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ABSTRACT

The advent of smart and wearable electronics endows flexible pressure sensors

with promising potentiality. Ti3C2Tx-based MXene is considered as one of

attractive sensing materials for its metallic conductivity and adjustable interlayer.

However, existing flexible MXene pressure sensor still requires a technical

breakthrough that simultaneously possessing high sensitivity, fast response, and

durability in low-pressure regime and excellent mechanical strength. Herein, a

Ti3C2Tx-based pressure sensor with distinctly enhanced sensing functionality and

mechanical strength is demonstrated though inserting high-strength of bacterial

cellulose nanofibers to control the interlayer of MXene. By optimizing the bacte-

rial cellulose content and MXene interlayer space, the resultant sensor device

exhibits high mechanical strength (225 MPa), wide-sensing range with low

detective limit (0.4 Pa), high sensitivity (up to 95.2 kPa-1, in\50 Pa region), fast

response (95 ms) and outperformed repeatability (25,000 cycles), as well as low

operation voltage of 0.1 V. For practical application demos, the sensor can

monitor multiple human biologic activities, including subtle pressures (e.g.,

swallow, heartbeat and pulse), acoustic vibrations and gesture motions, and serve

as electronic skin for mapping pressure distribution, elucidating the potential

application in medical diagnosis, smart robotics and human-machine interfacing.

Introduction

With the rapid advances of portable and wearable

electronics, the flexible pressure sensor, which can be

applied in health-care monitors, medical diagnosis

and future electronic skins, has attracted considerable

interests in recent years [1, 2]. Among different

working mechanisms based pressure sensors

including piezoresistive [3, 4], capacitive [5, 6] and

triboelectric effects [1], the piezoresistive pressure
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sensor is one of the most popularly used one because

of its high sensitivity, fast frequency response and

outstanding durability and repeatability, as well as

facile fabrication [7]. While a pressure is loaded, the

contact area of sensing material is changed, leading to

the variation of the electrical property and thereby

generating the current/resistance signal. Since the

last few years, many endeavors have been devoted

and various novel materials with nano/microstruc-

tures have been extensively employed to achieve

excellent sensing performance [8–10]. Graphene

nanosheets [3, 11–13], carbon nanotubes (CNTs) [14],

metal nanowires [15], conductive polymers [16] and

some emerging materials such as biomass carbon

[17], conductive foam/aerogels have been broadly

explored as potential materials to improve their

piezoresistive performances [4, 18]. For instance, Ren

et al realized a pressure sensor with a sensitivity of

17.2 kPa-1 and a detection limit of 10.0 Pa based on a

graphene paper [12]. Xu et al prepared a carbonized

crepe paper-based pressure sensor and achieved a

sensitivity of 5.67 kPa-1 and a detection limit of 0.9

Pa [19]. In another work, Peng et al reported an

aerogel pressure sensor with conductive carbon black

as the sensing material through three-dimensional

(3D) print method with a sensitivity of up to 5.54

kPa-1 in the range of 10 * 800 kPa [4]. Although

great progress has already achieved for developing

highly sensitive pressure sensor, comprehensive

performances including low working potential, high

sensitivity, long stability, wide-sensing range and fast

response time are still far beyond practical require-

ments. The challenge on constructing flexible pres-

sure sensor mainly remains in how to design and

synthesize flexible sensor materials with compre-

hensive sensing activity. Furthermore, the character-

istics of inner atomic structure of conventional

piezoresistive materials make them difficult to fur-

ther enhance the sensing performance due to the

ultrahigh resistance of atomic movement [20]. In this

regard, exploring the new materials and structures

with superior comprehensive sensing performances

underlies the foundation for high-performance pres-

sure sensors of wearable electronics.

As an emerging family of two-dimensional (2D)

transition metal carbides and nitrides, MXenes

receive enormous interest in electrochemical appli-

cation such as supercapacitors [21–23], batteries

[24, 25] and catalyst [26] due to metallic electrical

conductivity and hydrophilic pseudocapacitive

surface [27, 28]. More importantly, the MXenes own a

lamellar structure with abundant hydrophilic groups

on the surface and thereby exhibiting relatively

adjustable conductivity by the changeable interlayers

distance under certain pressure, enabling MXene to

serve as promising candidate materials for highly

sensitive pressure sensor [20, 29–32]. Recently, Gao

et al developed a pressure sensor used pure multi-

layer Ti3C2Tx-based MXene as sensing materials,

achieving a gauge factor (GF) of 180 and a detection

limit of 10.5 Pa [20]. Yu et al presented a flexible and

degradable pressure sensor by attaching MXene-im-

pregnated tissue paper on a biodegradable polylactic

acid substrate, exhibiting a sensitivity of 3.81 kPa-1

and a low-detection limit of 10.2 Pa as well as great

reproducibility over 10,000 cycles and excellent

degradability [7]. To further improve the sensitivity,

another promising strategy is employed MXene-

based foam/aerogel with high porosity and

deformability as functional sensing materials [33–36].

