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Mechanical sensors based on two-dimensional

materials: Sensing mechanisms, structural
designs and wearable applications

Tingting Yang,' Xin Jiang,” Yuehua Huang,® Qiong Tian,* Li Zhang,® Zhaohe Dai,® and Hongwei Zhu?*

SUMMARY

Compared with bulk materials, atomically thin two-dimensional (2D) crystals
possess a range of unique mechanical properties, including relatively high in-plane
stiffness and large bending flexibility. The atomic 2D building blocks can be reas-
sembled into precisely designed heterogeneous composite structures of various
geometries with customized mechanical sensing behaviors. Due to their small spe-
cific density, high flexibility, and environmental adaptability, mechanical sensors
based on 2D materials can conform to soft and curved surfaces, thus providing suit-
able solutions for functional applications in future wearable devices. In this review,
we summarize the latest developmentsin mechanical sensors based on 2D materials
from the perspective of function-oriented applications. First, typical mechanical
sensing mechanisms are introduced. Second, we attempt to establish a correspon-
dence between typical structure designs and the performance/multi-functions of
the devices. Afterward, several particularly promising areas for potential applica-
tions are discussed, following which we present perspectives on current challenges
and future opportunities

INTRODUCTION

Two-dimensional (2D) materials such as semi-metallic graphene, insulating hexagonal boron nitride (hBN),
semiconducting molybdenum disulfide (MoS,), and many more, are a new class of atomically thin materials
with a range of unusual mechanical and electronic properties (Novoselov et al., 2016; Zhang et al., 2018a,
2018b In general, 2D materials are mechanically robust yet extremely compliant. For instance, although
graphene has shown exceptional in-plane Young's modulus, its bending rigidity is just comparable to
that of a lipid layer (Wei et al., 2013), breaking down classical plate theories. Recent studies further demon-
strate that the bending stiffness of multilayer 2D crystals is also much more compliant than the classical
plate prediction as the van der Waals (vdW) interactions between adjacent 2D layers allow interlayer shear
and slippage (Falin et al., 2017; Han et al., 2020; Kumar et al., 2016; Wang et al., 2019a; Wei et al., 2016).
Another intriguing mechanical advantage of 2D crystals arises from the capability of sustaining much larger
mechanical strains before failure (Akinwande et al., 2017; Androulidakis et al., 2018; Lee et al., 2008),
compared with traditional bulk crystals, including their bulk counterparts. In addition to the mechanical
compliance, most 2D materials also possess good electrical properties, such as tunable band gap and
high mobility (Cheng et al., 2019). Meanwhile, 2D materials are compatible with large-area processing tech-
nologies, leading to highly functional and low-cost next-generation wearable electronic devices (Chen
et al., 2017¢; Hou et al., 2014; Jian et al., 2017; Park et al., 2016).

The mechanoelectrical coupling properties of 2D materials are closely related to their geometric dimensions.
The sensing mechanism in these 2D sensing devices comes from different origins. At the microscopic scale,
the stress or strain applied onto a crystalline 2D layer would alter its atomic lattice and electron band structure.
Thereby, the electrical and photonic properties of the atomic layer (Chang et al., 2013; Hosseini et al., 2015z;
Lloyd et al., 2016) can be directly adjusted, leading to mechanical deformation-sensitive properties. However,
this principle becomes more complicated when the manufacturing process turns from microscopic into macro-
scopicscales as many mechanical and chemical subtleties appear. At the macroscopic scale, apart from the crys-
tallography-dependent behavior (Huang et al., 2011), macroscopic structures (Chen et al,, 2011; Yang et al.,
2015), chemical functionalization (Eswaraiah et al., 2011; Zha et al., 2016), interlayer sliding interfaces (Li et al.,
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substrate morphology (Zhu et al., 2014) can also modify its mechanoelectrical coupling properties. Besides,
some 2D crystals present a piezoelectric effect with the ability to generate electric charges and potentials in
response to the mechanical load (Dai et al., 2019a; Duerloo et al., 2012), and mechanical sensors based on
the capacitive (Davidovikj et al., 2017; Kang et al., 2017) and triboelectric type (Chu et al., 2016) of 2D materials
have also been widely reported. In the past years, the booming developments of sensing mechanisms, novel
structure designs, and fabrication methods lead to continuous advance of 2D materials based mechanical sen-
sors. The basic sensor performance parameters such as sensitivity and stretchability have been improved to a
level that even exceeds those of the biological skin.

The realization of deterministic functions with high performance is the goal of constructing and assembling
structural materials. Mechanical sensors based on 2D materials can be used in many aspects of daily life,
and its development and popularization will greatly improve people’s quality of life. For example, the
inherent light weight of 2D crystals makes membranes made from these materials exhibit small inertia in
nanoelectromechanical sensors, which allows them to react very quickly to mechanical stimuli and exhibit
shortresponse time and high sensitivity. Some useful information of 2D crystals based nanoelectromechan-
ical sensors are referred to in several recent papers (Chen, 2013; Fan et al., 2019). Herein, we will only high-
light the most representative characteristics of 2D materials in wearable mechanical sensing applications.
For example, 2D materials based skin type (Yang et al., 2015; Zhang and Tao, 2019) and textile type (Cheng
et al., 2015; Huang et al., 2019b) mechanical sensors are “worn” on the human body to realize long-term
dynamic monitoring of human physiological information and provide comprehensive clinical diagnostic
data or health information. Such wearable capability is also very useful for sensors to be installed at the
end of the robot finger to convert the force stimulus information obtained by perception into digital infor-
mation (Sun et al., 2019), which provides essential sensing feedback for robots to handle objects and use
tools. In addition, some stirring properties (e.g., biocompatibility (Huang et al., 2019a), biodegradability
(Zhang and Tao, 2019), superhydrophobic (Dinh et al., 2019), self-healing (D'Elia et al., 2015; Lin et al.,
2019), self-powering (Wang et al., 2018), visualization (Deng et al., 2017; Yang et al., 2017b), gas perme-
ability (Sun et al., 2018), flame retardancy (Wang et al., 2020a), acid alkali-resistance (Wang et al., 2020a))
have also been achieved, which further broaden the application scope of 2D materials based-wearable me-
chanical sensors. In the future, combining wearable sensors with machine learning and artificial intelligence
technologies to build machine learning-assisted smart sensors will become the theme (Yao et al., 2020;
Zhou et al., 2020), which further promote the growth of many emerging diversified application markets
and boost the prosperity of the Internet of Things to a new level. The structural designs and wearable ap-
plications of mechanical sensors based on 2D materials are illustrated in Figure 1.

SENSING MECHANISMS AND PROPERTIES

Here, we mainly introduce piezoresistive, capacitive, piezoelectric, and triboelectric principles. A summary
of 2D materials-based strain and pressure sensors is presented in Table 1.

Piezoresistive principle and sensing properties

The piezoresistive effect describes the ability of a material to generate resistance changes in response to
the mechanical stimuli. Sensors based on the piezoresistive effect usually have the advantages of ease of
manufacture and low cost and are widely used to realize cost-effective wearable electronic products. This
section discusses the piezoresistive properties of 2D materials from the perspective of structure design.
Based on the understanding from the literature and ourselves, we categorize these 2D structure types as
laterally designed 2D crystal structures (Figure 2A), vertically designed 2D crystal structures (Figure 2B),
and heterogeneously designed 2D crystal composite structures (Figure 2C). Such classification based on
structural characteristics facilitates a detailed discussion of the physical and chemical interactions of the
interfaces (essentially shear and adhesion) involved in the 2D system, which in turn regulates the piezore-
sistive performance of the sensor.

Laterally designed 2D crystal structures

Laterally designed 2D crystal structures include 2D single crystals, polycrystals, and in-plane heterostruc-
tures. The resulting structures feature strong bonding in the crystal plane, and applied mechanical loadings
activate the in-plane straining or shearing of the crystal layer, thus modulating their in-plane electrical
transport. 2D crystals, showing distinct piezoresistive properties, such as graphene (Bae et al.,, 2013),
MoS, (Manzeli et al., 2015; Tsai et al., 2015), WSe, (Hosseini et al., 2015b), MoSe, (Hosseini et al., 2015b)
or PtSe;, (Wagner et al.,, 2018), would be promising for strain or pressure sensor applications. To take
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Figure 1. Structural designs and wearable applications of mechanical sensors based on 2D materials
Adapted from Refs. [[Cheng et al., 2015) (Dinh et al., 2019) (Wang et al., 2019b) (Zhang et al., 2020) (Zhang and Tao, 2019) (Yang et al., 2018) (Yao et al., 2020),
(Tao et al., 2017)].

advantage of their inherent piezoresistive effects, high-quality CVD growth of 2D crystals is a prerequisite.
However, imperfections or defects are usually introduced into 2D crystals during their synthesis (Banhart
et al., 2010; Zhou et al., 2013). The atomic intercalations do not follow the perfect crystalline pattern
and, thus, significantly alter the resultant lattice and structural response of 2D crystals to the mechanical
load, resulting in physical and chemical properties of defective 2D crystals dissimilar to their pristine coun-
terparts (Addou et al., 2015; Lee et al., 2015; Terrones et al., 2012).

