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Strain sensors featured with high sensitivities and large ranges of linear responses are currently under urgent
needs. Herein, we present a spontaneously formed Ti3C,Tyx/graphene/PDMS layered structure, which can be
divided into two layers when being stretched: a Ti3C,Tx dominated brittle upper layer and a flexible graphene/
PDMS composite bottom layer. The balance between the destruction and maintenance of the conductive path-
ways through the synergetic motion of the upper and bottom layers ensure a high and steady gauge factor of the

senor in a wide strain range (e.g., gauge factors of 190.8 and 1148.2 in strain ranges of 0-52.6% and 52.6-74.1%,
respectively). The TizCaTx/graphene/PDMS layered structure based strain sensor is also featured with a low
detection limit (~0.025%), a high linearity (R?>0.98), a high cycling stability (over 5000 cycles), and an ac-
curate monitoring of full-range human motions. Different breathing patterns in yoga are distinguished to
demonstrate the practicability of the sensor.

1. Introduction

Demands for flexible and wearable electronic sensors have increased
dramatically as people’s desires for real-time health monitoring and
human motion detection have gradually increased in recent years [1-3].
In general, to evaluate the sensing performance of a strain sensor, the
sensitivity (i.e., gauge factor (GF)) and working range are regarded as
the two most critical performance indicators, which unfortunately are
mutually constrained [4-9] since the high sensitivity requires large
changes in electrical resistance of the sensor under slight strains, while
with regards to the wide working range, the sensor is required to
maintain good conductive pathways during the whole stretching pro-
cess. To meet the requirements of monitoring the full-range body mo-
tions of humans, the sensing ranges of strain sensors are usually required
to be larger than 50%, with the sensitivity higher than 100 over the
entire strain sensing range [4]. In addition, compared with the high
sensitivity obtained at large strains, it is more desirable to achieve a high
and stable sensitivity with linear responses within a wide strain range
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In order to fabricate a strain sensor with a high comprehensive
sensing performance, a common strategy is to fabricate strain sensors
with special architectures based on complicated processes such as pre-
stretching [10,11], and 3D printing [12,13]. Given the high re-
quirements for the rationality of structural designs and the fineness of
craftsmanship, innovation of sensing materials may be a more efficient
way. Currently used sensing materials mainly include carbon materials
(e.g. carbon black, carbon nanotubes and graphene) [14-21], metal
materials (e.g. Ag nanowires and Au nanoplates) and so on [22-29].
However, a sensing material with an unitary morphology is generally
subject to its own structural characteristics and cannot simultaneously
take both sensitivity and stretchability into account. For example,
zero-dimensional materials normally suffer from low sensitivities and
narrow sensing ranges because of their small aspect ratios [23,27]. For
example, Park et al. fabricated a strain sensor based on a Au nanoparticle
thin film, and the sensor exhibited a maximum GF of 2.05at the
maximum strain of 20% [27]. One-dimensional materials are inclined to
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exhibit substantial stretchabilities and endow the strain sensor with a
wide strain sensing range [21,22,28,29]. Cheng et al. presented an Au
nanowires based strain sensor, which can be stretched as wide as 350%
[28], and the enokitake-like Au nanowire based strain sensor made by
the same team demonstrated a ultrahigh stretchability of 800% strain.
[29]. While two-dimensional materials are more easily to demonstrate
extremely high sensitivities in very small strain ranges but poor linear-
ities, which can be attributed to the non-effective slippage of the adja-
cent stacked sheets For instance, Zhu et al. presented a graphene woven
fabrics based strain sensor, which showed a ultrahigh GF of 10° under a
small strain below 10% and the relative resistance varied almost expo-
nentially with strain [30]. Therefore, it may be an effective consider-
ation to compound multiple materials with various microstructures
together to realize efficient synergistic motions, meeting the re-
quirements of capturing and monitoring the full-range human motion
signals [31,32].

