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Recent application progress and key challenges of biomass-derived
carbons in resistive strain/pressure sensor
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ABSTRACT Resistive strain/pressure sensors have attracted
intensive attention due to their irreplaceable role in the fields
of motor behavior monitoring, human health diagnosis, and
human machine interface. Notably, the material and struc-
tural design have significant impacts on the performance of
resistive strain/pressure sensors. Biomass-derived carbons
(BDCs) are considered as popular candidates for realizing the
fabrication of resistive strain/pressure sensors because of their
excellent properties such as abundant sources, diverse struc-
tures, and satisfactory electrical conductivity. This review
presents the recent progress of BDCs in the field of resistive
strain/pressure sensors and their key challenges. First, the
classification methods, evaluation criteria and sensing me-
chanisms of previously reported resistive strain/pressure
sensors are systematically outlined and discussed. Subse-
quently, the preparation of BDCs with different macro-
structures, including one-dimensional (1D), 2D, and 3D
structures, and their recent progress in the field of resistive
strain/pressure sensors are summarized. Next, the respective
advantages of BDCs with different macroscopic structures in
the field of resistive strain/pressure sensors are carefully
analyzed, and the relationship between different structures
and the comprehensive sensing performances of devices is
discussed. Finally, the future prospects and major challenges
are proposed for BDC-based resistive strain/pressure sensors,
and some key future research directions are given.
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INTRODUCTION
With the improvement of living standards, people are becoming
more concerned about their health in addition to food and
clothing, which has stimulated the rapid development of wear-
able devices with health signal monitoring capability [1,2]. As a
kind of core functional component of wearable devices, strain/
pressure sensors have received widespread attention for their
simple structure, high accuracy, good stability, and small device
size [3–8].
The conventional strain/pressure sensor is mainly composed

of a flexible substrate and conductive material, where the con-
ductive material plays important roles in the signal conversion
and transmission, determining the sensitivity [9], response time

[10], and hysteresis behavior [11] of the sensor. Currently,
various functional materials, such as carbon materials [12–14],
metal nanomaterials [15,16], and conducting polymers [17,18]
have been intensively applied for different types of resistive
strain/pressure sensors. Among them, carbon materials have
excellent intrinsic properties such as high electrical conductivity,
good thermal stability and low toxicity, endowing them with
great potential for applications in resistive strain/pressure sen-
sors [19,20]. Moreover, carbon materials can be easily modified
by oxidation and grafting to enhance their compatibility with
the flexible substrate, which simultaneously holds promise for
improving the strain stability and long-term service life of the
sensors [21]. Especially, biomass-derived carbon (BDC) exhibits
unparalleled and unique advantages over some typical carbon
nanomaterials such as carbon nanotubes (CNT) and graphene.
For example, BDCs can be obtained from natural materials such
as wood [22,23], silk [24], crustacean shellfish [25], and leaves
[26,27] through a carbonization process, exhibiting advantages
of abundant raw materials [28], diverse structures and ideal
sensing performance (Fig. 1), which is extremely attractive to
offer the possibility for sustainable development of resistive
strain/pressure sensors [29]. Moreover, natural materials are
usually macroscopic, suitable for being made into sensors with
special morphologies, such as films, fabrics, and fibers, which
can offer a perfect shape retention after carbonization and
facilitate its combination with flexible substrates [30,31]. For
instance, cotton fibers mainly composed of cellulose can be
woven into fabrics with controlled thickness and patterns, and
the woven structure which can be well maintained after a car-
bonization process allows ideal connection of carbon networks
and contributes to the high electrical conductivity [32]. Table 1
summarizes recently reported representative BDCs for resistive
strain/pressure sensors. It is clear from Table 1 that the com-
prehensive performance of BDC-based resistive strain/pressure
sensors is influenced by a variety of factors, including material
type, microstructure, and composite strategy. It is generally
believed that the structure and composition of the material
contribute more to the sensing performance than the device
preparation and carbonization process.
Here, we review the latest advances in design and preparation

strategies of various BDCs and present their recent application
progress in the field of resistive strain/pressure sensors. Firstly,
the operating mechanism and the main performance evaluation
parameters of resistive strain/pressure sensors are outlined and
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described briefly. Subsequently, the core relationship between
the structure of BDCs and sensor performance is discussed and
analyzed in detail. Finally, the challenges regarding their appli-
cation and future directions of BDCs in the field of resistive
strain/pressure sensors are briefly proposed. We believe that this
review can help readers gain a deeper understanding of BDCs
and sensors, and open a window for advancing the sustainable
development of resistive strain/pressure sensors with high per-
formance.

SENSING MECHANISM AND PERFORMANCE
EVALUATION PARAMETERS

Sensing mechanism
Strain/pressure sensors are mainly composed of a conductive

carbon layer and a polymer substrate with good flexibility [33],
which can convert the mechanical signals generated by external
stimuli into electrical signals [34]. Specifically, the motion of
joints and muscles can cause a deformation or pressure stimu-
lation in the sensor in wearable applications, which further leads
to changes in the electrical properties of the sensor, making it
possible to achieve the goal of detecting human movement and
physiological signals. According to the operating mechanism,
common strain/pressure sensors are divided into three main
types: resistive, capacitive and piezoelectric types (Fig. 2)
[5,35,36].
The core operating mechanism of resistive strain/pressure

sensors is the change in the conductive network due to external
forces [37–40], which can be recorded as resistance changes and
smoothly converted into and manipulated as other signals
through an external circuit (Fig. 2a, b) [41]. For capacitive
strain/pressure sensors, the electrical signal generation mainly
relies on the change of capacitance caused by the change of
distance or area between the two electrodes, and the invariability
of this structure is the biggest drawback of this kind of sensor
(Fig. 2a, b) [42]. The key component of piezoelectric sensors is
the piezoelectric material that can convert the external force into
a voltage electrical signal [43,44]. Unfortunately, the vast
majority of piezoelectric sensors are pressure sensors and have
difficulty in coping with complex strain behavior (Fig. 2b).
Compared with capacitive and piezoelectric sensors, resistive
strain/pressure sensors represent unique advantages including
simple device structure, ease of preparation, and simple signal
reading system, allowing them to become the most popular class
of strain/pressure sensors.