On the other hand, one-dimensional (1D) line defects (grain boundaries) are usually inevitably introduced
during the growth, especially when the lateral size of the material is much larger than the crystal grains (Van
Der Zande et al., 2013; Yu et al., 2011). These grain boundaries help the 2D crystals to assemble into in-
plane stitched architectures. The effect of the convergence region or grain boundaries on their mechanical
and electrical properties tends to dominate over the crystal flake itself (Tsen et al., 2012; Zhang et al., 2013).
Since the precise control of boundaries is challenging, the reported piezoresistive properties appeared
scattered even for the same type of 2D material. For example, polycrystalline CVD graphene-based strain
sensors have been obtained with a range of gauge factors from a few to several hundreds (Fu et al., 2011; Li
etal., 2012a; Zhao et al., 2012), which seems to disaccord with the theoretical calculation results where the
perfect graphene shows a gauge factor (GF) of less than 10 (Cocco et al., 2010; Gui et al., 2008; Ni et al.,
2008). These reports suggest that it is difficult to guarantee the consistency of sensor performance based
on the laterally designed 2D crystal structures.

Vertically designed 2D crystal structures

The bottom-up stacking of 2D crystals on top of each other presents a plethora of opportunities for me-
chanical sensing applications. The resulted structure features strong bonding in the crystal plane and
weak bonding via vdW interactions between layers (Geim and Grigorieva, 2013; Liu et al., 2016¢; Novoselov
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Table 1. Strain and pressure sensors based on 2D materials

SS300V N3dO

Sensed
Transduction Advantages/ mechanical Sensitivity Vibration Cyclic
principles Disadvantages type Key materials (GF) Range Linearity response stability Application Ref.
Piezoresistivity + High sensitivity Strain Functionalized 200 0-2.5% Linear 0-4 kHz 1000 cycles Acoustic signal (Yang et al.,
+/ Large measuring graphene multilayers (0-1%) detection 2020)
range MXene/silver 256.1 (0-15%) 0-83% Nonlinear - 5000 cycles Wearable, full- (Shi et al.,
\/ Simple structures and nanowire “brick” 433.3 (15-35%) (60%) spectrum, human 2018c)
fabrication and poly (dopamine)/  1160.8 (35-60%) health and motion
techniques Ni>*“mortar” 2209.1 (60-77%) monitoring systems
v/ Low cost 8767.4 (77-83%)
< Fzar szl High-crack-density 72 (20%) 0-100% Nonlinear 0-3 kHz 1000 cycles Wearable devices for  (Deng et al.,
X Hysteresis effect vertical graphene 22,000 (100%) (40%) human motion, 2019)
x Temperature nanowalls pulse, and sound
dependent timbre detection
Hydrophobic 1.67 0.5-90% Nonlinear 1000 cycles Human body motion  (Liu et al.,
polyimide (50%) and physical signals 2021)
nanofiber/MXene 200 cycles Detection
composite aerogel (80% )
Pressure MXene/cotton fabric ~ 5.30, 2.27, 0-160 kPa  Nonlinear - 1000 cycles Human health signal ~ (Zheng et al.,
0.57, 0.08 kPa " (80kPa)> detection and 2021b)
for the pressure advanced flexible
ranges intelligent E-skin
of 0-1.30,
1.30-10.25,
10.25-40.73,
40.73-160 kPa
MXene/protein 298.4,171.9 kPa~" 0.089- Nonlinear - 10,000 cycles Degradable devices, (Chao et al.,
nanocomposites for 1.4-15.7, 39.3 kPa (0-7142 Pa) smart electronic skins, 2021)
15.7-39.3 kPa human motion
detection, and disease
diagnosis
MXene-coated 3.84,0.18 kPa™" 0-80.9 kPa  Nonlinear 0.13 1000 cycles Electronic skin, (Yang etal.,
carboxylated carbon for 0-12.4, —0.25Hz  (0-30%) wearable device, 2021)
nanotubes (C-CNTs)/  32.8-80.9 kPa intelligent

carboxymethyl
chitosan (CCS)
aerogel

medical monitor and
other electronics
under watery and
sweaty

environments

(Continued on next page)
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Table 1. Continued

Sensed Q.
Transduction Advantages/ mechanical Sensitivity Vibration Cyclic ()
principles Disadvantages type Key materials (GF) Range Linearity response stability Application Ref. g
Capacitance / High sensitivity Strain MXene-coated 6.02 0-20% Linear - 2000 cycles Textile-based (Uzun et al., ()
 Temperature cellulose yarns (0-14%) electronics, finger 2019)
independent touch detection
V Well established Vertical graphene 0.97 0-80% Linear - 1000 cycles Detecting human (Deng et al.,
icati i ectrode -80%, siological signals
fabrication technique El d (0-80%) physiological signal 2020)
V Low power and applications in e-
consumption skin and robotics
X Highly susceptible Pressure MXene nanosheets Smin>200 kPa~", 0-1.4 Nonlinear - 10,000 cycles  Human activity and (Gao et al.,
to parasitic influence . ) 1 ) )
based iontronic> Smax>45,000 kPa MPa (0-510 kPa) robotic grasping 2021)
and electromagnetic o
sensor monitoring
interference ; )
o MXene nanosheet 10.2 kPa™ 0-100 kPa  Nonlinear - 20,000 cycles Compactwearable and (Zhang et al.,
x Complex circuitry . . . .
dielectric (0-8.6 kPa); (0-12 kPa) tiny electronics 2021)
X Crosstalk between .
) . with a 3D 3.65 kPa™
sensing unit
network electrode (8.6-100 kPa)
MXene/PVDF-TrFE 0.51 kPa™" 0—400 kPa  Nonlinear - 10,000 cycles  Human physiology (Sharma et al.,
composite nanofibrous (0-167 kPa) monitoring and 2020)
scaffolds as a dielectric wearable healthcare
layer Devices
MXene/Ag NWs 3.65-418.2 MPa—" 0-600 kPa  Nonlinear - 1800 cycles Healthcare, softrobots, (He et al.,
composite (0-40 kPa ) human-machine 2021)
electrodes interaction, and
wearable devices
Piezoelectricity +/ High sensitivity Strain 2D structures lead (Il)  10-25 (0.339%) 0.137%- Approximately - 4500 cycles Wearable electronics  (Song et al.,
V Good dynamic iodide (Pbly) 0.339% linear (0.339%, 5 Hz) and distributed sensing 2018)
response nanosheets networks
V/ Low-power- Single-atomic-layer 760 (0.53%) 0.21-0.64% Nonlinear - 9000 cycles Wearable technology, (Wu et al.,
consumption or self- MoS, (0.43%, 0.5 Hz) pervasive computing ~ 2014)
power ability and implanted devices
x N'Ot swt'able for Pressure Large-scale sputtered, 262 mV/kPa 1-5 kPa Linear - >1000 s Emerging bioinspired  (Choi et al.,
SENE senS{ncT‘;A asymmetric 2D MoS, (5 kPa) robotics and 2021)
X Susceptibility to biomedical
temperature L
applications
x Drift of sensor output :
@ CVD Grown WS, 19.8mV/kPa 1-5 kPa Linear - - Stretchable or (Kim et al.,
over time
0.756pA/kPa wearable electronics 2020)

(Continued on next page)
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Table 1. Continued

Sensed
Transduction Advantages/ mechanical Sensitivity Vibration Cyclic
principles Disadvantages type Key materials (GF) Range Linearity response stability Application Ref.
Triboelectricity +/ High sensitivity Strain 1D silver nanowires 215.4 70% Nonlinear 1-30 Hz 1000 cycles Human-motion strain  (Lan et al.,
\Jstronger output (AgNWs) network (10 N) (0-30%) sensor and self- 2019)
signal wrapped with 2D powered
 easy structures and metallic MoS, wind speed sensor
extensive material nanosheets
selection Pressure Wrinkled PDMS/ 0.18 V/Pa 10-800 Pa  Nonlinear - 10,000 cycles  Monitoring human (Cai etal.,
Vgreat efficiency at MXene composite (10-80 Pa (800 Pa ) physiological signal 2021)
low operating Films 0.06 V/Pa and imitating human
frequencies (80-800 Pa) touch sensation

x Not suitable
for static sensing
xnot durable

SS300V N3dO
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Figure 2. 2D geometries
(A-C) (A) Lateral 2D crystal structures; (B) Vertical 2D crystal structures; (C) Heterogeneously designed 2D crystal composite structures.

et al., 2016). Many physical properties of a vertical stack are sensitive to the applied in-plane and out-of-
plane loadings. The former can activate the straining or shearing of the layers (Oviedo et al., 2014,
Wang et al., 2017a), and the latter can often alter its atomic layer spacing, thus either in-plane transport
for conducting 2D crystals or out-of-plane tunneling through spacing interfaces could be modulated (Li
etal, 2016a; Ren et al., 2019; Wang et al., 2015b). The piezoresistive performance of 2D crystals in a vertical
stack also depends on the mechanical properties and behaviors of each layer and the vdW interfaces be-
tween layers (particularly interfacial shear and adhesion). In a vertical stack, layers are held together by vdW
interactions. Compared with interfaces between a 2D crystal and a regular substrate, the 2D-2D interfaces
involve much richer nano/microscale subtleties regarding topological structures and interfacial interac-
tions due to the atomic proximity. Here, we firstly discuss the shear strength and adhesion of 2D
crystal interfaces as a quantitative understanding of them would be highly beneficial to the design of 2D
crystal-based mechanical sensing systems. We refer to more comprehensive reviews (Liechti, 2019) that
contain in-depth discussions on the multi-scale traction-separation behaviors of 2D interfaces.