MXenes represent a new class of two-dimensional early transition
metal carbide or carbonitride (e.g., TigCaTx, TiaCTx, TisCNTy (T stands
for the terminal groups of MXenes, x denotes the number of T) with high
metallic conductivity, good oxidation resistance and excellent me-
chanical properties [33-36], which have set off a research boom in
energy storage [37-41], electromagnetic shielding [42,43], catalytic
fields [44,45], and strain sensing [46-51]. However, although MXenes
are considered as two-dimensional materials, in the process of typical
chemical etching, due to the destructive effect of the strong etchant
(hydrofluoric acid) on the structure of MXenes, there are many irregular
particles generated while the materials being delaminated into
two-dimensional sheets [47]. When used as sensing materials of strain
sensors, those MXene particles are prone to losing connections during
the tensile processes, resulting in narrow working ranges. Thus, the
introduction of rational materials to maintain the connections among
MXene particles is a feasible route to simultaneously maintain high
sensitivities and stretchabilities of the sensors.

In addition to the composition, the distribution of the components in
the composite conductive film also has a large effect on the properties. It
is generally believed that a uniform distribution of the component in the
composite is more prone to achieve high sensing performances. How-
ever, a gradient distribution of the component in the composite has
proven to be an effective way to simultaneously increase the sensitivity
and the sensing range. Coleman et al. reported a graphene-rubber
composite in which graphene had a compositional gradient change
with depth. The strain sensor based on this composite exhibited an
excellent comprehensive performance with a GF of 35 and a strain
sensing range of 800%, surpassing most graphene based strain sensors
[16].

Herein, we constructed a spontaneously formed Ti3C,Ty/graphene/
PDMS layered structure, which is featured with positive and negative
correlations of TigC,Tyx and graphene contents with the film depth, as
well as the increased stacking density with the depth. The Ti3CoTy/
graphene/PDMS layered structure can be divided into two layers during
the stretching process. The brittle upper layer is mainly composed of
tightly stacked irregular TisCyTy particles and some multilayer graphene
sheets, where cracks generate and propagate during the stretching
process to dissipate tensile stresses, contributing to a high GF over 100
within the entire working range. Multilayer graphene sheets embedded
in PDMS substrate constitute the flexible bottom layer and maintain the
conductive pathways within a large strain range. Meanwhile, the
interconnection of Ti3gCyTx and graphene forms a nice transition layer,
which ensures the integrity and durability of the whole device. The
strain sensor based on Ti3CyTy/graphene/PDMS layered structure
demonstrates outstanding sensing performances, including a high
sensitivity and a large linearity (GF of 190.8 within 0-52.6% and 1148.2
within 52.6-74.1%), a wide sensing range of 74.1% (~9 times larger
than pure Ti3CyTx based strain sensors), and a low limit of detection
(~0.025%) as well as high cycling stability (over 5000 cycles). More-
over, benefiting from the very simple yet efficient architecture, the
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Ti3CyTx/graphene/PDMS based strain sensor requires no complicated
manufacturing process, which would greatly facilitate its wide appli-
cations in practice.

2. Material and methods
2.1. Materials

Ti3AlCy was purchased from Forsman Co., China. The graphite foil
was purchased from Alfa Aesar Co., Inc. Hydrofluoric acid (AR, 40 wt%)
and dimethylsulfoxide (AR) were purchased from China National Med-
icines Corporation Ltd. Terephthalic acid (PTA, AR) and NaOH (AR)
were purchased from Aladdin (Shanghai, China). PDMS was purchased
from Dow Corning. All chemicals were used as received without further
purification. The water used throughout all experiments was purified
using the Millipore system. The filter membrane was made of mixed
cellulose ester, and was purchased from Merck Millipore (0.22pm
GSWP).