Main performance evaluation parameters
The main performance parameters of resistive strain/pressure
sensors include sensitivity [59], sensing range [60], response
time and fatigue resistance [61,62], which are used to effectively
evaluate the real-time performance and reliability of the device
detection, having crucial implications for the real-life applica-
tions of sensors. Sensitivity is the most important criteria for
evaluating the performance of sensors [63]. A high sensitivity
signifies that the sensor possesses the ideal ability to capture and

Figure 1 Advantages of BDCs in the field of resistive strain/pressure
sensors: abundant raw materials, diverse structures, and ideal sensing per-
formance.

Table 1 Summary of BDCs for resistive strain/pressure sensors

Raw materials Preparation Strategy Sensor type Sensitivity Sensing range Cycle life Ref.

Cotton 800°C, Ar Pressure – 0–16 kPa 12,000 [45]

Cotton 800°C, Ar Pressure 13.89 kPa−1 0–6 kPa 500 [46]
Kapok fiber 800°C, N2 Pressure 0.44 kPa−1 0–5 kPa – [47]

Silk 1050°C, Ar–H2 Pressure 4.5 kPa−1 0–15 kPa 5000 [48]

Silk 800°C, Ar Pressure 34.47 kPa−1 0–5 kPa 10,000 [49]
Cotton/graphene 800°C, Ar Pressure 2.77 kPa−1 0–12 kPa – [31]
Cellulose/CNTs 800°C, N2 Pressure 5.6 kPa−1 0–0.2 kPa 12,000 [50]

Chitosan/cellulose 800°C, Ar Pressure 27.2 kPa−1 0–18 kPa 30,000 [51]

Cotton 700–900°C, Ar Strain GF = 24.1 0–100% 25,000 [52]
Silk 900°C, Ar–H2 Strain GF = 173 0–100% 10,000 [53]

Chinese art paper 1060°C, Ar Strain GF = 248 0–100% 5000 [54]

Balsa wood 1000°C, Ar Strain – 0–20% 5000 [55]
Cotton 900°C, Ar–H2 Strain GF = 64 0–140% 2000 [56]
Bamboo 1000°C, N2 Strain GF = 30.6 0–60% 1000 [57]

Tissue paper 800°C, N2 Strain GF = 10.1 0–5% 10,000 [58]
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record small strains or weak pressures [64]. For resistive strain
sensors, the sensitivity can be reflected by the rate of resistance
change relative to the deformation, also known as gauge factor
(GF), which is usually defined according to Equation (1) [65]:
GF = (ΔR/R0)/ε, (1)
where R0 is the initial resistance of the test sample, ΔR is the
resistance change of the sample during the tensile deformation,
and ε is the deformation of the sample.
For pressure sensors, sensitivity is defined as the change rate

of resistance relative to pressure and can be calculated from
Equation (2) [66,67]:
Pressure sensitivity = (ΔR/R0)/P, (2)
where R0 and ΔR are the initial resistance of the test sample and
the resistance change during compression, respectively, and P is
the applied pressure.
The sensing range is the maximum tensile deformation or

compressive force value at which the sensor could maintain
stable and repeatable sensing behavior. A wide sensing range
ensures outstanding structural integrity of the sensor under large
deformations [68,69]. When sensors are used for body move-
ment detection, high sensitivity facilitates the sensing of subtle
vibration signals, such as pulse, breath, and speech, while large
range of joint movements, such as bending of finger or knee,
requires a wide sensing range to avoid damage to the sensor
from limb movements [70]. For pressure sensors, the sensing
range usually refers to the ultimate pressure range within which
the material can maintain linear sensing behavior. For strain
sensors, the ratio of the maximum deformation of sensor to its
original length is used to evaluate the sensing range, expressed
by Equation (3) [71]:

Stain range = ΔL/L0, (3)
where L0 and ΔL are the original length and the maximum
deformation variable, respectively.
Response time is the time taken for the resistance to change

when the sensor is deformed by an external force, and hysteresis
is the difference in the value of resistance change of the sensor
during the load-unload cycle with the same strain [72,73],
reflecting the ability to monitor the strain or pressure in real
time. Shorter response time and weaker hysteresis behavior of
the sensor represent better real-time performance of the device
[74]. For repetitive strains or pressures within very short time-
intervals, such as pulse or heartbeat, the short response time can
guarantee that each strain or pressure is recorded accurately and
timely, which is important for the sensing of high-frequency and
real-life pressure stimuli. During repeated testing and operation
process, the conductive network in strain/pressure sensors
would undergo unavoidable creep or fatigue breakage behavior,
resulting in some defects in the conductive network and
reduction of the sensor accuracy. Therefore, the ideal resistive
strain/pressure sensors are required to have excellent resistance
to mechanical fatigue and durability to maintain stable output of
the electrical signal during long-term load-unload repetitive
cycles. The fatigue resistance can be analyzed by the degree of
overlap of the strain-recovery cycle hysteresis curves [75]. A high
degree of overlapping means that the sensor can recover
smoothly to its original state after experiencing strain and sig-
nifies excellent fatigue resistance [76,77].

BDCs FOR STRAIN/PRESSURE SENSORS
Biomass materials, including plant-based and animal-based

Figure 2 Schematic diagrams of the sensing mechanisms of different strain/pressure sensors: (a) resistive and capacitive strain sensors, (b) resistive,
capacitive and piezoelectric pressure sensors.
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biomass, are distributed in almost every corner of the earth and
make up a colorful world with incredible living organisms
[78,79]. The composition and structure of biomass materials are
complex and usually contain C, H, O and N elements, which
constitute the basic components of living organisms such as
carbohydrates and protein [80,81]. Fig. 3 depicts the composi-
tion and molecular structure of some important biomass
materials. Representatively, plants are the most common pre-
cursors for the preparation of BDCs, due to their high cellulose
(about 50 wt%) and lignin (20–40 wt%) contents [82]. Cellulose,
as the most abundant natural polymer on earth, is a linear
macromolecule composed of β-(1,4)-linked D-glucose units, and
the high C content and the tightly arranged carbon skeleton are
very favorable for the carbonization process and the high con-
version rate of derived carbon (Fig. 3a) [83,84]. Lignin possesses
the second highest content inferior only to cellulose in plants
and is the most natural aromatic chemical on earth [85]. Lignin
is a phenolic polymer with a high aromatic ring content pre-
pared by the dehydrogenation polymerization of aromatic
alcohol precursors (sinapyl alcohol, coniferyl alcohol and p-
coumaryl alcohol) [86], which can facilitate the preparation of
structurally dense derived carbon (Fig. 3a) [87]. Animal-based
biomass materials can be divided into two main types: (1) chitin
and chitosan linked by ether bonds; and (2) protein aggregates
linked by peptide bonds. As an important nitrogenous biopo-