Shear

Very recently, experimental advances have enabled the characterization of the fundamental interlayer
shear of 2D materials in multilayer stacked systems. For example, the interlayer shear strength in the bilayer
graphene interface has been estimated to be ~0.04 MPa by Raman spectroscopy-combined pressurized
bubbles devices (bulge test) (Wang et al., 20173), which is ~40 times weaker than that at the graphene-SiO,
interfaces estimated via the same methodology. In-situ transmission electron microscopy (TEM) character-
ization of interlayer sliding in the cross-section view of MoS; suggested an interlayer shear strength of
~25.3 MPa according to a nano-indentation force sensor (Oviedo et al., 2014). On the other hand, the
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interfacial shear strength between 2D materials and regular (3D) substrates (e.g., elastomers) deserves
attention. Based on in-situ mappings of the Raman band shift, the interfacial shear strength between
monolayer graphene and polyethylene terephthalate (PET) substrate was estimated with the aid of a
nonlinear shear-lag model, ranging from 0.46 to 0.69 MPa (Jiang et al., 2014). Note that the concept of
the shear-lag model may be extended to 2D-2D interfaces with a registry-dependent interlayer interaction
potential (Kumar et al., 2016). A critical prediction of such modeling that may be useful for the design of 2D
material sensors is the maximal strain the vdW interface can transfer to 2D materials. At 2D-3D interfaces,
the maximal strain is approximately determined by 2TECZLD according to the shear-lag model, where 7. is the
interfacial shear strength, L is the size of the 2D flakes, and Eyp is the in-plane stiffness of the 2D flake (Dai
etal., 2019b). The large stiffness of 2D materials, together with the relatively weak interfacial shear strength,
limits the strain transfer efficiency at 2D material interfaces. Similar scenarios happen to 2D-2D interfaces
with even weaker interlayer shear resistance, which could be described by a modified shear-lag mode. In
general, one may expect that the interfacial sliding between 2D layers instead of actual lattice deformation
occurs when 2D devices undergo strain levels greater than ~1% (Dai et al., 2019b; Gong et al., 2010; Jiang
etal., 2014; Kumar et al., 2016). According to the simple shear-lag theory (Dai et al., 2019b), increasing the
lateral size of 2D layers (Xu et al., 2016) and reinforcing the interfacial shear strength either physically or
chemically (Wang et al., 2017b) would maximize the interface-transferred strain.

Adhesion

The interfacial adhesion between 2D crystals and substrates has been a significant concern when consid-
ering their integration into mechanical sensing devices. The energetical competition between adhesion
and elasticity selects a wide range of mechanical deformation modes and characteristics, including the
cleavage of atomic layers upon shear load (Tang et al., 2014; Wang et al., 2015a) and the delamination
(or, more broadly, out-of-plane instabilities) of substrate-supported 2D materials (Brennan et al., 2015;
Deng and Berry, 2016; Lanza et al., 2013; Pan et al., 2014). From the perspective of device manufacturing,
the adhesion between 2D materials and their neighbors (including polymeric substrates, metallic intercon-
nects, encapsulation layers, and other elements of a complete system) governs the mechanical integrity of
the device upon thermal and mechanical loadings (Brennan et al., 2015) as well as the conformability of the
device to the targets (e.g., epidermal skin). A theoretical framework for estimating adhesion work for
various 2D material interfaces according to the experimentally measured blister profiles has been devel-
oped (Dai et al., 2018; Sanchez et al., 2018). The values of adhesion energy of various 2D interfaces range
from tens to hundreds of mJ m~? (Sanchez et al., 2018).

Besides shear, the adhesion control may provide a convenient and gentle way to modulate the perfor-
mance of 2D material devices. Optimizing the surface adhesion of substrates would, in turn, reduce the
shear force between 2D stacking layers (Choi et al., 2011) due to the suppressed puckering phenomenon
(Lanza et al., 2013), affecting the interface-related sliding and cracking behavior. Increasing the interfacial
resistance through the assembly of surfactant molecules between 2D flakes or introducing more flake-flake
interface by reducing flake size could provide additional routes to increase the sensor sensitivity (Chen
etal., 2016b). More details about the shear and adhesion mechanics of 2D materials and related influencing
factors are recommended to other references (Akinwande et al., 2017; Androulidakis et al., 2018; Dai et al.,
2019b; Gao et al., 2015).

Mechanoelectrical coupling properties

Different piezoresistive behaviors may occur depending on the interface-related sliding and cracking be-
haviors. As stated before, for vertical stacks of 2D layers, interfacial sliding between 2D layers instead of
actual lattice deformation may occur when 2D material devices undergo strain levels greater than ~1%.
In such case, 2D layers stacked on top of each other look like "fish-scales”, and the slippage between
2D layers would change the overlapping area between adjacent 2D flakes during stretching and releasing,
thus producing interlayer resistance changes (Kim et al., 2011c). The interlayer resistance is inversely pro-
portional to the overlap area and is commonly more dominant than the intralayer resistance of 2D flake
(Wang et al., 2015b). Conductivity change governed by the slippage between neighboring flakes proposes
a direct strategy to achieve higher sensitivity for mechanical sensors than that governed by the lattice
deformation itself. Many groups utilized this mechanism to obtain strain sensors with high gauge factors
(Jing et al., 2013; Li et al., 2012b). Modeling of percolation through a 2D flake network under strain has
been established by displacing the flakes according to the elongation of the entire device and recalculating
the corresponding equivalent network resistance as shown in Figure 3A (Hempel et al., 2012). As the strain
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Figure 3. Mechanoelectrical coupling mechanisms related to the interface-related sliding and cracking behaviors

(A-D) (A) Slippage induced conductivity change between neighboring flakes; (B) Slippage induced buckling for graphene film after stretch and release (left),
and the center strain in graphene during loading and unloading (right) (scale bars: 10 um); (C) A tunneling pressure sensor based on graphene/h-BN/
graphene sandwich structure (left) and corresponding measurement results (right); (D) A graphene-on-PET strain sensor based on fractured structures.
Adapted from Refs. [(Hempel et al., 2012) (Jiang et al., 2014) (Xu et al., 2011), (Tian et al., 2014)].

increases, the overlap area between 2D flakes gradually decreases, and then some physical interconnec-
tion loss (namely, cracks) occurs, leading to a decrease in the conductive path, which in turn influences
the electrical characteristics. A modified Voronoi polycrystalline micromechanical bio-inspired model
has also been established to further reveal the influences of overlapping width, strip size, Poisson'’s ratio
of the substrate material, size effect, interfacial resistance, etc., on the strain sensing properties of devices
based on such "fish-scale” like structure (Wang et al., 2015b).

In the second case, sliding sometimes occurs preferentially at the 2D flake/substrate interface when a me-
chanical load is applied. Such slippage leads to buckle delamination or wrinkles of 2D materials when the
substrate is unloaded (Deng and Berry, 2016; Yang et al., 2017b). For example, a detailed investigation of
the interfacial sliding and buckling of monolayer graphene on PET substrate has been reported as shown in
Figure 3B (Jiang et al., 2014). As the PET substrate was stretched, the interfacial stress transfer led to ten-
sion in graphene, and the critical strain for onset of interfacial sliding was found to be ~0.3%. The maximum
strain that could be transferred to graphene ranged from 1.2% to 1.6%, depending on the interfacial shear
strength and graphene size. The retraction of the substrate would impose a compression to graphene while
such compression was usually released by the formation of buckling ridges (Xu et al., 2015). These corru-
gations induce additional scattering for charge carries (Zhu et al., 2012) and increase the resistance
(Wang et al., 2011). Moreover, these buckles and wrinkles play important roles in determining the resis-
tance change during stretching (Wang et al., 2011). For example, buckled graphene ribbons were fabri-
cated after being transferred onto a pre-strained polydimethylsiloxane (PDMS) substrate (Wang et al.,
2011). The sheet resistance decreased linearly from 5.9 to 3.6 kQ due to the flattening of the buckles
when the substrate was subjected to a strain of up to 20%. By contrast, a buckled nanographene film on
PDMS prepared via a similar process showed an opposite trend (gauge factor: ~0.55 under tensile strains)
(Wang et al., 2011). For the nanographene film, the buckling resulted in a more compact stacking between
graphene domains. The stretching process would increase the sheet resistance due to the reduced elec-
trical percolation pathways in the film.
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In the third case where a 2D material film comprises isolated islands or cut-through fractures, the tunneling effect
contributes dominantly to the piezoresistive properties, leading to extremely high sensitivity. Isolated islands of
graphene could be developed via plasma-enhanced CVD (Zhao et al., 2015) or solution self-assembly (Li et al.,
2016b) method. The current flow from one isolated graphene flake to another due to the tunneling effect. In de-
vices designed this way, the resistance changes drastically with the distance. Experimentally, a substantial resis-
tance change has been observed in a quasi-continuous graphene film under the stretching, providing the strain
sensor with a super GF of more than 500 under 1% strain (Li et al., 2016b). A tunneling pressure sensor consisting
of h-BN sandwiched by graphene has been demonstrated, whereas the tunneling current exhibited a positive
correlation to pressure, as shown in Figure 3C (Xu et al., 2011). It has also been reported that cut-through fracture
occurred in 2D layered material film where vertically stacked 2D crystals were regarded as brittle conductive ma-
terials as awhole (Chen et al., 2019; Tian et al., 2014; Xu et al., 2019). The geometry of cut-through fracture ina 2D
layered material is closely associated with film/substrate interaction. The strain localization could be from the
imperfection of geometry (including ridges, free edges, interruptions of the coating, irregular substrate, and
necking of thermoplastic polymer substrate) on a localized region of the film as well as from non-uniform
interfacial bonding. Then the concentrated stress causes the delamination of the film-substrate interface and
the formation of micro-cracks on the film. Micro-cracks might propagate and develop into channel cracks
(or cut-through fracture) traversing the entire width of the film, as shown in Figure 3D. The formation of cut-
through fracture would make the current conducted by the tunneling effect through pairs of relatively close
steps on opposite edges of fracture. The device resistance upon a tiny strain exhibits a sudden jump (Dinh
et al., 2019).