For example, Ma et al presented a Ti3C2Tx/reduced

graphene oxide (RGO) foam pressure sensor, which

delivers the sensing performance with sensitivity

(22.56 kPa-1), response time (245 ms), detection limit

of 10.0 Pa and mechanical stability of 10,000 cycles

[33]. Sun et al demonstrated a carbonized Ti3C2Tx/

BC aerogel with a wave-shaped lamella structure to

decrease detection limit, and the sensing performance

with sensitivity (12.5 kPa-1), response time (167 ms),

detection limit of 1.0 Pa and operating potential (1.0

V) and repeatability of 1000 cycles was obtained [36].

Nevertheless, several shortcomings for the flexible

MXene-based pressure sensor are still needed to be

addressed. Firstly, ultrahigh intrinsic conductivity

and limited compression rate of interlayer space of

MXene cause very high initial current value which

results in a small conducting pathway change in the

subtle pressure loadings, thus limiting the sensitivity

for piezoresistive sensors [37]. At the same time,

MXene foam/aerogel materials with high compres-

sion rate can significantly enhance the sensitivity,

detection limit and responsive time, but the poor

mechanical strength makes them hard to meet the

long-term deformation requirements, especially for

large pressure response. In addition, most MXene-

based pressure sensors were fabricated by combining

sensing materials with polymer substrate/supporter

such as polydimethylsiloxane (PDMS), tissue to

improve the mechanical strength. Unfortunately, the

sensitivity, response time and durability were
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lessened to some extent due to the reduced defor-

mation and poor bond ability [38, 39]. Moreover, the

detective limit is not very low because of the flexural

response pathway and interference of the substrate.

As known, detection limit and sensitivity are very

crucial to determine the application field of pressure

sensor, especially for the use in the highly sensitive

human biological activities and electronic skin. Thus,

designing MXene pressure sensor with innovative

nano/microstructure of that combine high compres-

sion rate of interlayer space and enough mechanical

strength is a wise strategy to meet the above

requirements.

Bacterial cellulose (BC) as a widely used nanocel-

lulose consists of ultrafine interconnected nanofibers

with plenty of oxygen-containing functional groups

in the polymer chains, which can serve as an excellent

pressure-accommodating buffer due to high tensile

strength and good hydrophilicity originated from the

spontaneous hydrogen bond interaction [40–42].

Although the strain sensor based on carbon aerogel

prepared by annealing BC/MXene composite has

been reported recently [43], the sensing performances

especially for low-detection limits and response/re-

covery time are far beyond satisfactory due to the

limited change of layer space between the carbonized

carbon originated from BC and MXene. Different

from the reported MXene hybrid aerogels using BC

as the nanobinder, in this work, we report a self-

assembled intercalation hybrid film by integrating

few-layered Ti3C2Tx nanosheets with BC nanofibers

to significantly enhance the sensing performance of

pressure sensor under mechanical stimulus (Fig. 1a).

On one hand, the importing of BC nanocellulose, not

only provides a highly flexible buffer to enhance the

layer separation of MXenes but also ensures the good

material integrity by hydrogen bond interactions to

achieve high mechanical strength of the hybrid film.

On the other hands, the intercalation of nanocellu-

loses into the interlayer of single few-layered MXene

can bring in more interlayer space and efficient

MXene utilization, which can improve the conductive

pathways and significantly promote sensing activity

for both sensitivity, limit of detection and wide-

sensing range. Based on the aforementioned advan-

tages, the fabricated pressure sensor demonstrates

superior sensing performances with high sensitivity

(up to 95.2 kPa-1, \50 Pa), fast response (95 ms),

wide-sensing range with a low limit of detection of

0.4 Pa and low operating potential (0.1 V) as well as

excellent mechanical stability (25,000 cycles). As a

proof of concept, we demonstrate that the pressure

sensor can not only attach to different positions of

human body for wide-sensing range health-care

monitoring including tiny pressures (e. g. pulse,

heartbeat), acoustic vibrations and large bending

movements (e. g. arm bending, knee motion), but also

serve as interactive spatial pressure distribution

sensor, indicating the promising potential for medical

diagnosis, electronic skin and human-machine

interfacing.