2.2. The synthesis of TisCaTy

The synthetic method of Ti3C,Tx was reported in a previous work. In
detail, 3 g parent phase material TizAlCy powder was slowly immersed
into 30ml 40 wt% aqueous hydrofluoric acid solution, followed by
about 10 min’ standing to wait for the bubbles generated by the violent
reaction to disappear and the mixture to cool down. Then the mixture
was reacted under continuous magnetic stirring for 6 h at room tem-
perature and was washed with distilled water under centrifugation for
several times until the pH value reached about 6. The sediment was
dried by freeze drying to obtain the multilayer Ti3CoTy powder. 1 g as-
prepared multilayer TisCyTx was added into 12ml dimethylsulfoxide
(DMSO) and stirred for 18 h, with then DMSO was removed by washing
and centrifugation. The DMSO treated sediment was dispersed in 300 ml
distilled water and sonicated in the iced bath under Ar atmosphere for
3h. After being centrifuged at 3500rpm for 1h, the delaminated
Ti3CyTx was obtained by collecting the upper suspension of the cen-
trifugal product. The concentration of the suspension can be determined
by ultraviolet-visible spectrum.

2.3. The synthesis of graphene

Graphene sheets used in this work were fabricated from an electro-
chemical method we reported before [52]. Specifically, a rectangular
graphite foil (1.0 x 2.0 x 0.5cm) based anode and a platinum foil
(1.0 x 2.0 x 0.1 cm) based counter electrode were placed parallel with a
spacing of 2.0 cm in the electrolyte containing 0.83 g PTA, 0.80 g NaOH
and 100 ml water. Then, a constant voltage (10.0 V) was applied until
the anode was exhausted within 6-8 h. The stripped products in the
electrolyte were purified with water, and dried at 50 °C in an oven to
obtain the powdery graphene.

2.4. The preparation of the Ti3CoTy/Graphene film

The as-resulted graphene was mixed with Ti3gCoTx suspension with
the content of 0 wt%, 10 wt%, 25 wt%, 50 wt% and 67 wt%. Then the
mixture was filtered and dried under vacuum to obtain a TizCyTx/gra-
phene conductive film.

2.5. The fabrication of the strain sensors

The PDMS monomer and curing agent were mixed with a mass ratio
of 10:1, magnetically stirred for about 15 min, and then the mixture was
placed in a vacuum oven for 10 min to remove bubbles. After that the
PDMS was poured into a cuboid mold with the sizes of
80.0 x 15.0 x 1.0mm?3, and was prepolymerized at 80°C for 10 min.
The TisCyTx/graphene film was cut into strips with the sizes of
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Fig. 1. a) Schematic diagram of the fabrication of the Ti3C,Ty/graphene strain sensor; transmission electron microscope (TEM) images of b) multilayer graphene and
¢) Ti3CyTy; Top-view SEM images of the d) multilayer graphene and e) TizC,Ty film.

20.0 x 6.0mm?, and was transferred onto the prepolymerized PDMS
with the filter membrane facing up, followed by a polymerization
progress for 1 hat 80°C. The filter membrane was then dissolved by
acetone and washed by ethyl alcohol. Finally, the silver electrodes were
fixed on two sides of conductive stripes, forming a strain sensor.

2.6. Characterization

A high-resolution multi-function X-ray diffractometer (D8 Discover
Davinci, German) was used to analyze the phase compositions and
crystalline structures of samples. The morphologies of samples were
characterized by a field emission scanning electron microscope (S-4800,
Hitachi, Japan), a transmission electron microscope (JEM-2100F, JEOL,
Japan) and an atomic force microscope (NTEGRA, NT-MDT, Russia).
The concentration of the Ti3CyTx suspension was calibrated by an
ultraviolet-visible spectrophotometer (PerkinElmer Lambda 950, USA).
A high-precise electronic universal testing machine (CMT6103, MTS
Systems, China) was used to test the sensing performance of strain
sensors where the current signal was collected by an electrochemical
workstation (PARSTAT 2273, Princeton Applied Research).