lysaccharide, chitin is widely distributed in nature and the basic
substance forming the exoskeleton of crustaceans, insects and
other organisms (Fig. 3b) [88,89]. Different extraction sources
affect the internal crystal structure of chitin and consequently
alter their thermal stability and carbonization processes. In
general, the initial thermal decomposition temperature of chitin
is close to 280°C, which is higher than that of cellulose and not
suitable for the carbonization process by the hydrothermal
strategy [90–92]. Therefore, most of chitin-derived carbons are
prepared by pyrolysis in an inert gas atmosphere. In contrast,
chitosan, a derivative of chitin produced by a deacetylation
process, has a lower initial pyrolysis temperature and desirable
solubility [93], which offers its convenience for the preparation
of derived carbons with specific macroscopic shapes through an
integrated dissolution-gel-carbonation strategy. Besides, silk, an
aggregate of structural proteins, is another representative ani-
mal-based biomass in which proteins form β-sheet microcrystals
that are easily transformed into sp2 hybridized carbon structures
under heat treatment (Fig. 3c), making it an ideal candidate for
the production of derived carbons. Further, the fibrous silk can
be woven into two-dimensional (2D) fabrics, offering the pos-
sibility for large-scale preparation of BDCs with regular mor-
phology [94,95]. Notably, the fabric-derived carbons prepared
on a large scale often exhibit good flexibility, allowing for easy
integration with clothing for wearable devices. In this section, we

Figure 3 Representative biomass materials and their molecular structures. (a) Molecular structure of cellulose and lignin. (b) Molecular structure of chitin
and soluble chitosan. (c) Core-sheath structure of silk and the structure of silk protein.
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summarize the recent research progress by focusing on BDCs
with different macroscopic structures, including 1D, 2D, and 3D
structures, in the applications of strain/pressure sensors, and
discuss the difficulties and existing challenges.

1D strain/pressure sensor
The 1D biomass materials, mainly formed by the aggregation of
macromolecules through intermolecular forces, are widely dis-
tributed in nature, and their main existing forms include silk,
cotton fibers and animal hair. The molecular backbone of these
natural fibers contains a large amount of carbon, which allows
them to be converted into conductive carbon materials through
an anaerobic carbonization process. Further, these natural fibers
can be spun into continuous and long 1D yarns, providing great
convenience for their actual applications. Typically, current 1D
sensors manufactured using carbon materials include CNT yarns
[96,97], and graphene yarns [98,99], but the macroscopic pow-
der state of these carbon materials greatly increases the difficulty
of processing them into yarns. Besides, the yarn preparation
process usually involves the polymer incorporation. For exam-
ple, even with the help of elastomeric polyurethane, CNT yarn
preparation must undergo a complex process of dissolution-
spinning-drying (Fig. 4a) [100]. In contrast, natural fibers have a
large aspect ratio and good processability and can be easily spun
into yarns, which ensures the integrity of 1D carbonized yarns.

Moreover, natural fiber can be formed smoothly into helical or
sheath-core structures by combining with other materials, which
is helpful to take full advantages of the driven carbon materials
and ensures high GF values and wide strain sensing range of the
sensors [101,102]. In this regard, Yan et al. [103] developed a
series of 1D yarn strain sensors with adjustable sensing range
and GF value by carbonizing a spiral composite of cotton or silk
yarn and carbon nanofiber (Fig. 4b). The carbonized composite
yarns showed a sheath-core structure with a good spiral mor-
phology (Fig. 4c). The GF and sensing range of the carbonized
yarn strain sensors encapsulated by Ecoflex rubber could be
readily controlled by adjusting the combination of carbonized
precursors, facilitating the customizable construction of sensors
towards different situations. When choosing silk as the core and
carbon nanofiber yarn as the sheath, the resulting sensor (Sensor
1) showed an extremely high GF value of over 300 (Fig. 4d) and
a high linear sensing behavior of R2 = 0.97 within 5% working
deformation (Fig. 4e). In addition, this 1D strain sensor had a
short response time of only 0.4 s and could withstand over 1000
strain cycles, manifesting excellent instantaneous response
ability and long service life. Moreover, the 1D sensor prepared
from a combination of silk and cotton fibers (Sensor 3) dis-
played less GF (2.77), but exhibited an extended sensing range of
more than 120%, indicative of favorable customization (Fig. 4f).
Notably, this 1D yarn sensor (Sensor 3) could capture the subtle

Figure 4 Structure and performance of 1D strain sensors. (a) Preparation process of CNT/polyurethane composite yarn. Reprinted with permission from
Ref. [100]. Copyright 2022, Elsevier. (b) Schematic diagram of the structure of the composite yarn. (c) Scanning electron microscopy (SEM) images of different
carbonized yarns: silk-carbon nanofiber yarn composite (Sensor 1), cotton fiber-carbon nanofiber yarn composite (Sensor 2), and silk-cotton fiber composite
(Sensor 3). (d) GF values for different 1D yarn sensors. (e) Change of sensor resistance at the initial stage of stretching. (f) Relationship between deformation
variables and resistance change of different 1D yarn sensors. Reprinted with permission from Ref. [103]. Copyright 2020, Elsevier.
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vibrations generated by pulse and give timely and repetitive
electrical signal feedback. Unfortunately, there are few studies on
1D BDC-based resistive strain/pressure sensors. Therefore, it is
urgently required to explore BDC-based 1D structural resistive
strain/pressure sensors with large strain sensing range and high
sensitivity.