In fact, the above three cases are not completely separated; the actual working principles may involve
different cases in different loading stages (Dinh et al., 2019; Liu et al., 2015). For example, wrinkles or
buckles may be first flattened when 2D layered material film is subjected to small strains. The resistance
of the sensing film in this region changes slowly. As the stretch further increases, sliding effect between
adjacent 2D flakes dominates the electron transport and the total resistance shows a more pronounced
response to the applied strain. Upon larger strain, adjacent 2D flakes lose physical contact, in accompany
with the growth and propagation of cracks, which finally makes current flow between the crack edges
possible only via electron tunneling.

Heterogeneously designed 2D crystal composite structures

The modification of functional components attached to the 2D crystal can adjust its surface and interface
chemistry and facilitate its integration with other materials to form heterogeneous composite structures.
From the modification of 2D crystals to the construction of unique macroscopic and microscopic
structures, the so-called synergistic effect of different properties of each component material is frequently
mentioned in the literature that helps to construct more magic stimulus-responsive smart materials. Me-
chanical sensors based on different composite structures of 0D-2D, 1D-2D, 2D-2D, 3D-2D, 0D-1D-2D,
and 0D-2D-3D, have been reported. The following are a few representative examples to discuss the effect
of adding OD, 1D, and 3D components on the mechanical sensing properties of 2D materials.

For example, the nacres have outstanding mechanical properties combining high strength and toughness,
which is due in part to its hierarchical layered architecture with rich interfacial interactions. Inspired from the
nacre, a strain sensor based on the nacre-mimetic microscale "“brick-and-mortar” architecture has been re-
ported, in which 2D titanium carbide (MXene) TisC,T,/1D silver nanowire functions as “brick” and poly
(dopamine)/Ni?* functions as “mortar” as shown in Figure 4A (Shi et al., 2018c). The synergistic behavior
of the "brick" and "mortar" can control the generation of cracks to achieve high sensitivity, but can also
dissipate a large amount of loading energy, thereby promoting the stepwise propagation of cracks during
stretching to achieve large stretchability at the same time.

Another strain sensor based on the 0D-1D-2D ternary nanocomposite shows high sensitivity with a GF of
~2390 at 62% working strain. The 0-D fullerene has lubricating property and induces interlayer slippage
between adjacent 2D sheets to accommodate applied stress as shown in Figure 4B. The 2D graphene gen-
erates many cracks through interlayer slippage to ensure a large resistance change in the entire working
strain range. The highly conductive 1D silver nanowire (AgNW) provides a conductive path to connect
the adjacent 2D sheets during the crack propagation, further expanding the working range of the device.
Such 0D-1D-2D composite structure renders the strain sensor with high comprehensive performance and
be applicable to full-spectrum human motion detection (Shi et al., 2018b).
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Figure 4. Heterogeneous composite structures based on 2D crystals

(A-C) (A) Ti3C2Tx-AgNW-PDA/Ni2+ sensor with a “brick-and-mortar” structure, and the corresponding electrical response under different strain; (B)
Schematic illustration of sensing mechanism for GO-AgNW sensing film versus GO-AgNW-C60 sensing films; (C) Morphology of the graphene/TPU foam.

Adapted from Refs. [(Shi et al., 2018¢) (Shi et al., 2018b), (Liu et al., 2017a)].

It is noteworthy that metallic 2D materials are often used as conductive nanofillers for 3D elastic polymers
such as natural rubber and TPU to form conductive skeletons (Lu et al., 2019; Raju et al., 2014). One example
is the graphene/polyurethane (TPU) composite foam structure (Figure 4C) with large porosity, low mass
density, and good electrical conductivity, which is used as sensing materials to detect tensile or compres-
sive strains (Liu et al., 2017a).TPU here functions as structural support material to ensure the robust struc-
ture of the foam, endowing the device with ultra-high compressibility while showing good recoverability
and reproducibility after stable cyclic loading. When the force load is applied, the spacing and overlapping
contact areas between adjacent 2D sheets changes, thereby generating an electrical signal. Compared
with 1D conductive fillers (e.g., CNTs), 2D fillers are expected to exhibit higher strain or pressure sensitivity
due to their larger contact area. Therefore, the force-sensitive characteristics of 2D nanosheets/3D polymer
nanocomposites have attracted extensive attention, and many performance modulating strategies are
introduced in the following.

The piezoresistivity of 2D nanosheets/3D polymer nanocomposites have been observed and two possible
mechanisms have been proposed: (1) strain-induced break-up/reforming of the percolating pathway and
(2) the change of sheet-to-sheet resistance (or electron tunneling that varies dramatically as a function of
the sheet distance). To achieve high-performance mechanical sensors, the concentration of 2D sheets is
preferred to be around the percolation threshold where break-up and reforming of the percolating
pathway would dominate piezoresistive characteristics. The addition of 2D materials in polymer to form
conductive elastomer has been exploited to develop the strain/pressure sensing devices. For example,
composites consisting of graphene, poly (acrylic acid), and amorphous calcium carbonate have been fabri-
cated into stretchable strain sensors of various structures (sandwich structures, fibrous structures, self-sup-
porting structures, etc.) (Lin et al., 2019). The addition of graphene could decrease the value of tan ¢ of the
nanocomposite and thus enhance its elastic recovery performance. The developed sensor could withstand
high elastic deformation (up to 500%) and be suitable for detecting various biological signals, including
crawling, undulatory locomotion, and human body motion. Besides, the introduction of porous or foam
structures into these composite materials, such as graphene porous network embedded in PDMS, have
demonstrated improved sensitivity and wider sensing range for detecting mechanical deformation
(Pang et al., 2016). It is noteworthy that embedding graphene in highly viscoelastic polymer matrices has
displayed unusual mechanoelectrical behavior as the connectivity and mobility of the nanosheets are
closely associated with the low-viscosity property of the substrate (Boland et al., 2016). These
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Figure 5. Capacitive and piezoelectric principles
(A and B) (A) Typical capacitive sensing and supercapacitive/iontronic sensing; (B) Typical piezoelectric di1 and ds3
working modes.

nanocomposites have potential in highly sensitive mechanical sensors due to their high gauge factors
(>500), which have been used to measure pulse, blood pressure, and even the tiny vibration associated
with the footsteps of a small spider. Some new phenomena, such as post-deformation temporal relaxation
of electrical resistance and nonmonotonic changes in resistivity with strain, have also been observed in
these viscoelastic 2D-polymer nanocomposites (Boland et al., 2016).

Capacitive, piezoelectric and triboelectric principles

Capacitive principle

2D materials can be used as electrodes or dielectric layer materials for capacitive sensors. If the fringe effect is
neglected, one of the simplest models is the parallel plate capacitor. When the force is loaded, the capacitance
(Q) is proportional to the electrode area (A), the dielectric constant (€) and the reciprocal of the distance (d) be-
tween the electrodes, which converts the perceived mechanical changes into electrical signals (Chen et al.,
2016a; Yang et al., 2019a). For the sensor design, the applied force usually causes the elastic structural material
to shift, resulting in the changes of the variable d or A, so that the force to be measured can be deduced
inversely. For example, graphene with high conductivity was used as the electrodes, and 3D ultra-light porous
GO foam with good elastic properties and a high relative dielectric constant was used as the dielectric layer to
construct a capacitive pressure sensor. When the pressure was applied, the distance d, i.e., the thickness of the
GO foam, between the electrodes varied quickly, allowing the detection of subtle pressure change as low as
0.24 Pa(Wan et al., 2017). Compared with the piezoresistive principle, capacitive sensors are easy to achieve bet-
ter frequency response, less temperature influence and less power consumption. However, in order to prevent
electrical breakdown and pull-in effects, the distance dis usually greater than 1 pm, and most dielectric materials
have limited permittivity, so that the capacitance is only tens to hundreds of pF cm™2 (Chang et al., 2021; Man-
nsfeld et al., 2010; Yang and Suo, 2018). This value is equivalent to the parasitic influence along the transmission
line and the electromagnetic noise from the surrounding environment, which make capacitive sensors quite
sensitive to parasitic effects and have relatively low signal-to-noise ratio.