3. Morphology and structure analysis

The fabrication process of the Ti3CoTy/graphene/PDMS layered
structure based strain sensor is schematically illustrated in Fig. la.
Shortly, a Ti3CyTx suspension prepared by a chemical liquid etching
method and a multilayer graphene suspension prepared by an electro-
chemical exfoliation method were mixed with various ratios and fil-
trated into a conductive film with a consistent thickness of 1.4 pm
(Fig. A1). Then the TizCyTx/graphene films were transferred to pre-
polymerized polydimethylsiloxane (PDMS) substrates to form flexible
and stretchable strain sensors. It must be noted that the composite film

was turned over during the transferring process, with the filter mem-
brane facing up. After post-polymerization, the filter membrane was
dissolved in acetone, and the strain sensor was finally obtained by
fabricating electrodes and connecting conducting wires. Fig. 1b—c show
the morphology of multilayer graphene and TisCyTy. It is observed that
the graphene is multilayered with the lateral size of 1-6 pm (Fig. 1b) and
the thickness is about 4-15 nm (Fig. A2a and Fig. A3), while Ti3CyTy is
mainly made up of irregular particles with the size of 1-2 pm (Fig. 1c). In
addition to irregular particles, some thin sheets with the thickness of
2-3nm and the lateral size of 200-300 nm were also located within
TigCaTx (Fig. A2b), which were peeled off from the accordion like
Ti3CyTy bulks (Fig. A4) during the delamination process. The differences
in the morphologies of multilayer graphene and Ti3CyTx can be more
intuitively distinguished by the scanning electron microscope (SEM)
images of graphene powders and TizCyTx thin films (Fig. 1d-e).

The multilayer graphene suspension with diverse concentrations was
uniformly mixed with the Ti3C,Tx suspension, and a series of TizCaTy/
graphene composite films were fabricated by the vacuum filtration
method. For simplicity, the composite films were named as “TizCoTx/Gy”
according to the content of graphene (G means multilayer graphene, and
y represents the content of graphene). Fig. A5a shows the X-ray
diffraction (XRD) patterns of TisCyTx, graphene and TizCyTx/graphene
composite with the mass ratio of 1:1. The characteristic peaks of pure
Ti3CyTx and graphene were at around 7° and 26°, respectively. There is
no doubt that the XRD pattern of TizCoTx/graphene composite integrates
the characteristics of pure Ti3C2Tx and graphene, proving a nice com-
bination of these two materials. The Raman spectra of Ti3CTy, graphene
and TizCyTx/graphene composite indicates a similar result in compari-
son with the XRD pattern (Fig. A5b). To further disclose the combined
state of TigCoTx/graphene composites, SEM images of Ti3CoTx/graphene
composites with various mass ratios are presented in Fig. 2a-d. With
regard to Ti3CyTyx/Go.1, it is observed that TizCyTx particles are the
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Fig. 2. Top-view SEM images of a) Ti3C2Tx/Go.1, b) TizC2Tx/Go 25, €) TizCoTx/Go 5, d) TizCoTx/Go 67- Top-view SEM images of the Ti3CoTx/Go s film that was scraped
off e) one layer and f) two layers by tape. g) Element mapping of the intact Ti3C,Tx/Go s film. Element mapping of the TizC;Tx/Go s film that was scraped off h) one

layer and i) two layers by tape.

majority components, accompanied with a small amount of graphene
thick sheets (Fig. 2c). As the content of graphene increases, a lot of large
graphene sheets are loosely deposited on the surface of the film
(Fig. 2d-e). When the graphene content reaches 67%, the graphene
sheets almost cover the entire surface of the film, and if the graphene
content is further increased, the composite film can not be formed due to
the powder nature of multilayer graphene.