2D strain/pressure sensors
The 1D strain sensor accurately captures the strain in the
direction of the fiber axis and gives timely and reliable electrical
signal feedback. Whereas, the human skin exhibits a nearly 2D
flat structure, and the strain on the skin during movement is
complex and has no fixed direction in general, which raises
higher demands on structure of the sensor (Fig. 5a). In this case,
plentiful natural biomass fibers, including cotton fibers, chitosan
fibers, and silk, can be easily processed into 2D fabrics [104,105],
which then ensures the fabrication of derived carbon-based
devices with customizable shapes (Fig. 5b). Besides, compared
with 1D sensors, a 2D structure can fit more closely with human
skin, beneficial to effectively detect the strain stimuli from dif-
ferent directions and ensure the perfect electrical signal output.
Wang et al. [106] prepared highly sensitive, stretchable and

wearable 2D sensors by programmed carbonization of silk
(Fig. 6a). The resulting silk-derived carbon showed an intact
morphology (Fig. 6b), continuous network with good electrical
conductivity, and ability of bending up to 180°. After poly-
dimethylsiloxane (PDMS) encapsulation, the strain sensing

range of the silk-derived carbon-based sensor exceeded 500%,
benefiting from the complete and continuous conductive net-
work of the carbonized silk. Furthermore, within the strain
range of 250%, the sensor exhibited satisfactory linear sensing
behavior with a GF of 9.6, while the GF rapidly increased to a
higher value of 37.5 in the strain from 250% to 500%, owing to
the rapid disruption of the conductive network under large
deformation. Notably, based on the sensor’s wide tolerable
strain, the silk-derived carbon-based sensor could still maintain

Figure 5 The unique properties of human skin and biomass fibers.
(a) Complex external force direction on the skin when limb movements
occur. (b) Perfect retention of the fabric microstructure after carbonization.

Figure 6 Preparation and performance of carbon-based strain sensors derived from 2D biomass fiber-based fabric. (a) Preparation schematic of silk-derived
carbon-based 2D strain sensors. (b) Digital photograph and SEM image of the silk after carbonization. (c) Integration of silk-derived carbon-based strain
sensors and monitoring behavior of joint flexion movements. Reprinted with permission from Ref. [106]. Copyright 2016, Wiley. (d) Structure of cotton fabric
and the preparation process of cotton fabric-derived carbon-based 2D sensors. (e) Digital photographs of cotton fabrics before and after carbonization.
(f) SEM image of the 2D cotton fabric after carbonization. (g) Excellent flexibility of cotton fabric-derived carbon-based 2D sensors. (h) Comprehensive
sensing performance of cotton fabric-derived carbon-based 2D sensors. Reprinted with permission from Ref. [56]. Copyright 2017, Wiley.
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almost the same electrical signal change as the initial value after
6000 cycles of large 100% strain, implying a long service life and
excellent fatigue resistance property. With its surprising flex-
ibility and complete 2D structure, the silk-derived carbon-based
sensor could be integrated into a glove or wrist guard to detect
finger-wrist bending movements and even pulse in real time,
exemplifying great potential for wearable health-monitoring
applications (Fig. 6c). In addition, cotton and flax also display
complete fiber structure, which allows them as common raw
materials to be transformed into 2D derived carbon fabrics
[107]. For instance, Zhang et al. [56] prepared a cotton fabric-
based strain sensor by carbonization in an inert gas (Fig. 6d).
After carbonization, the absence of a large number of elements
led to a significant volume contraction of the cotton fabric,
accompanied with changes in surface area and mass of more
than 49% and 80%, respectively (Fig. 6e). Nevertheless, the
carbonized cotton fabric still demonstrated a complete crisscross
pattern and continuous fiber network (Fig. 6f), signifying
superior flexibility of the sensor (Fig. 6g). This sensor could
tolerate 140% of the strain and maintain a stable and high GF
value of 25 in the 0–80% strain range (Fig. 6h). Fascinatingly, the
sensor could even sense an ultralow deformation of 0.02%,
indicative of an extraordinary ability to capture subtle body
movements and monitor the heartbeat during different states of
motion. More importantly, the simple carbonization process and
the short carbonization time of cotton fabrics hold promise for
low-cost large-scale preparation of strain sensors.
Paper is another major aggregate of cellulose that has played

an irreplaceable role in the development of human civilization
for thousands of years [108]. The same molecular structure
interprets that the paper can be carbonized as perfectly as cotton
fiber fabric to form paper-derived carbons for sensor applica-
tions. As a typical example, Chen et al. [58] converted com-
mercial tissue paper into a 2D conductive derived carbon
network by an easily manipulated carbonization process under
N2 atmosphere, and further prepared strain sensors (Fig. 7a, b).
The GF value in the orientation direction could reach 10, which
was much higher than the GF value of 0.14 in the non-orien-
tation direction. The anisotropic sensing behavior could also be
reflected in the human motion detection process, where the
sensor offered different intensity of resistive signal changes to
the deformation caused by the human wrist motion in orienta-
tion and non-orientation directions. This phenomenon can be
explained by the fact that strain stimulation along the orienta-
tion direction brings more severe damage to the conductive
network, while the non-orientation direction is insensitive to
strain (Fig. 7c). More importantly, the integrated tissue paper-
derived carbon (TPDC)-based strain sensors could be connected
to a robotic arm via a microcontroller, enabling it to be motion
controlled (Fig. 7d). Although the TPDC-based strain sensors
exhibited high strain sensitivity, the inherent anisotropy of the
carbonized tissue fibers led to large variations in GF values,
which was not conducive to accurately reflecting the strain in
different directions. To address this issue, Xia et al. [54] chose
traditional Chinese Xuan paper as the raw material, transformed
it into derived carbon through a simple heat treatment method
and constructed strain sensors from it (Fig. 7e). The fiber length
of Xuan paper made from pteroceltis tatarinowii maxim bark
and long-stalked straw fibers could reach 2000 μm, which was
favorable for the formation of long-range conductive networks
and the improvement of sensing range after carbonization.