To address above issues, a brand-new mechanical sensing mode, called interfacial supercapacitive sensing
or iontronic sensing, has been proposed (Chang et al., 2021). By using the supercapacitor characteristics of
the electric double layer at the elastic dielectric/electrode interface, mechanical deformation can be de-
tected, as shown in Figure 5A. Compared with traditional capacitors, this new interfacial supercapacitive
sensing method demonstrated an ultra-high unit-area capacitance (UAC). The capacitance value is about
a few uF cm 2 in the sub-MHz spectrum region, which is 1000 times larger than that of traditional parallel
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plate capacitive sensors (Chang et al., 2021; Nie et al., 2012; Zhu et al., 2021). This sensing method generally
has comprehensive advantages such as ultra-high device sensitivity, high noise immunity, and thin and flex-
ible device architecture. The huge specific surface area, abundant pore structure and flexible surface chem-
ical modification of 2D materials make them very suitable as electrode for iontronic sensing. For example,
MXene (Ti3C,T,) with high capacitance characteristics was used to construct capacitive electrodes. The
accessible surface area of MXene increases and the ion transmission path is shortened when stressed, mak-
ing the sensor exhibit an unprecedented ultra-high sensitivity exceeding 46,730 kPa~" and an ultra-wide
sensing range of 1.4 MPa (Gao et al., 2021). Such devices showed good prospects in the fields of robot in-
telligence, electronic skin, and wearable health. For more information, please refer to other review litera-
tures (Chang et al., 2021).

Piezoelectric and triboelectric principles

In addition to the piezoresistive and capacitive principles, self-powered sensors that do not require
external electrical energy have received widespread attention in recent years, with piezoelectric and tribo-
electric types as typical representatives. The piezoelectric effect means that when a material is deformed by
an external force in a certain direction, polarization will occur inside it, and meanwhile, positive and nega-
tive charges will appear on its two opposite surfaces (Mahapatra et al., 2021). A range of 2D materials with
non-centrosymmetric structures have been theoretically predicted and/or experimentally confirmed as
piezoelectric or ferroelectric materials (Cui et al., 2018; Duerloo et al., 2012; Fei et al., 2015, 2016; Hu
and Dong, 2016), including MoS;, MoSe,, WS,, WSe,, GeSe, and SnS, etc. The use of strong,
flexible, ultrathin piezoelectrics of 2D layered materials, compared to traditional piezoelectric ceramics,
is more suitable for some important applications, such as artificial intelligent interface electronics and flex-
ible/wearable devices (Dai et al., 2019a). There are mainly two working modes: in-plane piezoelectric mode
(dy1 and dyp) and vertical piezoelectric mode (ds3) (Qi et al., 2015; Wang et al., 2016, Wu et al., 2014; Zheng
etal., 2021a; Zhu et al., 2015). In the dy; and dj, working modes, the piezoelectric material is subjected to
tensile or compressive stress in the in-plane direction. The material polarization and the generated electric
field are also along the same direction as the applied stress. When the ds3 working mode is adopted, the
piezoelectric material is subjected to tensile or compressive stress in the out-of-plane direction (i.e., the
vertical direction). The generated electric field is also along the vertical direction. A schematic diagram
of the corresponding working mode is shown in Figure 5B.

Recent experiments have revealed that MoS; containing an odd number of atomic layers shows an in-plane
piezoelectric effect and produces oscillating piezoelectric voltage and current outputs (Zhu et al., 2015).
For a free-standing single layer of MoS,, its single-layer structure has a great in-plane piezoelectric coef-
ficient of 2.9 x 107 C-m~", which is even larger than some traditional bulk piezoelectric materials (Zhu
et al., 2015). However, for most vdWs layered piezoelectric materials, their in-plane piezoelectricity de-
creases significantly as the number of atomic layers increases, because the reverse polarization direction
between adjacent layers causes polarization cancellation (Dai et al., 2019a; Wu et al., 2014; Zhu et al.,
2015). Therefore, their exceedingly small effective volume leads to insufficient piezoelectric outputs, which
is difficult to meet the high responsivity requirements of actual device applications. In order to overcome
the above-mentioned bottleneck, adjacent 2D layers are expected to have the same polarization direction.
Some 2D vdWs piezoelectric materials have been reported, which showed in-plane piezoelectric coeffi-
cients increasing with the number of layers due to the same polarization orientation between adjacent
monolayers. Therefore, by using a multilayer structure, a large piezoelectric output signal can be provided.
For example, the adjacent monolayers of a-In,Se; have the same polarization direction, and a 7-layer
a-In,Ses device shows a piezoelectric output with a voltage responsivity of 0.363 V and a current respon-
sivity of 598 pA under 1% strain, which has been used for real-time health monitoring (Dai et al., 201%a).

Some 2D materials show strong out-of-plane piezoelectric properties, which are more suitable for detect-
ing vertical pressure stress relative to the in-plane direction. For example, an ultra-thin CdS film with a thick-
ness on the atomic scale (three to five spatial lattices) shows a vertical piezoelectric coefficient (ds3) as high
as33pm-V~", which is three times larger than that of bulk CdS (Wang et al., 2016). For more introduction on
the piezoelectric properties of 2D materials, please refer to other review articles (Jiang et al., 2020; Zheng
etal., 2021a). In addition, although graphene does not have piezoelectric effect, it is suitable to function as
a reinforcement or electrode for piezoelectric materials (Chen et al., 2017b). Generally, the piezoelectric
signal sensed by the piezoelectric effect is an instantaneous signal, which is only suitable for detecting
dynamically changing force stimulation, thus it is difficult to realize steady-state monitoring. To solve the
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problem, a pressure sensor based on the composite heterostructures of graphene and piezoelectric nano-
wires has been proposed, in which strain-induced polarization charges in piezoelectric nanowires cause the
change of carrier scattering in graphene, thereby obtaining the pressure sensor to measure static pressure
with high sensitivity and fast response time (Chen et al., 2017¢).

The triboelectric effect is a phenomenon in which two materials with different properties are charged
through friction or contact. The frictional charge on the surface of the dielectric is changed by force stim-
ulation, thereby realizing mechanical signal detection (Garcia et al.,, 2018; Tao et al., 2019; Xiang et al,,
2017). Generally, the performance of sensors based on triboelectric effect is related to the magnitude of
external stress and frequency of force stimulation. The mechanical sensors prepared by the triboelectric
effect also have the self-power capability, and compared with the piezoelectric effect, their output voltage
amplitudes are higher, becoming suitable for constructing ultra-thin on-skin mechanical sensors. For
example, graphene was used as the electrode (thickness: <1 nm), PET was used as the substrate (thickness:
<0.9 um), and PDMS was used as the charged layer (thickness: < 1.5 um) to prepare a pressure sensor that
could be directly attached to human skin (Chu et al., 2016). Electricity was generated by contact with clothes
or human body to detect a variety of human motions. In short, the flexible properties of 2D materials are
combined with typical energy storage and collection methods (such as piezoelectric/triboelectric) to
construct wearable devices without recharging, which has the advantage of long-term operation.

HIGH PERFORMANCE-ORIENTED STRUCTURAL DESIGN

The development of various smart structures through structural mechanics and mathematics can compen-
sate for the limitations of the material itself and promote the functional applications of mechanical sensing.
In recent years, the analysis of natural creatures as well as rational deductions has inspired many smart ar-
chitectures, such as hierarchical structures (Koyama et al., 2017; Liu et al., 2017b; Tseng et al., 2017), origami
or Kirigami design (Guo et al., 2016; Shyu et al., 2015; Song et al., 2014), porous structure (Kang et al., 2016;
Liu et al., 2016b), interlocking structure (Pang et al., 2012a, 2012b), gradient structure (Liu et al., 2015),
textile structure (Yang et al., 2018), metamaterials (Biickmann et al., 2012; Lee et al., 2012). These nature-
inspired smart architectures have attracted much attention in various scientific fields because the underly-
ing methodology constitutes an efficient path to combine multiple desirable mechanical characteristics,
including lightweight, flexibility, strength, and stretchability. The high specific surface area of 2D materials
and their outstanding mechanical, electrical, optical and thermal properties are attractive to “smart” ma-
terials with high-performance mechanical stimuli response.

High sensitivity

Sensitivity is one of the basic parameters that characterize the sensor performance. High sensitivity is a ne-
cessity for the accurate detection of small mechanical stimuli, such as pulse and sound waveform. Herein we
mainly introduce three typical artificial structures inspired by natural organisms to develop highly sensitive
wearable mechanical sensors. For example, spiders have evolved a unique sensory system that is specif-
ically used to perceive subtle mechanical stimuli to share information with their companions or to identify
nearby prey and enemies (Fratzl and Barth, 2009; Kang et al., 2014). The receptors on the spider’s legs have
ordered crack-type micro-nano structures, through which they respond to mechanical vibrations to stimu-
late sensory nerves (Fratzl and Barth, 2009). Inspired by this phenomenon, a graphene conductive thin film
with spider-slit-organ-inspired microcrack structure was developed to fabricate ultrasensitive strain sen-
sors with an ultrahigh sensitivity (GF = 8699), an ultralow detection limit (¢ =0.000064%), an ultrafast
response/recovery behavior, these excellent performance helps the device to perceive human voice with
higher accuracy and anti-interference ability as shown in Figure 6A (Dinh et al., 2019).