Fig. 2e and Fig. 2f demonstrate the SEM images of the Ti3CyTx/Go 5
film that was scraped off one layer and two layers by tape, respectively.
Compared with the intact film in Fig. 2c, it is obvious that the stacking
density of the TizCyTx/graphene composite film increased vertically
through the film, and large-sized multilayer graphene sheets gradually
reduced while small-sized irregular TigCyTx particles increased in
number and packed closely. In order to further confirm the changes in
the composition of the composite film with the variation of depth, the
element mapping of the film in Fig. 2c, 2e and 2f are presented in
Fig. 2g-i. The strong carbon signal belonging to multilayer graphene
was weakened when the composite film was stripped off the loosest
layer on the outermost surface, whereas the Ti signal belonging to
TigCoTx was enhanced at the same time, inferring that there was a
compositional gradient in the Ti3C2Tx/graphene composite film and the
contents of graphene and Ti3CyTx were negatively and positively
correlated with the depth in the film respectively. However, due to the
random stack of multilayer graphene and TizCyTy, it was of significant
difficulty to quantify the compositional gradient. Therefore, for more
rigor, we define this component gradient as a “quasi-component
gradient”. The formation of the quasi-component gradient may be due to
the fact that the TizCyTx particles with smaller size will preferentially
settle to the bottom layer through the interspace between the loosely
stacked multilayer graphene sheets during the vacuum filtration pro-
cess. When being transformed onto a PDMS substrate to form a strain
sensor, the TizCoTyx/graphene film was overturned, leading to the fact
that the surface of the film was mainly composed of closely stacked

TigCyTx particles, while the bottom layer had the higher graphene
content.

4. Sensing performance analysis

The strain-sensing performance of the strain sensors based on
TisCyTx/graphene films was investigated. Fig. 3a demonstrates the
typical relative resistance variation-strain (AR/Rg-g) curve of the
Ti3CyTx/Go.5/PDMS based strain sensor. In general, AR is defined as (R-
Ro) where R, Rg and ¢ stand for the resistance under varying strain, the
initial resistance under no load, and strain, respectively. The slope of
AR/Ry-€ curve, which is usually expressed in GF, was used to evaluate
the sensitivity of a strain sensor. It can be seen that the AR/Rg-¢ curve of
the strain sensor based on Ti3CyTx/Ggs5/PDMS was divided into two
stages. During the strain range of 0-52.6%, the GF was quantified as
190.8, while the GF in the strain range of 52.6%-74.1% was increased to
1148.2 with the coefficient of determination (R?) of these two curves
higher than 0.98. Fig. 4 shows the comparison of sensing performances
in the first linear range of strain sensors with the total strain sensing
range larger than 50%. From the Fig. we distinguished whether the
sensor possessed a high GF in the small strain region and whether GF can
be maintained high and steady over a wide strain range, which is
considered as two critical indicators for a desired sensor. It is obvious
that very limited strain sensors in current reports can maintain GFs
above 100 over wide strain ranges, whereas the strain sensor based on
Ti3CyTx/Go.5/PDMS achieved a high and stable GF (over 190.8) over a
wide strain range (0-52.6%), and a highly linear response can also be
achieved under the strain range of 52.6-74.1%, which is more desirable
than the strain sensors that only demonstrated high sensitivities at large
strains. To conform the reproducibility of the Ti3CyTx/Go.5/PDMS based
strain sensor, the AR/Rg-¢ curves of other five samples prepared with the
same experimental conditions have been prepared and tested. As seen in
Fig. A8, five curves have the same trend and all have good linear
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Fig. 3. Strain sensing properties of the Ti3C,Tyx/graphene/PDMS based strain sensors. a) A relative resistance variation-strain curve of the Ti3CyTx/Go.s/PDMS based
strain sensor at a stretching rate of 60% min~!. b) Relative resistance variation-strain curves of the Ti3CoTyx/graphene/PDMS based strain sensors with various

graphene contents at a stretching rate of 60% min '

. ¢) Reproduction of the curve in b) within a 0-10% strain range. d) Current signals of the strain senor under a

step-increasing strain from 0.025% to 10%. ) Real-time current-time curve under a strain of 1% at a stretching rate of 40 mms . f) Current changes of the strain
sensor at various frequencies under a 10% strain. g) Cycling durability test under a 40% strain at a stretching rate of 60% min~'. The insets are the magnified views
around 100th and 10000th cycles. h) Relative resistance-strain curves of specific stretch/release cycles under a 40% strain.

Fig. 4. Comparison of the sensing performance in the first linear-response
strain range of strain sensors with the total strain sensing range larger
than 50%.

response over a strain range of more than 50%.