Besides, the cellulose fibers in Xuan paper formed a disordered
network through random overlap (Fig. 7f), and the resulting
isotropic structure allowed for perfect sensing of forces from all
directions (Fig. 7g). The sensing analysis results showed that the
Xuan paper-derived carbon-based sensor exhibited surprisingly
linear sensing behavior and stable high GF value of 68 within a
large strain sensing range of 0–100%, indicating that the con-
ductive network was broken in an orderly manner during tensile
strain. Impressively, this sensor could detect even minute
deformations down to 0.01% and quickly yield reproducible
electrical signal feedback results, implying a surprising strain
sensitivity. This phenomenon was attributed to the extremely
dense overlapped network of Xuan paper, which could be
destroyed by a very small strain and then lead to a change in
resistance. Furthermore, the Xuan paper-derived carbon-based
sensor could sense the tensile strain in time and send the same
value of resistance change as the initial state even after more
than 5000 strain cycles (10%), demonstrative of excellent
structure stability and long service life.
More importantly, the 2D planar structure of fabric or paper is

conducive to the capture of balanced pressure stimuli, making
facile preparation of multifunctional strain/pressure sensors
possible. For instance, Xu’s group [109] assembled paper-based
cross-finger pressure sensors by using carbonized crepe paper
and flexible printing paper as conductive network and flexible
substrates, respectively (Fig. 8a). The carbonized crepe paper
exhibited excellent electrical conductivity and the unique wave-
like microstructure, which endowed the sensor with superior
pressure sensitivity. This sensor could capture a tiny pressure of
about 50 Pa and visibly sense the pulse state before and after the
movement and then give the corresponding recognizable elec-
trical signals. What is more, the vibrations caused by playing
music, pressure generated by water droplets, and even airflow
led by breathing could be recorded by the crepe paper-derived
carbon-based sensor. Compared with counterparts based on
ordinary printed paper, the crepe paper-derived carbon-based
sensor generated greater current changes at the same applied
pressure, further demonstrating excellent pressure sensitivity.
This result is attributed to the structural differences between
crepe paper and printed paper, in which crepe paper displays a
porous internal structure and wavy morphology, while printed
paper exhibits a dense and flat structure (Fig. 8b, c). Further, the
integrated pressure sensor array could monitor the dynamic
changes of pressure distribution in real time (Fig. 8d), suggesting
significant application prospects in various fields such as
human-machine interface and intelligent robot skin.
Notably, the hybridization or composite with other micro- or

nano-materials can improve the roughness of the derived carbon
surface and amplify the local pressure, which is beneficial for
improving the pressure sensitivity. Inspired by the unique
structure of sunflower faceplate, Lu et al. [48] grew vertically
aligned MoS2 on the surface of carbonized silk and used it as a
sensing material for pressure sensors (Fig. 8e). The maximum
pressure sensitivity of the carbonized silk/MoS2 composite
reached 11.6 kPa−1, which was a 680% improvement compared
with the pure carbonized silk (Fig. 8f). The sensor fixed to the
neck of a volunteer could distinguish different sounds from the
speaker and obtain easily discernible characteristic electrical
signals separately (Fig. 8g).
Besides, MXene, as a novel 2D material with unique physi-

cochemical properties, has often been employed in the fields of
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sensors, multifunctional composites, etc. [110–112]. For
instance, Zheng et al. [113] prepared a carbon material derived
from a MXene/cotton fabric composite by designing a simple
soaking strategy, and then completed the construction of the
pressure sensor by sandwiching it between the PDMS film and
interdigital electrode. The large number of active groups such as
hydroxyl groups on the surface of cotton fibers enabled MXene
to be stably anchored on the surface of the fabric, achieving the
efficient construction of a highly conductive network. Due to the
unique conductive network, this MXene/cotton fabric-derived
carbon-based sensor showed a wide sensing range of 0–160 kPa,
a fast response time of 50 ms and a high pressure sensitivity of
5.30 kPa−1. Moreover, these excellent properties even permitted
it to monitor the limb tremors in early Parkinsonism, implying
its potential for applications in the field of health assessment.
In addition to fabric and paper, electrospun fiber membranes

are also a class of important 2D macroscopic materials.
Uniquely, the membrane morphology and thickness can be
accurately controlled by adjusting the spinning time, voltage,
and spinning fluid concentration, which contributes to the
improvement in device size and transmittance of sensors [114–
116]. Typically, Wang et al. [49] converted the dissolved silk
protein into transparent membranes by electrostatic spinning,
and subsequently realized the preparation of transparent con-
ductive silk-derived carbon films by anaerobic carbonization
technique (Fig. 8h). In this case, an ultrathin silk membrane of
2 μm was achieved by varying the electrospinning time, which
resulted in a high transmittance of up to 80% in the carbonized
silk membrane (Fig. 8i) and offered the sensor an ultra-high
pressure sensitivity of over 34.47 kPa−1 and a surprisingly low
detection limit of 0.8 Pa. Besides, the electrospun silk mem-
brane-derived carbon-based strain sensor exhibited an extremely

Figure 7 Applications of 2D paper-derived carbons in the field of resistive strain sensors. (a) Schematic diagram of the preparation strategy for TPDC-based
strain sensors. (b) Digital photograph of a PDMS-encapsulated TPDC-based strain sensor. (c) Changes in the conductive network of TPDC-based strain
sensors when strain occurs in different directions. (d) Digital photograph of the integrated TPDC-based strain sensor and the TPDC-based strain sensor
connected to a robot arm. Reprinted with permission from Ref. [58]. Copyright, 2018 Wiley. (e) The carbonization process of Xuan paper and the preparation
process of strain sensors. (f) Random long fibers of carbonized Xuan paper. (g) Effect of stress in different directions on the conductive network of carbonized
Xuan paper.
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short response time of 16.7 ms and a stable repetitive sensing
behavior over more than 10,000 cycles (Fig. 8j), indicating
superb instantaneous sensing performance and satisfactory
cycling stability. In addition to the effective detection of pulse,
pressure changes during activities such as fruit picking could
also be recorded by the electrospun membrane-derived carbon-
based strain sensor, proving its ability to assist daily life of
people fitted with prostheses. Moreover, the integrated sensor
matrix (9 × 9) could detect the pressure changes brought by
small objects such as red beans and rice, and reflect the corre-
sponding pressure distribution (Fig. 8k). The 2D structured
sensor achieves simultaneous sensing of pressure and tensile

strain, maximizing the flexibility of the sensor and fore-
shadowing its important future applications in smart clothing,
sports detection, and health monitoring.