Materials and methods

Materials availability

The Ti3AlC2 MAX was acquired from Jilin 11 Tech.

Co., Ltd., and hydrochloric acid (HCl, 36%) and

lithium fluoride (LiF, 99.7%) were brought from

Chengdu Kelong reagent factory. The bacterial cellu-

lose suspension (BC, 0.5%) was acquired fromMacklin

reagent company. All the above regents were directly

used without further purification. The deionized (DI)

water was produced with ultrapure water equipment

(ULUP-I, Sichuan ULUPURE Ltd., Co.).

Preparation of few-layered Ti3C2Tx

nanosheets

Few-layered Ti3C2Tx nanosheets were prepared by

traditional selectively etching and ultra-sonication

Figure 1 a Photograph of few-layered Ti3C2Tx nanosheets

suspension with a significant Tyndall effect; b SEM and c-d

TEM images of the few-layered Ti3C2Tx nanosheets.
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exfoliation of Ti3AlC2 MAX phase. Typically, 1.0 g

LiF powder and 20 mL HCl (9.0 mol L-1) solution

were mixed and stirred for 10 min, and then, 1.0 g

Ti3AlC2 powder was added. After reacting at 35 �C
for 24 h, the resultant product was washed with DI

water and centrifuged at 8,000 rpm for several times

until the supernatant pH of[6. Afterward, clay-like

Ti3C2Tx was dispersed in ethanol and ultra-sonicated

for 2.0 hours to obtain exfoliated Ti3C2Tx nanosheets.

The exfoliated Ti3C2Tx nanosheets dispersion was

centrifuged at 10,000 rpm to remove ethanol and re-

dispersed in 60 mL DI water. After ultra-sonication

and centrifugation at 3,500 rpm for 10 min, a

stable colloid suspension of few-layered Ti3C2Tx

nanosheets was obtained.

Preparation of Ti3C2Tx/BC composite (TB)
film

0.1 wt.% bacterial cellulose (BC) suspension mixed

with different mass ratios of Ti3C2Tx dispersion (0.5

mg mL-1) and ultra-sonicated for 5 min for homog-

enization. To prepare Ti3C2Tx/BC composite film,

above Ti3C2Tx/BC mixture with same solid content

was vacuum filtered with a membrane filter (0.45 lm
pore size). Once no flowable liquid was left on the

film surface, the vacuum was released immediately.

The filter membrane along with Ti3C2Tx /BC film

was transferred into -30 �C circumstance to freeze

for 24 h, then freeze-dried for 24 h to obtain the TB

composite film. The TB films with solid mass ratio of

Ti3C2Tx/BC of 0.25, 0.5, 1.0, 1.5, 2.0 and 4.0 were

named as TB-0.25, TB-0.5, TB-1, TB-1.5, TB-2 and TB-

4, respectively.

Materials characterization

The diffraction patterns were characterized by X-ray

diffraction (XRD, D/Max-2004) with Cu Ka radiation

(k=1.5418Å). The scanning electron microscope

(SEM) images were acquired with a field emission

scanning electron microscope combine with an

energy-dispersive spectrometer (EDS) (Hitachi

SU8010, Japan). The transmittance electron micro-

scopy (TEM) images were obtained with a JEM-2100F

transmittance electron microscopy operated at 200 kV

and the optical images were taken by a digital camera

(Nikon, J1). To estimate the mechanical strength, the

stress–strain curves of different films with an effec-

tive size of 2095 (length 9 width) mm2 were

measured by employing electronic tensile strength

tester (LLY-06E). The gauge length and strain rate

were set as 10 mm and 10 mm min-1, respectively.

The mechanical strength values of different films

were obtained by averaging the results of three par-

allel test.