In order to maximize the synergistic effect of TigCoTyx and multilayer
graphene, we investigated the effects of graphene content on the sensing
performance of the TizCyTx/graphene/PDMS based sensors. Through
the information revealed in Fig. 3b, it is obvious that different graphene

contents lead to significant differences in the sensing performances. For
the pure Ti3C,Ty based strain sensor, it exhibited a GF of 13.4 within a
strain range of 4.6% and 88.1 within a range of 8.2%, producing low
performances in both sensitivity and stretchability. As the content of
graphene increases (<50 wt%), the maximum working range of strain
sensors gradually expanded to 34.1% (for TizC2Tx/Go.1), 45.7% (for
Ti3CaTx/Go.25) and 74.1% (for TigCaTx/Go.5) respectively, which was
mainly attributed to the fact that graphene increased the connectivity of
conducting pathways. The detail sensitivity and working range for each
sample are presented in Table A1. It is obvious that the AR/Rg-¢ curve of
the Ti3CyTx/Go.5/PDMS based sensor was more liner than other curves
and functioned as a better choice as a strain sensor. By contrast, the
working range of the Ti3C2Tx/Gg 67/PDMS based sensor was only 4.3%,
and the relative resistance experienced a sudden increase in the range of
2.8-4.3%, which may be due to the fact that the excessive addition of
multilayer graphene lead to a loose structure of the film and cannot
maintain the conductive pathways. Fig. 3c reproduces the curves within
the strain range of 0-10%. It is noticed that except for the TisCoTx/Go.67/
PDMS film with low stretchability, the relative resistance of the strain
sensor based on the Ti3CyTyx/Go 5/PDMS film increased fastest during the
small strain ranges, indicating the highest sensitivity in this range. Un-
doubtedly, 50 wt% was the best content of graphene when sensitivity,
working range and linearity were taken into consideration.

Other strain sensing tests were conducted where the Ti3CyTx/Go.5/
PDMS based strain sensors were used as testing samples. Fig. 3d shows
the current signal of the strain sensor as a function of testing time under
the step strain of 0.025%, 0.5%, 1%, 5% and 10%. It is observed that the
current signal varied with the strain changing with a positive correla-
tion. Besides, the detection limit of the sensor was quantified as 0.025%,
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Fig. 5. Top-view SEM images of the Ti3C,Ty/graphene/PDMS based strain sensor being stretched at various strains during the initial stretching/releasing cycle: a-c)

0%, d-f) 10%, g-i) 30%, j-1) 70%, and back to m-0) 0%.

which was low enough to detect almost all subtle deformations of
human bodies. The response time of the strain sensor was determined by
collecting the real-time current signal under a very small strain of 1%. As
is shown in Fig. 3e, the response time was quantified as 130 ms, enabling
the monitoring of fast and sequential movements in real time. The
current signal of the strain sensor being stretched at different fre-
quencies was recorded in Fig. 3f. Note that the current response com-
mendably followed the changes of the frequency at the range of
0.1-5Hz, and the height of all current peaks was consistent under the
strain of 10%, indicating that the strain sensor can satisfy the high-
frequency reciprocating motion. Fig. 3g depicts the cycling durability
test of the sensor under a cyclic strain of 0-40% at a stretching rate of
60% min . Apparently, there was no obvious attenuation of current
signals after the strain senor was tested for 10000 cycles, confirming
high cycling stability of the sensor. The I-e curves of the strain sensor
under 90-100th, and 9990-10000th cycles are inserted in Fig. 3g, and
the AR/Rg-¢ curves of specific stretch/release cycles under a 40% strain
are presented in Fig. 3h, which further validate the high repeatability of
the Ti3CyTy/graphene/PDMS based strain sensor.