3D strain/pressure sensors
Some biomass materials in nature usually form macroscopic 3D
aggregates, the most representative example of which is wood.
Wood, mainly composed of cellulose, hemicellulose, and lignin,
is one of the most abundant natural carbon sources and has a
unique pore structure (Fig. 9) [22,117], which thereby has
emerged as an important precursor for the production of 3D
porous carbon materials [22,55,118]. Besides, the selective

Figure 8 Contribution of 2D BDCs with a unique structure to resistive strain/pressure sensors. (a) Preparation of crepe paper-derived carbon-based sensors.
(b) Microstructural changes of crepe paper-derived carbon-based sensors under loading. (c) Microstructural changes of printed paper-derived carbon-based
sensors under loading. (d) Crepe paper-derived carbon-based sensors for the detection of spatial pressure distribution. Scale bar: 1 cm. Reprinted with
permission from Ref. [109]. Copyright 2018, American Chemical Society. (e) Photograph of sunflower and SEM images of carbonized silk/MoS2. (f) Pressure
sensitivity of carbonized silk/MoS2 and pure carbonized silk pressure sensors in the pressure range of 0–18.5 kPa. (g) Sensing behavior of carbonized silk/MoS2
sensors for different pronunciations. Reprinted with permission from Ref. [48]. Copyright 2020, American Chemical Society. (h) Strategy for the preparation
of silk protein membrane-derived carbon-based transparent sensors. (i) Transparency and flexibility of silk protein membrane-derived carbon-based sensors.
(j) Changes in electrical signals of silk membrane-derived carbon-based sensors during 10,000 pressure-release cycles. (k) Capture of small pressure
distributions by silk membrane-derived carbon-based sensor arrays (9 × 9). Reprinted with permission from Ref. [49]. Copyright 2017, Wiley.
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removal of lignin could convert the wood into an elastic aerogel
with porous structure, which creates the prerequisite for the
preparation of pressure sensors (Fig. 9) [119,120].
For example, Hu’s group [121] removed the lignin from wood

with the help of sodium sulfite and sodium hydroxide and
obtained wood aerogels. On this basis, they further refined the
experimental strategy by using chemical reagents including

sodium sulfite, sodium hydroxide and H2O2 for continuous
treatment of virgin wood for achieving complete removal of
hemicellulose and lignin and realizing the preparation of wood
sponges with an oriented pore structure (Fig. 10a) [122].
Compared with natural wood, the treated wood samples
exhibited an ideal arching stacked lamellar structure (Fig. 10b).
Moreover, this structure can be perfectly retained even after
carbonization, obviously distinguished from the microstructure
of the directly carbonized wood. Moreover, carbonized wood
sponge could resist over 10,000 compression-release cycles at
50% constant strain without any permanent deformation, sig-
nifying outstanding mechanical fatigue resistance. This is
because the arching stacked lamellar structure of the carbonized
wood sponge weakened the stress concentration compared with
the directly carbonized wood, enhancing the material’s resis-
tance to compression (Fig. 10c). Further, the carbonized wood
sponge could be assembled to a pressure sensor by sandwiching
it between two pieces of copper (Fig. 10d). With increasing
compressional deformation, the conductivity of the sensor
showed a dramatic increase from 0.04 to 1.66 S m−1 (Fig. 10e).
When the sensor was attached to the model’s finger, the gen-
erated current increased significantly with the bending of the
finger, implying the ability to detect human motion. Unfortu-

Figure 9 Composition of wood and preparation of elastic wood sponge.

Figure 10 Resistive pressure sensor prepared from wood-derived carbons. (a) Changes in the chemical composition and structure of natural wood during
treatment with sodium sulfite, sodium hydroxide and H2O2 solution. (b) SEM images of wood before and after treatment with sodium sulfite, sodium
hydroxide and H2O2. (c) Internal stress distribution of directly carbonized wood and carbonized wood sponges undergoing compressive deformation.
(d) Digital photo and working diagram of the carbonized wood sponge pressure sensor. (e) Relationship between the compressive deformation of carbonized
wood sponge and electrical conductivity. Reprinted with permission from Ref. [122]. Copyright 2018, Cell Press. (f) Preparation process of the wood sponge/
PDMS composite sensor. (g) Pressure sensitivity and linear sensing range of the wood sponge/PDMS composite sensor in different directions. (h) Pulse
monitoring behavior of wood sponge/PDMS composite sensors. Reprinted with permission from Ref. [123]. Copyright 2018, Wiley.
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nately, this sensor cannot capture subtle movements such as
pulse and breath, and this research did not systematically eval-
uate important parameters such as the sensitivity of the sensors
and the sensing range for pressure and strain. To this end,
Wong’s group [123] washed away most of the lignin and
hemicellulose from the wood using a mixture of NaOH and
sodium sulfite, and then combined the carbonized wood sponge
with PDMS to prepare a composite pressure sensor through a
carbonization-permeation strategy (Fig. 10f). The filling of the
composite with mechanically stable and resilient PDMS
improved the brittle-defect of pure wood sponge, ensuring that
the composite sensor recovered to its original state when the
mechanical stress was removed [123]. The sensing test results
exhibited that the pressure sensitivity and linear sensing range of
the wood sponge/PDMS composite sensor could reach
10.74 kPa−1 and 100 kPa, respectively (Fig. 10g). Moreover, due
to the introduction of highly elastic PDMS, the wood sponge/
PDMS composite sensor could even withstand more than 12,000

compression-recovery cycles while maintaining a stable and
accurate electrical signal output, demonstrating the sensor’s
satisfactory fatigue resistance and cycling stability. In addition,
when the sensor was fixed on the surface of the body, it showed
good detection performance for human motion signals, includ-
ing limb movement and pulse, manifesting favorable application
potential in wearable situations (Fig. 10h).
Besides the natural 3D structures in wood, artificial design and

processing can likewise stack cellulose into sponge-like elasto-
mers with 3D network structures, such as aerogels, completing
the transformation from 1D to 3D. For example, Zhuo et al.
[124] chose konjac glucomannan (KGM) as a binder to con-
struct elastic KGM/cellulose nanocrystal (CNC) hybrid aerogels
with a 3D network structure relying on the hydrogen bonding
between KGM and CNC, and subsequently prepared KGM/
CNC-derived carbon aerogel sensors by a carbonization process
(Fig. 11a, b). This aerogel sensor had a pressure sensitivity of
8.83 kPa−1 in the pressure range of 0–1000 Pa and could resist