Pressure sensor assembly and test

To evaluate the sensing properties of Ti3C2Tx/BC

composite film, a piece of TB film (5910 mm2) was

fixed on a 10910 mm2-sized flexible Au interdigital

electrode with polyimide tape and connected with

copper conductive wire. A home-made testing sys-

tem includes a programmable step-motor, and a

commercial force sensor was used for the sensing

performance test. The I-V and real-time I-t curves

were recorded with an VSP-300 (Bio-Logic SAS,

France) electrochemical workstation. An input volt-

age bias of 0.1 V was selected during the sensing test

process. The sensitivity of different pressure sensors

was calculated with equation of S ¼ ðI � I0Þ=I0½ �=P,
where the I0 and I, respectively, represent real-time

current without and with a certain pressure loading,

P is the value of pressure loading [4].

Results and discussion

Materials characterization

The suspension of Ti3C2Tx nanosheets was prepared

through an in situ selectively etching and an ultra-

sonic exfoliation process. As shown in Fig. 1a, the

suspension of Ti3C2Tx nanosheets exhibits a stably

colloidal dispersion with typical Tyndall scattering

effect. SEM and TEM images reveal that the Ti3C2Tx

nanosheets are few-layered and very thin with the

interlayer distance of approximately 1.35 nm (Fig. 1b-

d). In addition, the BC suspension also shows

stable colloid characteristics in very fine dispersion

with apparent Tyndall effect (Figure S1). Figure 2a

schematically depicts the fabrication process of

sandwich-like TB film. Firstly, the Ti3C2Tx and BC

suspension were mixed with different mass ratios

and vacuum filtered to form a hybrid film. Then, the

sandwich-like TB film was obtained after cryogenic

assembling and freeze-drying. The TB films with the

mass ratios of Ti3C2Tx and BC of 0.25, 0.5, 1.0, 1.5, 2.0

and 4.0 were denoted as TB-0.25, TB-0.5, TB-1, TB-1.5,
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TB-2 and TB-4, respectively. For comparison, indi-

vidual Ti3C2Tx and BC film were also prepared with

same method. As found in our experimental process,

the Ti3C2Tx nanosheets can spontaneously absorb

together with BC polymer chains owing to the strong

hydrogen bond interactions of oxygen-containing

functional groups on their surface, which is beneficial

to enhance the skeleton strength of sandwich-like

hybrid film (Figure S2).

Figure 2b and c show the photographs of the TB-

0.25 film at flat and folded states, demonstrating

excellent flexibility. More interestingly, the prepared

TB-0.25 film with a size of 390.5 cm2 can hang up a

counterweight of 100 g (approximately 20,000 folds of

its own weight) without obvious deformation or

Figure 2 a Schematic representation of the fabrication of the TB

film; the photographs of the as-prepared TB-0.25 film at b flat and

c folded state; d A 3 9 0.5 cm2 TB-0.25 film hung a

counterweight of 100 g; e tensile stress–strain curves of the pure

Ti3C2Tx, pure BC and TB-0.25 film; the cross-section SEM images

of the f pure Ti3C2Tx film; g TB-0.25 film and h the corresponding

element distribution; i XRD patterns of pure BC, Ti3C2Tx and TB-

0.25 film.
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cracking, showing good mechanical strength and

strain adaptability as displayed in Fig. 2d. The stress–

strain curves of pure Ti3C2Tx film and TB film are

quantitatively compared to better know their

mechanical strength as shown in Fig. 2e and Table S1.

The TB-0.25 film shows a maximum stress of *225

MPa, which is superior to that of pure BC film (*147

MPa) and pure Ti3C2Tx film (*123 MPa). The mor-

phologies and microstructures of the TB-0.25 film and

pure Ti3C2Tx film were investigated by SEM. The

cross-section SEM images of pure Ti3C2Tx film and

TB-0.25 film show a distinct difference as shown in

Fig. 2f, g. It can be observed that the TB film presents

a multilayered sandwich-like structure with many

nanofibers wrapped by the nanosheets after cryo-

genic assembly compared to compact stacking

structure of pure Ti3C2Tx film. The hair-like BC

nanofibers serve as a buffer layer to make the Ti3C2Tx

nanosheets-based hybrid film assembled tightly by

hydrogen bond interactions and work like ‘‘flexible

steel-reinforced concrete,’’ which greatly enhance the

mechanical strength and flexibility. Meanwhile, the

BC nanofibers intercalated into the MXene interlayer

can bring in more interlayer space and improve the

MXene utilization in the hybrid film. Element distri-

bution mappings of C, O, F and Ti in the energy-

dispersive spectrum (EDS) further indicate uniform

distribution of Ti3C2Tx nanosheets in the TB film

(Fig. 2h). The phase characteristics were examined by

X-ray diffraction (XRD) as shown in Fig. 2i. Two

peaks located at 14.5� and 22.5�(2h) are emerged in

pure BC film and a strong peak located at 7.2� can be

observed in pure Ti3C2Tx film, corresponding to the

microcrystal of cellulose and the (002) peak of Ti3-
C2Tx nanosheets, respectively. In the TB-0.25 film, the

(002) peak of Ti3C2Tx film moves to a lower 2h angle

of 5.7�, attributing to the intercalation of BC into the

Ti3C2Tx interlayers and leading to the expansion of

interlayer [21, 44].