The fingertip skin of the human body has a highly sensitive response to stress of different magnitudes, due
to the interlocking microstructure between the dermal and epidermal layers (Park et al., 2015). Inspired by
the human skin, the 2D MXene/natural microcapsule was compounded to construct a bionic interlocking
structure (Figure 6B), achieving a 9.4-fold increase in pressure sensitivity (24.63 kPa~"), compared to that
of the planar structured counterpart (Wang et al., 2019b). Such high sensitivity allowed the device to detect
many signals ranging from finger motion and human pulses to voice recognition. In addition, many kinds of
natural materials have hierarchical architecture, the hierarchical micro-nano structures present in natural
plants can also be used as effective soft molds. For example, by replicating the surface of the lotus leaf,
the smart structures assembled by graphene nanosheets exhibited papillae morphology with nano-
meter/micrometer multi-level characteristics (Shi et al., 2018a). The as-fabricated piezoresistive pressure
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Figure 6. High performance-oriented structural designs

(A) Spider’s legs inspired crack-type sensor with high sensitivity;

(B) Fingertip skin inspired pressure sensor with high sensitivity due to the interlocking microstructure;
(C) A graphene based helical spring accommodating ultra-large tensile strains (>1,000%);

(D) Double-covered yarn-shaped graphene fiber with capability to differentiate various knee-related motions, such as knee flexing/extending, walking,
jogging, jJumping, and squatting jumping. Adapted from Refs. [(Cheng et al., 2015) (Dinh et al., 2019) (Wang et al., 2019b), (Zhang et al., 2020)].

sensor could adapt to changing mechanical stimulation patterns and exhibited a high sensitivity of
1.2 kPa~" and a wide linear range of 0-25 kPa.

In day-to-day life, the motion is rather multi-fold random, the measured sensitivity is highly dependent on
the initial state of motion. In fact, only for linear sensors, there is a direct proportional relationship between
sensor output and input, i.e., the GF is within the same constant value under different force loads. There-
fore, in order to ensure the reliability of measured GF in different motion states, it is necessary to develop
sensors that meet the requirements of high sensitivity and high linearity at the same time. However, it is
currently conducive to the realization of highly sensitive structural engineering by introducing microstruc-
tures in the dielectric layer, such as microcracks, micropores, etc. The shape of the sensing
element undergoes a change from homogeneous to heterogeneous during deformation, which exceeds
the deformation range restricted by elastic linear mechanics, resulting in poor linearity. Therefore, non-
linearity is one of the main shortcomings of most ultra-highly sensitive strain and pressure sensors. For prac-
tical applications, it may be more practical to sacrifice a certain sensitivity coefficient to achieve a trade-off
between high sensitivity and high linearity.

Large stretchability

To mimic human skin, stretchability is the basic feature for mechanical sensors to realize the function of
wearability. The most popular strategy of increasing stretchability is based on the pre-strain strategy to
make buckling or wavy configuration (Jones et al., 2004; Zhu and Xu, 2012). It is worth mentioning that
via compressive buckling of 2D geometric micro- and nanostructures, deterministic assembly of 3D mes-
ostructure paves new road for stretchable electronics and more details are referred to other references
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(Yan et al., 2017). In addition to wavy geometry, serpentine (Xu et al., 2013), twisted (Lan et al., 2020) and
helical (Won et al., 2014) structures have also been reported to endow materials with large stretch. For
example, graphene nanosheets in polymer were printed into a ribbon with site-specifically varied structural
alignment which spontaneously transformed into a helical spring upon stimulation, thereby accommoda-
ting ultra-large tensile strains (>1,000%) as shown in Figure 6C (Zhang et al., 2020). From the perspective of
stretchable device mechanics, one primary form of stretchable design is to use island-bridge configuration
(Tang and Fu, 2020; Xiao et al., 2018) in which the sensing area can be patterned into small functional
islands, and the surrounding interconnection bridges are arc-shaped structures to release the stretch,
thus most of the strain in the sensor area is greatly reduced.

Textile-type mechanical sensors refer to the devices based on fiber assemblies that respond to mechanical
stimuli. Artificial textile is like the second layer of skin covering the human body, which is worn on people,
animals or even machines. In recent years, 2D materials are processed into fibers, and then combined with
textile technology to manufacture textile-type mechanical sensors (Lou et al., 2016; Shi et al., 2020; Yang
et al., 2018), which wrap easily on 3D curvilinear surfaces such as human bodies. Compared with on-skin
type film sensor design, the excellent structural transformation of textiles makes the fiber assembly easy
to accommodate large extension, double-curvature bending and in-plane shear that usually simulta-
neously exist in human activities (Shi et al., 2020). For example, a composite fiber with “compression
spring” structure based on graphene was fabricated, which shows a large sensing range of up to 100%
strain, and an excellent life span of tens of thousands of loading cycles, as well as bending and torsion sensi-
tivity. It was successfully worn on humans to achieve voice recognition, sleep quality assessment, pulse
monitoring and exercise record (Cheng et al., 2015). Besides, 2D materials randomly incorporated into
composites with other materials (such as 1D fiber (Shi et al., 2018c), 3D elastomer (Lin et al., 2019)) have
also been explored to obtain mechanical sensors with large stretchability.

Dynamic and multi-axis mechanical detection

Human skins sense and distinguish various types of force stimuli, such as stretching, pressing, shearing, and
twisting, and the mechanoreceptors responsible for tactile functions can respond to vibrations up to 400 Hz
(Jungetal, 2019; Shao et al., 2016). In contrast to skin receptors, human ear perceives acoustic vibration in
awider range of frequencies ranging from 20 to 20,000 Hz (Jung et al., 2019), exhibiting the complexity and
extraordinariness of the skin system and the auditory system. In this section, some recent progress of 2D
materials-based sensors to detect dynamic mechanical stimuli are introduced. Three typical structure de-
signs to make high-performance vibration sensors are presented. First, graphene based cellular elastomers
with nano-architectured cellular network offered new dynamic mechanical properties that was drastically
different from the traditional rubber-based elastomers (Qiu et al., 2016). Despite its viscoelasticity, its
unique 3D nanostructured cellular network exhibited almost frequency-independent piezoresistive
behavior, with a frequency response ranging from 0-2000 Hz, and ultra-low pressure of 0.082 Pa could
be detected. Second, crack-type microstructure also serves as an excellent dynamic force-bearing struc-
ture with high responding speed. Different from a complete film, the high-density nano-width cracks cut
the sensitive layer into many micro-nano-sized ribbons. Since the natural frequency of a ribbon is inversely
proportional to its size, the natural frequency of each micro-nano-sized ribbon is high. It vibrates synchro-
nously with high-frequency dynamic force stimulation. For example, high-crack-density vertical graphene
was able to distinguish frequencies of acoustic signal higher than 2500 Hz (Deng et al., 2019).

The third typical structural design to achieve enhanced pressure sensitivity with rapid dynamic response is
through incorporation of the microstructures, such as micro-pyramids. Assembling a flexible membrane
composed of graphene/PDMS micro-pyramid composite with interdigitated electrodes on the opposite
PET substrate created a piezoresistive pressure sensor (Yao et al., 2020). Although the viscoelasticity of
PDMS led to frequency dependent piezo-sensing performance, the elasticity of graphene effectively
improved the mechanical response frequency of the device, making the sensor exhibit a stable response
signal to high frequency vibration of 1.5 kHz with slight distortion (Yao et al., 2020). In addition, some device
designs based on piezoelectric or triboelectric principles are also suitable for vibration signal detection
(Dai et al., 2019a; Park et al., 2015).

Many wearable 2D materials based mechanical sensors are reported to be sensitive to stress/strain input of

multi-directions. For example, a graphene textile strain sensor exhibited relative resistance changes versus
the applied strain in both the x and y direction (Yang et al., 2018). However, the signals obtained with load
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from different directions are barely distinguishable. In fact, the actions of humans and robots involve forces
in multiple directions, which requires sensors with multi-axis mechanical detection and discrimination ca-
pabilities. This can be achieved using three typical methods. The first method is to measure the signal
response pattern from a single device; the analysis of each signal and its combined signal pattern can
distinguish the force input. For example, using double-covered yarn-shaped graphene fiber, a sensor
with piezoresistive response to various mechanical stimuli, including tensile strain, bending, and torsion
was created (Cheng et al., 2015). The recording resistive response curve for various knee-related motions
were distinctly differentiated, such as knee flexing/extending, walking, jogging, jumping, and squatting
jumping as shown in Figure 6D. Such motion-related response patterns provided enough distinguishable
parameters for different mechanical stimuli (Cheng et al., 2015). The second method is to estimate the me-
chanical input in each direction based on the unidirectional response of at least two spatially staggered
stacked sensing layers. For example, three CVD graphene strain gauges with the rosette layout overcame
the limits of single strain gauge which measures strain in only one direction, and showed simultaneous
detection of the principal strain magnitude and direction (Bae et al., 2013). Third, sensors coupled simul-
taneously with multi-sensing mechanisms which provide different signal output modes including resis-
tance, capacitance, and voltage are promising to differentiate multiple stimuli. For example, a sensor
based on ferroelectric polymer composites composed of poly (vinylidene fluoride) (PVDF) and graphene
was reported to perceive and discriminate static/dynamic pressure and temperature variations (Park
et al., 2015). Such sensor detected static pressure, dynamic vibration and temperature via piezoresistive,
piezoelectric and pyroelectric transduction principles respectively.

MULTIFUNCTION-ORIENTED STRUCTURAL DESIGN

Wearable mechanical sensors ultimately need to be applied to many aspects of daily life. In addition to the
pursuit of high performance such as sensitivity and working range, another frontier is the introduction of
novel material design and sensor structure design strategies to endow devices with new functions, such
as biocompatibility, biodegradability, superhydrophobic, self-healing, self-powering, visualization, gas
permeability, flame retardancy, and acid-alkali resistance. The continuous pursuit of high performance
and multi-functional combination will greatly expand the application range of 2D materials in the field of
wearable sensing.