5. Sensing mechanism analysis

To investigate the sensing mechanism of the Ti3CyTy/graphene/
PDMS based strain sensor, the initial stretching/release cycle of the
sensor was reproduced, and the difference on the morphology of the
sensing material under various strain state was observed. As shown in
Fig. 5a-c, before stretching, there were no obvious cracks on the com-
posite film, while countless small Ti3CoTy particles and some graphene
sheets were densely packed on the surface of the film. With the

application of a tensile strain of 10% (Fig. 5d—f), some large cracks with
a width of 1 pm approximatively perpendicular to the tensile direction
appeared on the surface of the film, while the stacking density of the
TigCyTx particles and graphene sheets didn’t seem to change signifi-
cantly, indicating that the film released tensile stress mainly by gener-
ating cracks instead of mutual movements between Ti3C,Tx particles
and graphene sheets. As the strain was further increased to 30%
(Fig. 5g-i), the crack size on the film was further enlarged to more than
3pm, and surprisingly there was another conductive layer exposed
through the cracks. To investigate the composition of the bottom layer,
EDS element mapping of the Ti3C2Tx/Go.5/PDMS film under a stretching
state was performed (see Fig. 6a-f). Remarkably, the C and Si signals
were very strong for the bottom layer, which was correlated with PDMS
and graphene, respectively, while the Ti signal was almost absent in this
layer while concentrated in the upper layer. Considering the fact that the
multilayer graphene prepared by the electrochemical method had
almost no hydrophilic functional groups and they loosely packed on the
surface of the film, it was reasonably speculated that when the com-
posite film was transferred onto the PDMS substrate (note: the film is
turned upside-down), the loosely stacked graphene was easily infiltrated
by PDMS and a continuous conductive layer mainly consisting of
multilayer graphene and PDMS was successfully formed. Since Ti3CaTx
is hydrophilic and cannot be infiltrated by PDMS, there was almost no
TisCyTx in the bottom layer. Therefore, the Ti3CyTx/graphene/PDMS
composite film had a layered structure, in which the upper layer formed
by densely stacked Ti3CyTx and graphene was brittle and contributed to
the rapid decrease in the conductance of the sensor under a relative
small strain by generating cracks, rendering a steady GF of 190.8 within
a wide strain range (0-52.6%). The bottom graphene/PDMS layer was
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Fig. 6. a—f) EDS element mapping of the Ti3CyTx/Go.5/PDMS structure when the strain sensor is stretched to 70%. g) Schematic diagram of the Ti3C,Tx/Go.5/PDMS

structure based strain sensor at various stretching states.

more flexible, and served to guarantee the connectivity of conductive
pathways. The lubricity of multilayer graphene may facilitate its slip-
page and result in a wide sensing range. It is worth noting that the upper
and bottom layers of the TigCyTy/graphene/PDMS layered structure
were not completely discrete. Due to the existence of quasi-component
gradients, there was a transition layer composed of TizC,Tyx and gra-
phene to maintain the connectivity between the upper and bottom layers
during the stretching process, thus ensuring the superb durability and
stability of the sensor. Fig. 5j-1 depict the morphology of the film when
the strain sensor was stretched to 70%. The large cracks perpendicular to
the tensile direction continued to expand to about 16.5 pm. Note that the
graphene/PDMS layer in the cracks was torn to an extent, which ex-
plains the significant increases in the electrical resistance of the sensor
under the strain range of 52.6%-74.1%, further confirming the function
of the graphene/PDMS layer on maintaining conductivity within the
entire stretching process. With the strain released completely (see
Fig. 5m-o), both large cracks in the upper layer and crevices in the
graphene/PDMS layer coalesced, guaranteeing the cycling duration of
the strain sensor.

Fig. 6g schematically demonstrates the sensing mechanism of the
Ti3CyTx/graphene/PDMS layered structure based strain sensor. The
response of the whole stretching process was briefly divided into two
stages. During the first stage (the first linear response range), cracks
generated and uniformly propagated in the upper layer to dissipate the
tensile stress while the bottom layer exhibited negligible changes,
rendering a highly sensitive and linear response of the sensor. During the
second stage (the second linear response range), cracks in the upper
layer further widened, accompanied by the slippage of graphene sheets
and local avulsion of the bottom layer, generating a much higher GF in
this stage. All in all, the balance between the destruction and main-
taining of the conductive pathways through the synergetic motion of the
upper and bottom layers ensured the high and steady GFs of the senor in
a wide strain range.