Sensing performance characterization

In order to evaluate the pressure sensing perfor-

mance, the prepared TB films with different contents

of BC were cut into a piece of 5910 mm2 attached on

a flexible Au interdigital electrode and connected

with an electrical sensing analyzer to record the real-

time current signs. As mentioned above, the pressure

sensitivity of TB-0.25, TB-0.5, TB-1.0, TB-1.5, TB-2.0

and TB-4.0 was investigated compared with that of

the pure MXene. It should be noted that the pure BC

film could not be worked as pressure sensor because

of its electrical insulation. Figure 3a and S3-8

demonstrate the sensitivity curves of different TB

pressure sensors in the pressure range between 2 and

10,000 Pa. The sensitivity profiles of the TB pressure

sensors show three regions with different slopes,

which depend on the compressibility in different

pressure ranges. In the low pressure ranges of less

than 50 Pa, a small pressure loading can significantly

change interlayer space and the resistance due to the

relatively loose conductive networks, so high sensi-

tivity can be obtained. With increasing the pressure,

it becomes difficult to further greatly compress the

conductive networks, resulting in the insignificant

change of electrical resistance, so the sensitivity is

reduced. Interestingly, the sensitivities in different

pressure ranges are gradually increased with the

increment of BC content (Fig. 3b). Compared to pure

MXene, the TB-0.25 pressure sensor shows the high-

est values, indicating that the synergistic combination

of BC greatly improves the pressure sensing perfor-

mance of TB film. Specifically, a high sensitivity of

95.2 kPa-1 (denoted as S1) is achieved in the pressure

loading range of 2 to 50 Pa, which exceeds those of

most of reported flexible carbon-based pressure sen-

sor (See Table S2 for details)

[7, 11, 12, 17, 19, 20, 43, 45–48]. When the pressure

loading ranges from 50 to 3,000 Pa, the sensitivity of

TB-0.25 pressure sensor (denoted as S2) is about 27.5

kPa-1. Even ranged in the pressure of higher than

3,000 Pa, the pressure sensor still can keep a sensi-

tivity of 0.94 kPa-1(denoted as S3), indicating out-

standing high sensitivity in the wide-sensing range. It

is worth noting that the TB pressure sensor can also

accurately distinguish tiny pressure loading. As

illustrated in Figure S9, when the rice is loaded on TB

sensor, the real-time current change displays a

monotonic increase with increasing the rice grains,

indicating the ultralow detection limit of 0.4 Pa. As

shown in Table S2, the detection limit of the TB

pressure sensor is quite low compared to those of

most of the reported pressure sensors. Unless other-

wise indicated, the TB-0.25 pressure sensor was

selected for the other sensing performance evalua-

tions. As shown in Fig. 3c and S10, the relative cur-

rent change of the TB-0.25 pressure sensor distinctly

increases with continuously increasing pressure

loading in the range of 2*50 Pa and 100*5000 Pa,

showing good response to different levels of
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pressures and well agreeing with the results in

Fig. 3a. Tested in a potential range of -0.3 to 0.3 V, the

I-V curves show good linear relationship at different

pressure loadings from 0 to 1000 Pa in Fig. 3d,

revealing the relatively stable resistance and sensing

performance at specific pressure loading. To under-

stand the sensitivity of different thicknesses, we also

prepared the TB-0.25 film with different thicknesses

by adjusting the volume of Ti3C2Tx/BC dispersion.