Wearable mechanical sensors should have the biocompatibility with human body to avoid triggering an
immune response. Considering the high heterogeneity of 2D crystals from various synthesis methods,
the evaluation of the biocompatibility of 2D materials is still controversial (Huang et al., 2019a). One safe
way to increase device biocompatibility is to choose biocompatible materials that have been tested in
the market. For example, employing graphene woven fabrics with the disposable sensing contact lens, a
contact lens tonometer was proposed for intraocular pressure monitoring in real time with high resolution
and biocompatibility (Zhang et al., 2019). And the effectiveness of the device has been tested by an in vitro
experiment on porcine eyes. On-skin wearable electronics continuously characterize physiological param-
eters to monitor human health in real time, but it is usually difficult to peel them off the skin, especially for
susceptible people (such as babies and patients with skin diseases). To make them available on sensitive,
fragile or even injured skin areas, skin-friendly transient epidermal electronics with biodegradability for
acquiring physiological states are proposed. For example, using genetically engineered plasticized copol-
ymer, silver nanowires and regenerated edge-decorated graphene sheets as substrates, electrodes and
sensitive materials, the manufactured skin-friendly electronics measured multidimensional physiological
signals, including electrocardiograms (ECG), temperature, strain, humidity, bacterial infection and so on
(Zhang and Tao, 2019). Such devices can simultaneously achieve strong adhesion and easy detachment
from skin, and have water-triggered, on-demand decomposition lifetime (transient capability) as shown
in Figure 7A.

Super-hydrophobicity refers to an excellent water repellency, which is useful for sensors to resist potential
contamination issues from the surrounding environment, thereby delaying the performance degradation
during long-term use. rtGO/PDMS composite films were patterned by single-step femtosecond laser direct
writing, which coupled a surface morphology of lotus leaf-inspired hierarchically structure to maintain self-
cleaning and water-repellent properties (Dinh et al., 2019). Meanwhile, a spider-slit-organ-inspired micro-
cracked morphology of conductive thin film was produced under pre-stretch, which exhibited self-cleaning,
ultrasensitive and anti-interference properties when attached onto skin to detect acoustic signal. Wearable
sensors are easily scratched and lead to functional damage. Inspired by the ability of human skin to repair
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itself after being mechanically damaged, in recent years, giving functional materials the ability to repair
themselves has become another frontier hot spot (Chen et al., 2017a; Taylor and Panhuis, 2016). 2D mate-
rials, such as graphene, do not have self-healing ability themselves. However, the graphene based compos-
ite network constructed by combining it with self-healing polymer retained good conductivity and pressure/
flexion sensitivity as shown in Figure 7B (D'Elia et al., 2015). Moreover, when damaged, the cut surfaces were
reconnected autonomously to realize self-repair. Such self-repair process is repeatable and greatly extends
the life of the devices.

The wearable sensors based on the piezoelectric/triboelectric principle collect mechanical energy and
their output electrical signal indicates the magnitude of force stimulus, which has been proven to be
very promising to develop self-powered sensors (Zhao et al., 2019). In addition, inspired by the structural
color of fish skin, a graphene coating that changed color when deformed was developed (Deng et al., 2017).
The graphene coating had a periodically arranged microscopic surface structure, which caused unique
interference of light, resulting in a special color-change effect regulated by strain as shown in Figure 7C.
Such structural color-based strategy realizes the transformation from micromechanics to macroscopic op-
tics and provides an outstanding visible method for mechanical sensing, which is of great significance in
smart clothing worn on people, even airplanes, buildings, bridges, etc., to assess micro-crack levels and
warn early dangers. Most skin electronic products are made of materials with poor air permeability. These
materials limit the evaporation of sweat and cause discomfort and skin inflammation during long-term use.
In order to solve the problem of air permeability, laser-induced porous graphene was used as the sensing
element, and the silicone elastomer sponge with sugar as the template was used as the substrate to make a
sensor which was mechanically compliant and suitable for wearing (Figure 7D) (Sun et al., 2018). More
importantly, the porous structure device showed high water-vapor permeability (~18 mg cm™2 h~") which
was 18 times higher than that of counterpart without pores, alleviating the risks of skin inflammation. In
addition, the stimulus-sensitive properties of 2D materials are combined with the protective properties
of functionalized textiles (such as flame retardancy, acid-alkali resistance, super mechanical properties)
to fabricate intelligent protective clothing (Wang et al., 2020a), which not only retains its wearing comfort
and protects human from injury but also enables the introduction of functions such as monitoring
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et al., 2018) (Pang et al., 2018) (Tao et al., 2017), (Yao et al., 2020)].

physiological signals. The above development provides many unique functions for wearable sensors, high-
lighting the application potential of 2D materials in a wide range of fields.

WEARABLE APPLICATIONS

The atomic thinness of 2D materials largely miniaturizes strain or pressure sensors that will even not inter-
fere with the surface shape and force signal distribution of the object being measured. Wearable mechan-
ical sensors based on 2D materials withstand high strain and great bending motion, and can be applied to
structures that are not suitable for metal or silicon counterparts (Akinwande et al., 2014). Thus, many chal-
lenges associated with biomedical epidermal devices and robotic manipulation would be addressed.
Compared with pedometers in commercial wristbands and smart watches, wearable mechanical sensors
based on 2D materials can be attached to different parts of human for detecting lots of human motion in-
formation (Boland et al., 2014; Liu et al., 2016a; Wang et al., 2014; Yang et al., 2018), such as muscle move-
ments, pulse, respiration, facial expressions and gait (Figures 8A and 8B).

In recent years, the application of wearable mechanical sensors in the field of medical detection becomes
common and has great significance for non-invasive, real-time, continuous disease monitoring, and treat-
ment (Kimetal., 2011a, 2011b; Webb etal., 2013, 2015). For example, pulse is a very important physiological
signal for evaluating the health condition of the cardiovascular system, and is usually used to distinguish the
tester's age, gender, and certain diseases, such as high blood pressure. Graphene based wearable strain or
pressure sensors worn on the human wrist clearly differentiated the three characteristic peaks (named per-
cussion waves, tidal waves, and diastolic wave) in the diastolic tail of the pulse wave shape, indicating their
promising potential in home-based pulse diagnosis (Yang et al., 2017a). Such wearable devices imitate the
physician’s tactile sensation of the pulse and provide real-time pulse waveform recording, which help bring
more quantitative data analysis in the practice of traditional Chinese medicine. Wearing a flexible
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mechanical sensor on a patient with a movement disorder can monitor the muscle stretching characteristics
and provide a scientific basis for clinical diagnosis and treatment of neurological diseases, such as Parkin-
son’sdisease, muscle stiffness and stroke, as well as rehabilitation training (Lanata et al., 2009; Wang
et al., 2014). By detecting various subtle deformations of the body surface, including heartbeat, blinking,
vocalization, breathing (Pang et al., 2018; Wang et al., 2014, 2015c; Yang et al., 2017a, 2018), it provides in-
formation about physical health and even inspires some new application concepts. For example, the gra-
phene artificial throat monitored the simple throat vibrations of dumb people and converted them into
controllable sounds as shown in Figure 8C (Tao et al., 2017). First, dumb people made meaningful buzzing,
coughing, and screaming after passing through the training process. The artificial throat was attached on
the throat of the tester and worked in detecting mode or emitting mode. In the detecting mode, the artificial
throat collected the sound wave intensity or frequency corresponding to the tester, and converted it into
specific meanings through pattern recognition and machine learning. In the emitting mode, the artificial
throat functioned as a sound source and generated the corresponding sound signal. Such intelligent artifi-
cial throat has taken a meaningful step toward real-time barrier-free voice communication between dumb
and healthy people.

As mentioned earlier, wearable mechanical sensors can identify multiple biological features related to hu-
man muscle activity which are unique and exclusive representing features of the genuine owner. Relying on
the fusion of multiple biological features, such as pulse wave features and throat sound features, a self-
powered bionic membrane sensor was developed to open up a new technology for multimodal biometric
authentication with advantages of low-cost and simplicity in system construction (Jin et al., 2015). Although
the above devices are manufactured based on nanowire structures, their application concepts are also
applicable to wearable mechanical sensors using 2D materials. Wearable mechanical sensors with high
performance are also applicable for robotic operations (Lim et al., 2015; Shih et al., 2020). Attaching the
strain or pressure sensor to the robot’'s hands and feet to measure the contact force between robot and
the ground or target object can help it achieve the gripping operation, normal walking or more complex
motion behaviors (Sun et al., 2019). The flexible mechanical sensor also has great application potential in
the field of intelligent prosthetics, which makes the prosthetic limbs completely renewed and truly replace
the missing parts of the body, so that the patients have a vivid tactile experience while walking (Kim et al.,
2014; Tee et al., 2015).

MACHINE LEARNING-ASSISTED SMART SENSORS

In industry and everyday life, people will increasingly make more decisions based on sensor information
(Tesch da Silva et al., 2020). However, there still exists a big gap between sensor data collection and deci-
sion support systems. Rapid development of various smart structures in sensors enriched the data struc-
tural complexity, and the increasing complexity further poses a real challenge for data analysis. In special
application scenario, high-dimensional or high-frequency needed to be collected from sensors for profes-
sional practice (Li et al., 2020; Su et al., 2015; Truong-Son Dinh et al., 2019). Moreover, the sensor structure
design introduced in sections “Multifunction-oriented structural design” and “High performance-oriented
structural design” including nonlinear data, real-time dynamic measurement and multi-axis mechanical
signal further increases the level of challenge in data analysis (Ahmed et al., 2021).