Figure 11 3D resistive pressure sensors based on biomass aerogel-derived carbons. (a) Hydrogen bonding between KGM and CNC molecules. (b) SEM
image and structural model of KGM/CNC-derived carbon aerogels. (c) Pressure sensing test of KGM/CNC-derived carbon aerogel-based sensors. Reprinted
with permission from Ref. [124]. Copyright 2020, American Chemical Society. (d) Schematic diagram of the preparation process of lignin/CNF-derived
carbon aerogel-based sensors. (e) Digital photographs of lignin/CNF aerogels and lignin/CNF-derived carbon aerogels. (f) Microstructure of lignin/CNF-
derived carbon aerogel after 30,000 compression-release cycles. Reprinted with permission from Ref. [125]. Copyright 2020, Wiley. (g) Schematic diagram of
the preparation of GO/HPMC-derived carbon aerogel. (h) Pressure sensitivity and linear sensing behavior of GO/HPMC-derived carbon aerogels. Reprinted
with permission from Ref. [126]. Copyright 2020, Royal Society of Chemistry.
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1000 cycles of 90% high compression deformation (Fig. 11c). In
addition, nanocellulose fibers (NCF) with large aspect ratios can
easily be made into aerogels by freeze-drying methods relying on
the intertwining of fibers. Based on this, Peng’s group [125]
designed a “bottom-up” approach to prepare lightweight lignin/
NCF hybrid-derived carbon aerogels (Fig. 11d, e). The existence
of lignin with better thermal stability could well prevent exces-
sive deformation of CNF, thus maintaining the volume of the
aerogel and ensuring the integrity of the internal network during
carbonization. The perfect pore structure led to an outstanding
resistance to mechanical fatigue, which resulted in good com-
pression recovery and a homogeneous 3D network even after
30,000 compression-recovery cycles (Fig. 11f). Importantly, this
lignin/NCF-derived carbon-based sensor also showed out-
standing linear behavior (R2 = 0.998) with a pressure sensitivity
of 5.16 kPa−1 in a wide pressure range of 0–16.8 kPa, demon-
strating a strong correlation between pressure and electrical
signal changes. Furthermore, the response and recovery times of
this pressure sensor were 65 and 52 ms, respectively, which
could meet the requirement of recording transient pressure
changes such as pulses and pronunciations. In order to further
improve the sensitivity and other properties of the sensors,
numerous conductive materials, such as graphene and CNTs
[50], have been introduced into the aerogel system to build a
better conductive network. Typically, Jiang et al. [126] reported
a conductive graphene oxide/hydroxypropyl methyl cellulose
(GO/HPMC) composite-based aerogel by carbonizing the
freeze-dried GO/HPMC mixture (Fig. 11g). During the carbo-
nization process, GO was reduced and anchored inside the

derived carbon network, avoiding the disruption of the aerogel
network at high temperatures and inducing the generation of
parallel pore structures at the same time. As a result, this GO/
HPMC-derived carbon aerogel could withstand nearly 99% of
the ultimate compression deformation without any damage.
Besides, the introduction of GO endowed the GO/HPMC-
derived carbon aerogel with a linear pressure sensitivity of more
than 15 kPa−1 and a maximum sensing pressure of 18 kPa
(Fig. 11h), which significantly improved the comprehensive
performance of HPMC-derived carbon aerogel-based sensors.
In addition, chitosan, an abundant and low-cost biomass

material with good solubility and renewable properties [127], is
considered as another extremely important precursor for
deriving carbon. Hu et al. [51] dissolved chitosan in a CNC
suspension and subsequently prepared chitosan/CNC-derived
carbon aerogels by combining freeze-drying with anaerobic
carbonization (Fig. 12a, b). The as-prepared derived carbon
aerogels exhibited a distinct wavy laminar structure inside,
which usually represented excellent compression fatigue resis-
tance (Fig. 12c, d). The compression test results demonstrated
that the chitosan/CNC-derived carbon aerogel remained at
about 94% of its original height even after 50,000 cycles of
compression-release, implying an almost infinite lifetime and
exceeding most similar pressure sensors. Remarkably, the carbon
aerogel sensor even displayed an extremely high pressure sen-
sitivity of over 103 kPa−1 and an excellent linear sensing range of
0–18 kPa. Moreover, an extremely small pressure of 1.0 Pa and
tiny deformation of 0.05% could be captured and recorded by
the chitosan/CNC-derived carbon aerogel-based sensor. Further,

Figure 12 3D resistive pressure sensors based on biomass aerogel-derived carbon. (a) Schematic diagram of the preparation process of chitosan/CNC-
derived carbon aerogel. (b) Digital photograph and structural schematic of the chitosan/CNC-derived carbon aerogel-based sensor. (c) Wavy laminar structure
and digital photographs of chitosan/CNC-derived carbon aerogels. (d) Schematic diagram of the super-compression and elasticity mechanism of chitosan/
CNC-derived carbon aerogel. (e) Sensing behavior of chitosan/CNC-derived carbon aerogel-based sensors for facial movements. Reprinted with permission
from Ref. [51]. Copyright 2018, American Chemical Society. (f) Structural schematic of ultralight MWCNT/chitosan-derived carbon aerogel. (g) Relationship
between resistance and deformation variables of MWCNT/chitosan-derived carbon aerogel-based sensor at different compression cycles. (h) Detection of
human pronunciation by MWCNT/chitosan-derived carbon aerogel-based sensors. Reprinted with permission from Ref. [128]. Copyright 2019, American
Chemical Society.
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when the chitosan/CNC-derived carbon aerogel-based sensor
was attached to the face, it could even sense facial movements
such as smiling and puffing (Fig. 12e). Similarly, Zhong’s group
[128] constructed a hybrid multi-walled CNT (MWCNT)/chit-
osan-derived carbon aerogel for evaluating compressive sensing
performance (Fig. 12f). Chitosan with good adhesion could
connect MWCNT into a complete sheet and further form a
stable 3D conductive network. This special continuous 3D
structure contributed to the outstanding fatigue resistance of the
MWCNT/chitosan-derived carbon aerogel and guaranteed
compression resistance of more than 50,000 cycles (Fig. 12g).
When fixed on the surface of human skin, the carbon aerogel-
based sensor could sense pressure stimuli generated by body
actions such as limb movements, pronunciation, and facial
activity (Fig. 12h). In short, 3D BDC-based sensors, with
excellent fatigue resistance along with a perfect 3D network
structure, and the ability to accurately monitor different pres-
sures, demonstrate promising application prospects. However,
the 3D structure inevitably leads to a larger sensor size, resulting
in the difficulty of integration with clothing or wearable devices.