The sensitivity of the TB-0.25 films with thicknesses

of 4, 7 and 10 lm is exhibited in Figure S11. It can be

seen that the current change under different pressure

loadings has no significant difference and the sensi-

tivities are independent on the thickness. Figure 3e

shows the typical I-t curve of TB pressure sensor in

the compression process of 20 Pa with a fast response

time of *95 ms and recovery time of *82 ms with-

out obvious hysteresis. Meanwhile, when the load-

ing-releasing frequencies of the pressure increase

from 0.08 to 0.4 Hz, the real-time I-t curves of TB

Figure 3 Sensing performance characterizations of TB pressure

sensors. a Sensitivity of TB-0.25 pressure sensor in the pressure

range of 2 to 10,000 Pa, the inset is the magnification of sensitivity

curve in the range of 2*50 Pa; b sensitivity comparisons of TB

samples with different BC contents in the range of 2*10,000 Pa;

c relative current variation with increasing pressure from 2 to 50

Pa; d I-V curves of TB-0.25 pressure sensor under different

pressure loadings; e response time and recovery time of TB

pressure sensor under a pressure loading of 20 Pa; f real-time I-

t curves of TB pressure sensor at different compression

frequencies; g cyclic stability of TB pressure sensor for 25,000

loading-releasing cycles with a pressure loading of 200 Pa, the

insets are the curves in the first and last ten cycles.

J Mater Sci (2021) 56:13859–13873 13865



pressure sensors remain steady without obvious

difference, revealing the fast response and instant

recovery to high frequency pressure loading (Fig. 3f).

Furthermore, the cyclic stability test of TB pressure

sensor is evaluated by applying an interval pressure

of 200 Pa. As shown in Fig. 3g, the current response

signal maintains nearly identical amplitude with a

little bit attenuation after 25000 cycles, demonstrating

high stability and long-term operation adaptability. It

is worth noting that this pressure sensor can nor-

mally operate at a low working voltage of 0.1 V,

which endows the possibility to drive it by minitype

wearable and portable energy accessories, demon-

strating the potential application in self-powered

integrated wearable electronics.

Furthermore, the sensing properties of the TB

pressure sensor in the periodic bending–unbending

process were also systematically investigated as

shown in Fig. 4. Figure 4a shows the relative real-time

current change of the TB pressure sensor in repetitive

bending–unbending process with a bending angle of

45�. It is clearly observed that TB pressure sensor can

have a quick current response and recovery to initial

state without distinct degradation in the continuously

bending test, suggesting quick and stable response–

recovery performance. Moreover, a series of real-time

current-time changes with increasing bending angle

from 5 to 60� are recorded (Fig. 4b). The current

responses are obviously enhanced with increasing

the bending angle, which is similar to the results in

above pressure response, demonstrating good cur-

ling response performance. In addition, the sensor

has a fast response time of *119 ms to mechanical

stimuli (Fig. 4c). I-V curves of TB pressure sensor at

different bending angles from 5� to 120� show typical

linear relationship in the potential windows of -0.3 to

0.3 V (Fig. 3d), indicating the stable sensing response

under static bending stress. The slope of I-V curve

keeps increasing with increment of bending angle,

showing the corresponding increase in the conduc-

tivity. Even tested in different bending–unbending

frequencies at a bending angle of 45�, the TB pressure

sensor still can maintain a stable current response in

the frequency increased from 0.08 to 0.4 Hz (Fig. 4e),

indicating wide adaptability to bending stress in

different frequencies. Figure 4f exhibits the cyclic test

Figure 4 Sensing performance characterization of TB pressure

sensor at different bending states. a Real-time I-t curves of TB

pressure sensor in repetitive bending–unbending process, the inset

is the photograph of TB pressure sensor at a bending angle of 45�;
b the current-time curves with increasing bending angle from 5� to
60�; c response time of TB pressure sensor at a bending state; d I-

V curves of TB pressure sensor at different bending angles from 5�
to 120�; e real-time I-t curves of TB pressure sensor in different

bending–unbending frequencies at a bending angle of 45�;
f repeatability of TB pressure sensor for 2,000 bending–

unbending cycles at a frequency of 0.17 Hz with a bending

angle of 45�, the insets are I-t curves of the first and last ten cycles.
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of TB pressure sensor in the periodic bending–un-

bending process at a frequency of 0.17 Hz with a

bending angle of 45�. As expected, the pressure sen-

sor shows an excellent reproducibility as well as high

signal-to-noise ratios for more than 2,000 cycles in the

continuous bending–unbending test. Meanwhile, the

current response outputs of the pressure sensor show

negligible changes, further confirming high stability.

