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radable, and recyclable all-
lignocellulose fabricated triboelectric
nanogenerator for self-powered disposable
medical monitoring†

Xue Shi,‡ab Pengfei Chen,‡ab Kai Han,a Chengyu Li,ab Renyun Zhang,*d

Jianjun Luo *ab and Zhong Lin Wang *ac

The growing demand for fast, reliable, and accessible information in the vastly connected world makes

disposable sensors increasingly important. However, reducing their costs, environmental impact, and

usability remains challenging. Here, we report a low-cost, biodegradable, and recyclable all-

lignocellulosic triboelectric nanogenerator (AL-TENG) for self-powered disposable medical monitoring.

Based on a facile in situ lignin regeneration & chemical crosslinking modification strategy, a high-

performance lignocellulosic bioplastic is synthesized from resource-abundant and renewable biomass

for fabricating the AL-TENG. The whole device has a low environmental impact as it can be easily

recycled and biodegraded at its end-of-life. Furthermore, a self-powered smart ward system and a self-

powered contactless medical monitoring system are developed to improve the convenience for patients

and reduce the risk of mutual infection. This work can expand the application of self-powered systems

to disposable medical sensing, which may greatly promote the development of intelligent wards and

disposable electronics.
1. Introduction

Disposable sensors are easy-to-use, low-cost sensing devices
intended for single-shot or short-term measurements. The
application areas of such devices are numerous, ranging from
agricultural, pharmaceutical, environmental, and food sciences
to clinical diagnostics.1,2 There is tremendous demand for
disposable sensors in the modern medical industry, especially
for infectious diseases, since their use can effectively monitor
the health state of patients and control the disease within cross-
infection.3–7 However, traditional disposable sensors are usually
fabricated from non-degradable plastic, rubber, and metal, and
are generally powered by batteries, which is easy to result in
high production costs and environmental pollution.8–10 To
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reduce/eliminate the environmental impact and be commer-
cially viable, it is highly desirable to develop sustainable,
degradable, and inexpensive disposable medical sensors for the
health monitoring of infectious diseases.

Based on the coupling effect of contact electrication and
electrostatic induction, triboelectric nanogenerators (TENGs)
have been recently developed as a powerful technology for
energy harvesting and self-powered sensing.11–13 With lots of
unique merits such as low-cost, high efficiency, simple struc-
tures, and versatile choices of materials,14–16 TENGs are able to
harvest different kinds of mechanical energy in the external
environment for realizing large-scale self-powered electronics
networks.17–21 Moreover, TENGs can also be used as self-
powered sensors for tactile, pressure, acceleration, and
motion sensing without an additional power supply, which is
critical for the development of sustainable sensing systems.22–26

Therefore, the TENG technology will open up broad application
prospects in the eld of health monitoring, where large
amounts of sensing devices should be applied.

Most of the raw materials currently used for fabricating
TENGs are non-degradable synthetic plastics, which may cause
serious environmental pollution. Lignocellulose is the most
abundant natural polymer on earth with an annual production
of 170 billion tons.27,28 As a sustainable, recyclable, biodegrad-
able, and processable material, it has been widely used in
building materials, clothing, functional materials, and smart
J. Mater. Chem. A
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materials in electronics.29–33 Producing lignocellulose bioplastic
(LB) to replace petrochemical-based plastics can effectively
reduce greenhouse gas emissions.34 However, traditional
approaches for fabricating LB usually require complex pro-
cessing steps and use toxic chemicals.35,36 Additionally, it
remains challenging to achieve a good balance between
mechanical properties and biodegradability. Therefore, devel-
oping a sustainable and simple method to mass-produce
lignocellulosic bioplastic for fabricating TENGs will provide
a great opportunity for the eco-friendly self-powered system.

Here, we report an effective in situ lignin regeneration &
crosslinking modication approach to manufacture LB with
good biodegradability, exibility, processability, and mechan-
ical strength. The obtained LB can be completely degraded on
the soil surface for 12 days, demonstrating its low environ-
mental impact. Furthermore, a biodegradable all-
lignocellulosic triboelectric nanogenerator (AL-TENG) is fabri-
cated, which can be recycled and reduce the waste of resources.
Owing to its excellent performance, the AL-TENG is utilized to
construct a self-powered smart ward system. By triggering the
triboelectric sensing pad, patients can remotely control the
equipment in the ward. In addition, a self-powered contactless
medical monitoring system that can realize health monitoring
and emergency rescue is also demonstrated. This work may
provide a promising way for self-powered disposable medical
monitoring and the construction of smart wards.
2. Experimental
2.1 Materials and chemicals