CONCLUSION AND OUTLOOK
Resistive strain/pressure sensors play an irreplaceable role in
many applications, including healthcare, motion detection and
robotic sensing, and are beginning to have an increasingly
profound impact on human life. The trend towards greater
refinement, intelligence and environmental friendliness in these
applications places higher demands on the materials, structures
and performance of resistive strain/pressure sensors. This review
summarizes the recent advances in resistive strain/pressure
sensors with BDCs as the main conducting network by selecting
material type as a unique entry point, systematically describes
the sensing mechanism in addition to important performance
parameters, and analyzes the construction strategies and
advantageous application of BDC-based strain/pressure sensors
with different macroscopic structures. So far, BDCs with 1D, 2D
and 3D structures have been widely used in resistive strain/
pressure sensors, and these sensors have already shown high
sensitivity, good sensing stability and ideal monitoring behavior
in human motion and health perception. Despite the great
achievements, there are still some challenging issues that need to
be further overcome for future practical applications (Fig. 13).
First, the preparation conditions of the reported BDCs, such as

carbonized cotton, carbonized silk, and carbonized wood aero-
gel, are harsh, complex, and energy-intensive, which limits the

fabrication of high-performance BDC-based sensors to labora-
tory scale. In practice, it is crucial to develop low-cost, large-
scale BDC production technologies to meet the large-scale,
standardized manufacture of sensor devices. In addition, even
for the same biomass material, there are differences in elemental
and molecular structures. For example, the tree variety affects
the cellulose and lignin content in the wood, which leads to the
differences in the electrical conductivity and mechanical prop-
erties of the derived carbon materials. Therefore, new strategies
should be explored to eliminate the structural differences of
different BDCs and to ensure uniform and stable sensor per-
formance. Importantly, the strain sensing capability of resistive
strain/pressure sensors depends on the rates of change in
resistance caused by changes in the internal conductive network
rather than the resistance value itself, which means that ultra-
high conductivity is not a necessary prerequisite for the derived
carbon used to prepare the sensors. Therefore, the energy con-
sumption can be reduced in the production process of BDCs by
appropriately lowering the carbonization temperature while
ensuring the conductive network. In addition, some new tech-
niques can be tried and applied in the preparation of sensors.
The use of laser cutting to achieve fine shape control of BDCs,
for example, allows for miniaturized sensor design and facilitates
the use of devices in narrow spaces. Moreover, 3D printing
technology can help transform materials from 1D to 3D, and
achieve the unification of macroscopic and microscopic struc-
tures of different materials. Some natural polymer hydrogels can
be reshaped by 3D printing technology, and may create sensor
materials with amazing structures and properties.
Secondly, the high integration of sensors, energy supply

devices and test equipment are important and necessary. Cur-
rently, the collection and transmission of BDC-based strain/
pressure sensor signals rely heavily on external test and analysis
instruments, which has gradually become a bottleneck in the
real-time recording of human activity or health signals. There-
fore, the preparation and measurement of sensors need to focus
on the miniaturization and integration to develop flexible and
lightweight BDC-based sensing devices for independent mon-
itoring of human signals. For instance, the combination of micro
energy storage devices and sensors to achieve the construction of
flexible wearable monitoring systems is considered as a pro-
mising route [129,130]. This requires consideration regarding
compatibility of material systems and preparation technology
methods. For example, BDCs can be used as both energy storage
and sensing units, so that the simultaneous preparation and

Figure 13 Summary of the future development directions of BDC-based strain/pressure sensors.
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performance unification of energy storage and sensor devices
can be achieved. Furthermore, the remote controllability and
remote monitoring of sensors are the main directions for their
development in the future. Therefore, the way to combine the
sensors prepared by BDCs with remote control system to realize
truly wireless signal transmission is also a problem that needs a
solution at present.
Last but not the least, the degradability and non-hazardous

disposal of the sensors should also be considered. Despite the
good environmental friendliness of BDCs, the large amount of
metallic materials and non-degradable substrates in the sensors
may cause irreversible pollution and damage to the environ-
ment. Therefore, new degradable elastomeric substrate materials
need to be designed and prepared to achieve overall environ-
mental friendliness of the sensors and to reduce e-waste.
Moreover, the interfacial compatibility between BDCs and the
new degradable substrate needs more attention to ensure the
stability of the electrical signal transmission during the long-
term use of the sensor.
Although impressive progress has been made in the prepara-

tion and design of BDC-based strain or pressure sensors, there
are still drawbacks such as complex preparation processes, dif-
ficulty in integration, and lack of practicality. In this case,
unremitting efforts are still required to develop BDC-based
strain or pressure sensors for flexible, wearable and even human-
machine interaction devices. In addition, with the development
of implantable medical treatment, some BDCs with good bio-
compatibility should be explored and investigated in the field of
implantable sensing devices. Human-machine intelligent inter-
action, as an important development direction for science and
technology, will be the most important breakthrough in the
application of BDC-based sensors in the future, which requires
more attention through interdisciplinary approaches. In sum-
mary, with the progress of technology, we believe that the pre-
paration process and design strategy of BDC-based sensors will
be dramatically improved and enhanced, and will make an
important contribution to the efficient monitoring of human
health and finally, usher in the much-awaited “smart future”.
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生物质衍生碳在电阻式应变/压力传感器中的最新应
用进展与关键挑战
吴鲁1†, 师晓宇1†, Pratteek Das1, 吴忠帅1,2*

摘要 近年来电阻式应变/压力传感器在运动行为监测、人类健康诊断
和人机交互等领域展现了不可替代的作用, 因而刺激了人们对其需求
的急剧增长. 材料和结构设计对电阻式应变/压力传感器的性能有着不
可忽视的影响, 而生物质碳(BDCs)具有丰富的来源、多样的结构和令
人满意的导电性等优良特性, 被认为是制造电阻式应变/压力传感器的
优异候选材料之一.本综述介绍了BDCs材料在电阻式应变/压力传感器
领域的最新进展及其目前面临的主要挑战. 首先, 系统地概述和讨论了
已报道的电阻式应变/压力传感器的分类方法、评价标准和传感机制.
其次, 总结了具有不同宏观结构(包括一维、二维和三维结构)的BDCs
材料的制备及其在电阻式应变/压力传感器领域的最新应用进展. 详细
分析了具有不同宏观结构的BDCs材料在电阻应变/压力传感器领域的
各自应用优势, 并讨论了不同宏观结构与器件综合传感性能之间的关
系. 最后, 提出了基于BDCs材料的电阻式应变/压力传感器的未来前景
和主要挑战, 及其未来发展的研究方向.
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