For comparison, the sensing mechanisms of the pure Ti3CyTx and
Ti3CaTx/Go.67/PDMS based strain sensors were investigated as well. As
shown in Fig. A6, the variations on the microstructures of the pure
TizCoTy strain sensor with strain were almost the same as that of the
upper layer of the Ti3CyTy/graphene/PDMS layered structure based
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Fig. 7. The current signals of the Ti3C,Tyx/Graphene strain sensors in monitoring a) finger bending. Inset: digital photographs of a finger bent to the corresponding
positions; b) mouth opening and c) phonation. d) The schematic diagram of mannequin with recorded current signals in e) breathing modes in yoga; f) pulse; and g)

slow walking and jumping.

sensor, except that the pure Ti3CeTx film is not infiltrated by PDMS
because of the incompatibility between these two. The non-conductive
flexible PDMS substrate was exposed after the fracture of the TizCyTx
film (Fig. A6f), which was responsible for the interdiction of conductive
pathways and the narrow sensing range of the sensor. By contrast, due to
the excessive content of the multilayer graphene, the TizCyTx/Go 67/
PDMS film was too brittle and susceptible to cracking and shedding
when the sensor was stretched, resulting in a rapid increase in the
resistance of the sensor within a small strain range (Fig. A7).

6. Human activities detection

In view of the excellent sensing performances of the Ti3CyTy/gra-
phene/PDMS based strain sensor, we attached the sensor to different
parts of human bodies for the full-range detection of human activities.
For the capture of vigorous physiological signals, the strain sensor was
attached to the knuckle area to record the changes in current signals
during the bending of a finger from 0° to 90° (Fig. 7a) and was attached
to the cheek area to monitor the process of opening-closing movements
of a mouth (Fig. 7b). In sensing more substantial movements, we
mounted the strain sensor on a knee joint, and the joint-related move-
ments such as slow walking and jumping (Fig. 7g) were easily discrim-
inated due to the regular and differentiated repetitive pattern of the
response curves. To monitor subtle signals such as phonation and pulses,
the strain sensor was attached to the throat and the wrist areas,
respectively. Fig. 7c demonstrates the responsive curves with significant
characteristics and repeatabilities, in response to speaking different
words such as “sensor”, “MXene” and “flexible”, indicating the effective
applications in phonation recognitions. In Fig. 7f, the response curve
clearly disclosed the characteristic peaks of human pulses including
percussion, tidal and diastolic peaks. In order to further confirm the high
sensitivity of the sensor, we attached sensors to the abdomen and chest

of human bodies to distinguish three breathing patterns in yoga. The
changes in current signals of the two sensors during abdominal
breathing, chest breathing and whole body breathing were recorded
(Fig. 7e). The current curves had obvious differences in intensities and
peaking shapes, which can be used for recognizing breathing patterns. In
a word, the capabilities on monitoring subtle and substantial movements
equip the Ti3CyTx/graphene/PDMS based strain sensor with great
application potentials in monitoring human physiological and robotic
signals.

7. Conclusion

In summary, a TizgC2Tx/graphene/PDMS composite film with layered
structure was presented. The TizC2Tx dominated upper layer was brittle
and tended to generate cracks to dissipate stresses when being stretched,
while the graphene/PDMS bottom layer kept contact to maintain the
conductive pathways. The synergetic motion of the upper and bottom
layers rendered the film with highly sensitive and linear responses to
strains in a wide strain range. Sensors based on the Ti3CyTx/graphene/
PDMS film exhibited both a high GF and a wide sensing range (a GF of
190.8 in the strain range of 0-52.6% and 1148.2 within the range of
52.6-74.1%), as well as a low limit of detection (~0.025%) and superb
cycling stabilities (over 5000 cycles under the strain of 40%). Full-range
human motion detection was conducted to demonstrate the practica-
bility of the sensor. This work may shed new lights on enhancing the
comprehensive performances of strain sensors from the view of
composition design.
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