Analysis of the performance and structures

From the above results, it can be concluded that the

enhanced sensing performance of TB pressure sensor

is originated from the intercalation of the BC nano-

fibers into the MXene interlayers. The possible

mechanism is illustrated in Fig. 5a. The individual

Ti3C2Tx film presents obvious compact sandwich

structure, which results in the limited change of layer

spacing and a low resistance variation and sensitiv-

ity. The intercalation of the BC into the adjacent Ti3-
C2Tx nanosheets can effectively separate and form a

relatively loose multilayered structure with sufficient

contact sites, leading to high sensitivity and flexibil-

ity. When loading a subtle pressure, the contact in the

TB film is increased significantly and the interlayer

distance is narrowed with the reduced tunneling

resistance, thus achieving an obvious change in real-

time current variation signal. To confirm this process,

the sensitivities of the TB pressure sensor with dif-

ferent ratios of Ti3C2Tx and BC are compared as

Figure 5 a Schematic illustration of the sensing mechanism of TB

film pressure sensor; the cross-section images of b pure Ti3C2Tx,

c TB-4.0, d TB-2.0, e TB-1.0 f TB-0.5 and g TB-0.25 film,

respectively; h XRD patterns of TB film with different MXene/BC

mass ratios in the 2theta range of 5� to 40�.

J Mater Sci (2021) 56:13859–13873 13867



shown in Figure S12. The TB-0.25 film-based pressure

sensor shows the highest sensitivity. To be specific,

with an applied pressure of 200 Pa, the TB-0.25 film

exhibits 37-fold pristine current variation and has

much larger current variation under the same pres-

sure, which is distinctly higher than that of other

counterparts. At the same time, the cross-section

morphologies of Ti3C2Tx film with different BC con-

tents are compared as shown in Fig. 5b-e. It is obvi-

ous that the distance between different Ti3C2Tx

nanosheets increases with the increment of BC con-

tent. In addition, the interlayer space variations of the

prepared TB films with different BC contents are

systematically examined by XRD (Fig. 5h). It can be

seen that the peak centered at 7.2� attributable to

(002) plane of pristine Ti3C2Tx is successively chan-

ged to 6.5, 6.3, 6.2, 6.0, 5.9 and 5.7� for TB-4.0, TB-2.0,
TB-1.5, TB-1.0, TB-0.5 and TB-0.25 film with the

continuous increasing of the BC content, respectively,

implying a continuous expanding of the interlayer

spacing by the increase in BC content (Fig. 5f-g).

These results demonstrate that the combination of BC

nanofibers into the interlayer of few-layered Ti3C2Tx

results in the change of their interlayer distance and

tunneling electrical resistance, thereby facilitating

high sensing performance of the TB film.

Human motion detection

The outstanding sensing performance of the TB

pressure sensor, especially in the low range pressure

regions, makes it worked as a promising wearable

sensor device for wide-range efficient human motion

recognition. To demonstrate the potential application

of TB sensor, the TB pressure sensor is attached to

different positions of human body to record the real-

time current signals as shown in Fig. 6. It is

notable that the polyimide tape covered the upper

surfaces to isolate and protect the TB sensor to direct

contact with human skins. Figure 6a and c exhibit the

real-time I-t curves of the TB pressure sensor mea-

sured in the different positions of body movements

including finger, arm and knee bending, respectively.

It could be seen that prompt and stable current

responses with negligible current changes can be

obtained during the periodic bending–stretching

processes of finger, arm and knee, respectively.

Additionally, thanks to the outstanding sensing per-

formance in low range pressure region, subtle human

biomedical signals including subtle pressures, e.g.,

swallow, heartbeat and pulse can also be clearly

distinguished by the TB pressure sensor. As shown in

Fig. 6d, e, the TB sensor attached to throat and chest

position shows sensitive and repeatable current

response with good stability. It is well known that the

wrist pulse waveform is one of the crucial physio-

logical parameters for monitoring the cardiovascular

health condition. More interestingly, three distinct

current peaks can be observed in the wrist pulse test

(Fig. 6f and S13), corresponding to the percussion

wave (P), tidal wave (T) and diastolic wave (D),

respectively. The calculated beat frequency from the

obtained pulse curves is about 73 bpm, which is in

the normal beat range of the adult under static con-

dition. These results further reveal that the TB pres-

sures sensor can be potentially used in the diagnosis

of the cardiovascular health and specific disease. At

the same time, the TB pressure sensor shows sensi-

tive response to the acoustic vibration signals. As

shown in Fig. 6g, the TB pressure sensor is fixed in

the larynx position. Different sounds can produce the

corresponding vibrations of the sensor, so the sounds

can be detected and distinguished from the recorded

current signals. Some words such as ‘‘MXene’’ and

‘‘Sensor’’ can be detected and distinguished accu-

rately and the current response for the same word

shows quite similar peak characteristics in the

repetitive three cycles, further demonstrating high

sensitivity and repeatability in the acoustic recogni-

tion. Furthermore, while the finger is continuously

bent to different deformation states, the recorded

signal shows distinct response current with increased

values accompanying with the increased bending

angles (Fig. 6h). These results demonstrate that the

TB pressure sensor can be potentially used in wear-

able sensor electronics to monitor the pressure,

bending and acoustic forces with high sensitivity,

good stability and wide adaptability.

