommonly found with non-functionalized carbon nanotubes and other
anomaterials. The elastic properties and particularly Young’s modulus
f Ti3C2-MXene has superior performance compared to graphene oxide,
educed graphene oxide and molybdenum disulfide leading to an in-
rease in strength of the nanocomposites formed out of Ti3C2-MXenes
nd this is discussed in the review. The excellent electrical conductivity
f Ti3C2-MXene makes it an eligible candidate for developing multi-
unctional sensors. Various strain sensors developed in the literature
re discussed with an assessment into their fabrication process and
he resulting sensor performance (e.g. sensitivity or gauge factor).
ost Ti3C2-MXene nanomaterial-based strain sensors developed have
ultifunctional capabilities including measurement of pressure and

emperature. The dynamic response behavior of pure Ti3C2-MXene
ilm is also discussed comparing with existing MXene sensors in lit-
rature and commercial sensors used in the industry. Although, there
xists many research papers presenting various potential applications
f MXenes as sensing devices the operating principle still has to be
nderstood. For this purpose numerical models may be utilized.

Computational models of MXene nanomaterials are discussed in this
eview to fit these models and the physical sensor into the SHM system
esign framework. Both the MXene nanomaterial-based sensors and
heir computational model have uncertainties that have been identified
or future work on quantification. The systematic and random uncer-
ainties of physical and numerical models are discussed. The effect
f chemical stability on the repeatability, reliability, errors, etc., of
he sensor devices is elucidated to emphasize the need to enhance
he shelf-life of these MXene nanomaterial-based sensors. These mea-
urement factors including uncertainties have a direct effect on the
ensor development. The review provides both the salient features and
he drawbacks in the use of MXene nanomaterial-based sensors and
mphasizes on the need for enhanced chemical stability of the MXenes
or large-scale use of MXene nanomaterials for application in SHM.
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