One of the state-in-art analysis method to handle highly complex data structure with high accuracy is ma-
chine learning (Wang et al., 2021), which means learning from and making predictions about data by
imitating the way that humans learn. By making sense of data so complex that defies human analysis, algo-
rithms based on machine learning technology could improve its classification and prediction accuracy.
Technically, machine learning algorithm utilizes a mathematic model that general enough to fit the highly
nonlinear relations between input and output data (LeCun et al., 2015). The most popular algorithm, deep
neural network (DNN) model (loffe and Szegedy, 2015), utilized a network with multiple layers to construct a
highly nonlinear structure. One of the most successful application scenario of DNN is computer vision (Da-
war and Kehtarnavaz, 2018): the complexity relations between images (or videos) and objects (or event) can
be accurately modeled by convolutional neural network (CNN), which is a special type of DNN. Another
popular algorithm is decision trees, which takes advantage of nonlinearity from tree-structure. The classic
algorithm, support vector machine (SVM) (Burges, 1998), utilize kernels to implement nonlinearity in clas-
sification and is proved to be highly efficiency in medium sized data.
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According to the characteristic of sensing data structure, eligible mathematical model would be selected.
Common mathematical models include cluster analysis, CNN, decision trees, and SVM. The machine
learning architecture could also combine with specific data pretreatment in special application scene.
For high-frequency data analysis, learning architecture could integrate time-frequency analysis algorithms
(Xiong et al., 2021), such as wavelet analysis, and short-time Fourier transform. For high-dimensional data
analysis, learning architecture could integrate dimensionality reduction algorithm (Anzenbacher et al.,
2012), such as principal component analysis (PCA), factor analysis, and autoencoder. Efficient and accurate
data analysis method based on machine learning are interfacing with sensor information collection and de-
cision support systems.

Therefore, combining wearable sensors with machine learning and artificial intelligence technologies to
build machine learning-assisted smart sensors will provide unique opportunities for emerging smart wear-
able electronic products. Smart sensors usually include basic sensitive units and artificial intelligence mod-
ules. The sensitive units respond quickly and accurately to the detected target. The artificial intelligence
modules assist sensing feature extraction and pattern recognition through the machine learning algorithm,
and finally transmit the recognized pattern state to the user through an easy-to-operate platform. The
above-mentioned smart sensors can not only collect but also analyze the sensing data, especially for
some application scenarios that need to judge the perception contentin a timely manner to accurately pro-
cess complex operation tasks (Shih et al., 2020; Zhou et al., 2020). These operational tasks include but are
not limited to: determining the treatment plan based on the diagnosis mode reflected by the collected
data, artificial prostheses that help people with walk disabilities and intelligent robots that respond to com-
plex operations in high-risk environments. Up to now, machine learning-assisted smart sensors have been
applied in both industrial sector and everyday life. Industrial applications include aerodynamic parameter
detection (Xiong et al., 2021), mechanical faults diagnostic (Rabelo Baccarini et al., 2011), food-freshness
prediction (Guo et al., 2020), industrial soft sensing (Shao et al., 2020), etc. For every-day life, smart sensors
are widely applied in physiological processes and sleep patterns detection (Lee et al., 2020), human
gesture recognition (HGR) (Wang et al., 2020b; Zhou et al., 2020), etc.

For example, by uniformly coating graphene on a microstructured elastomer, environment-resilient gra-
phene based vibrotactile sensitive sensors were developed, demonstrating the sensing ability to recognize
specific patterns and textures with the help of machine learning algorithms as shown in Figure 8D (Yao
et al., 2020). The sensor reliably responded to pressure changes under different environmental conditions
(25-60°C and 30-90% relative humidity), with performance changes less than 5% and 3% respectively, and it
also responded to vibration signals up to 1500 Hz with good response. Due to the fast and reliable vibration
response of the sensors, the sensors accurately reflected the characteristic frequency compositions of 16
common textures that interact with people. After the k-nearest neighbors machine learning algorithm
was used to classify and recognize texture frequency compositions, the recognition results show up to
97% accuracy. This machine learning-assisted texture recognition method has potential in the application
scenarios of robots and artificial prosthetic skins. In addition, the fusion of multi-stimulus sensing modes
(force stimulation, other physical, chemical or biological stimuli) with the help of machine learning algo-
rithms will meet more functional scene sensing requirements. For example, a graphene-based sensor pre-
pared by laser engraving reduction simultaneously monitored temperature, breathing rate, and sweat
composition (Yang et al., 2019b). This on-skin type sensor collected data from healthy people and patients.
After training through machine learning algorithms, it could analyze the differences in various physiological
parameters of the volunteers, and then provided a basis for the diagnosis of related diseases, such as gout
and metabolic disorders.

FUTURE PERSPECTIVES

This review summarizes the latest development of 2D materials based flexible and stretchable mechanical
sensors from the perspectives of sensing mechanism, material structure designs and wearable applica-
tions. These sensors demonstrate their wide-ranging applications in daily health, sports science, human-
computer interaction, and so on. Although a lot of progress has been made in the past few decades,
most of 2D materials-based sensors are still in the prototype stage and their appeal to consumers is still
limited. Challenges and future development opportunities involve efforts to develop multifunctional sen-
sors that are comfortable to wear.
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First, due to the curved structure of the human body, how the 2D materials based mechanical sensors can
better fit the human body and meet the needs of wearing comfort is the key content that needs more explo-
ration in the future. The skin usually undergoes a series of complex deformations at different body posi-
tions. Mechanical sensors need to provide compliance and location-specific measurement ranges through
innovative structural engineering designs (Kim et al., 2014). The fusion of 2D materials with other flexible
functional materials, especially smart fabrics, will be an important way to achieve wearable comfort. In addi-
tion, wearability requires the sensor to have high performance, small size, light weight, low power con-
sumption, and robustness to reduce the requirements for the related signal acquisition and chip process-
ing system, so that the entire sensor system has a long standby and lifetime under the premise of
minimizing the system size.

Second, with the continuous enrichment of people’s daily life applications, the functional requirements for
sensors to sense physical signals are increasing. Having multiple functions and showing unique responses
to external stimuli is still the development trend of 2D materials-based mechanical sensor technology. It
seems to be realistic in future to combine multi-functional wearable sensors with skin and clothes. The
goal is to be able to cover complex-shaped surfaces and moving parts to form artificial electronic skin
or smart clothing, which is oriented to artificial touch and flexible medical care. Most of the current work
is still stuck in single-function sensor devices, lacking conceptual multi-function and system integrated
design. In fact, human touch is based on comprehensive activities of sensing, refining, and learning. The
receptors in the skin detect touch, and the signal is sent to neurons through the axis to obtain the multi-
level characteristics of the touch. Therefore, wearable mechanical sensors with this perceptual learning
ability may expand their cognitive capabilities and adaptability. To achieve this goal, multifunction-ori-
ented system-level structural design will be an essential and useful tool. For example, an artificial sensory
neuron with the capability of tactile perceptual learning has been developed, including a resistive pressure
sensor that senses, a soft ionic cable that transmits, and a synaptic transistor that processes information
(Changjin et al., 2018). This device could recognize the spatiotemporal features of touched patterns. After
the machine learning training process, the recognition error rate was greatly reduced from 44% to 0.4%.
Combining wearable sensor technology with artificial intelligence technology, and in-depth study of the
characteristics of the massive data collected by sensors, will bring innovative and interesting applications,
which are still in their infancy.

Thirdly, the integration of devices and 2D materials is still a very challenging task, resulting in sensors based on
2D materials still far from real life. First of all, it is necessary to realize the large-area integration of nano features/
micro-nano structures/macro devices on flexible substrates of arbitrary shapes. The precise formation of func-
tional interfaces involving materials with very different electromechanical properties (such as polymers, 2D
layers, and other functional layers) poses a great challenge to its manufacturing technology. It is necessary
to develop device designs and manufacturing processes that match the electromechanical characteristics of
2D layers, and strengthen the adhesion between the 2D layer and the substrate, so that the device is stable
and durable. Moreover, to realize such a highly integrated smart sensor system based on 2D materials requires
the integration of different flexible functional devices, such as the combination of sensors and thin film transis-
tors to manufacture mechanical sensing active matrix. Capacitive sensors are usually used as the gate dielectric
of the transistor, and resistive sensors are usually connected to the drain of the transistor. However, although 2D
materials have proven to be promising for the fabrication of electrode and channel materials in transistor-type
device (Zheng et al., 2021a), it is still difficult to synthesize 2D layers and their heterojunctions with controlled
defects and number of layers at the wafer level. In addition, the existing synthesis technology often has disad-
vantages such as high cost, complicated process, incompatibility with organic materials, and lack of research on
stretchability. Another challenge is how to enhance the performance consistency of sensor units manufactured
in different batches, which is very important for large-area integrated manufacturing to reduce unnecessary
complex calibration. The mechanic-sensitive structure of 2D materials is very rich, including geometric ele-
ments such as fracture, buckling, and pores, and so on. The manufacturing of this type of structure is currently
random and uncontrollable. It is necessary to strengthen the understanding of the physical and chemical
behavior of the 2D interface, and to study solution-compatible processes (such as the printing processes (Conti
et al., 2020; Li et al., 2014)) to realize the large-area fine and controllable batch preparation of micro-nano me-
chanic-sensitive structures and integrated electronics, which is the key to moving from the laboratory to indus-
trial applications.
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