Furthermore, combining multiple TB pressure

sensors into special assembly can be applied to detect

the tactile signals and map spatial pressure distri-

bution for electronic skin. As exhibited in Fig. 7a, b,

by integrating TB sensors on five fingertips of rubber

glove, respectively, tactile signals of different ges-

tures such as holding and grasping of objects can be

collected, which is a prerequisite for building the

artificial robotics. The TB sensor can precisely mea-

sure the response signals of every finger motion and

recognize unique current response for different ges-

tures including holding cylinder, spreading five
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fingers, pinching clamp and holding mouse (Fig. 7b).

In addition, a flexible 393 TB film-based pixel array is

fabricated to detect the mapping pressure distribu-

tion by pasting the TB film on interdigital electrodes

based on polyimide (PI) substrate, which can be

greatly bent (Fig 7c, d). It is noteworthy that each

pixel cannot interfere with each other in the whole

system and the real-time current change exhibits little

difference for individual sensor (Figure S14). When

the object contacts with the sensor array surface, the

touch points of the objects are recognized by

recording the real-time current signal of each pixel.

As shown in Fig. 7e-h, the pixel sensor array can

accurately monitor and recognize the pressure dis-

tribution of different objects. Specifically, when

placed a screw and a plastic cap on the 393 pixel

sensor arrays, the corresponding output current sig-

nal of each pixel was measured and recorded. As

shown in Fig. 7f, h, the mapping spatial pressure

distribution is well presented with a clear color con-

trast, which agrees with the actual object position.

The high resolution of mapping spatial pressure

distribution makes the TB pressure sensor promising

application in multifunctional sensor electronics and

human-machine interfacing.

Figure 6 Flexible TB pressure sensor for monitoring various

human motions including subtle pressures, e.g., swallow, heartbeat

and pulse, acoustic vibrations and bending deformations etc. Real-

time current-time curves of a finger, b arm and c knee bending,

respectively; current-time curves of subtle human motions

including d swallowing, e heartbeat and f pulse, respectively;

g acoustic vibrations from speaking different words (‘‘MXene’’ and

‘‘sensor’’), respectively; h real-time current-time curves in the

process of continuous bent finger with the increased bending

angles.
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Conclusion

In summary, we successfully developed a MXene-BC

hybrid film-based pressure sensor with high

mechanical strength and excellent sensing perfor-

mance by a simple and efficient nanocellulose inter-

calated strategy. The combination of BC nanofibers

serves as a highly flexible buffer to promote the layer

separation of MXene and bring in more interlayer

spaces and efficient MXene utilization, thus signifi-

cantly enhancing the sensing activities. The prepared

TB pressure sensor presents a high sensitivity (up to

95.2 kPa-1 in \50 Pa), fast response (95 ms), wide-

sensing range with a low-detection limit (0.4*10,000

Pa) and a low operation voltage (0.1 V) as well as

good repeatability without obvious degradation up

to 25000 cycles. These outstanding sensing perfor-

mances are capable of detecting both normal pres-

sures, bending force and various subtle pressures in

different human physiological activities including the

heartbeat, pulse, swallow and acoustic vibrations.

More importantly, the TB pressure sensor can also

discriminate and map the spatial pressure distribu-

tion with high resolution and sensitivity. These

results indicate that the pressure sensor is a

Figure 7 a Photograph of integrating five skin sensors attached on

the fingertips of rubber glove; b real-time current-time curves of

the pressure sensors on different fingertips at different motions

states; photographs of 393 pressure sensor array at c flat and

d bent states, respectively; e a screw and g a plastic cap placed on

the 393 pressure sensor array and f, h corresponding map

distribution, respectively. The color contrast mappings agree with

the object position.
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promising candidate for application in health-care

electronics, E-skin and human-machine interfacing.
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