Poplar wood powder sieved with 60-mesh was selected as
a starting material. Choline chloride (C5H14ClNO, >98%, Sigma-
Aldrich), oxalic acid dihydrate (C2H2O4$2H2O, >99.5%, Sigma-
Aldrich), citric acid (CA) (C6H8O7, Sigma-Aldrich), sodium
hypophosphite (NaH2PO2, Sigma-Aldrich), carbon powder (C,
99.9%, Sigma-Aldrich) with particle size 30–45 nm, and deion-
ized (DI) water were used for processing the wood powder. The
cellulose lm was purchased from Weifang Aikang Biotech-
nology Limited Company and used as a control to measure the
mechanical strength.
2.2 Fabrication of the LB

Choline chloride and oxalic acid at a molar ratio of 1 : 1 were
mixed and stirred at 80 °C until a transparent liquid was ob-
tained. Poplar wood powder and DES at a 1 : 15 mass ratio were
mixed and stirred at 110 °C. The resultant dark brown liquid
was stirred at 600 rpm for 2 h by adding DI water (1 : 10 v/v). The
cellulose–lignin mixture was vacuum-ltered and washed using
DI water to remove residual DES. The DES was recycled by
heating the ltered liquid to remove water. Then, CA and
sodium hypophosphite were added to the cellulose–lignin
mixture, where the mass ratio of poplar powder, CA, and
sodium hypophosphite was 10 : 2 : 1. The LB lm can be ob-
tained from the cellulose–lignin mixture by a roll-to-roll process
aer evaporation of water at room temperature (∼10 wt% water
content). Furthermore, for the preparation of the conductive LB
J. Mater. Chem. A
lm, the only difference was the addition of carbon powder to
the CA crosslinked cellulose–lignin mixture. The mass ratio of
poplar wood and carbon powder was 20 : 1. In the roll-to-roll
process, the gap between the two rollers was set at 1.5 mm for
the preparation of large-scale LB and 0.5 mm for the prepara-
tion of AL-TENG devices.

2.3 Fabrication of the AL-TENG

The obtained LB was used as the dielectric electrication layer.
Then, a layer of the conductive LB lm with the same size was
pasted on the LB as the electrode to fabricate the single-
electrode mode TENG. Finally, a Cu wire was attached to the
conductive LB for an electric connection.

2.4 Characterization and measurements

Unless otherwise specied, the frequency and pressure were
respectively constrained at 1 Hz and 3.5 kPa, and the size of the
TENG device was set to 2 × 2 × 0.05 cm3. For electrical
measurements, the TENG device was driven using a linear
motor (Linmot E1100). A programmable electrometer (Keithley
6514) was used to measure the open-circuit voltage and short-
circuit current. The morphology of the LB and UC-LB was
observed with a scanning electron microscope (SEM, SU8020,
Hitachi). The FTIR spectrum was measured by using a Fourier
transform infrared spectrometer (FTIR, VERTEX80v, Bruker).
XRD patterns were collected using an Xpert3 Powder diffrac-
tometer (operating tube voltage of 40 kV and tube current at 40
mA). The tensile properties of the LB, UC-LB, and cellulose lm
were measured using an E3000 tester. The dimensions of the
samples were ∼5 × 1 cm2. The surface potential maps and
electrostatic forces strength of LB was obtained by Kelvin probe
force microscopy (KPFM, Multimode 8, Bruker). The square
resistance was measured by using a 4-point probe resistivity
measurement system (RTS-9). Thermogravimetric analysis of
the LB under air was carried out in the range of 30–800 °C and
a ramping rate of 10 °C min−1 (TGA, 4000, PerkinElmer). Note
that the LB samples were pressed (130 °C, 5 h) for the SEM
analysis, FTIR spectra, XRD patterns, mechanical tensile test,
and electrical properties.

2.5 Biodegradability test

For the soil biodegradability test, the LB, UC-LB, and PTFE were
cut into 20 × 20 × 0.05 mm3 pieces and then buried in the soil
at a depth of 5 cm to test the biodegradability. To simulate
outdoor testing, the LB, UC-LB, and PTFE were cut into 20 × 20
× 0.05 mm3 pieces and then placed on the soil surface in
a thermostatic incubator. The ambient temperature and relative
humidity of the degradation experiment were maintained at 30
°C and 60%. Samples were monitored regularly to test their
biodegradability.

3. Results and discussion
3.1 Preparation of biodegradable and recyclable LBs

As shown in Fig. 1a, we select green plants that are abundant in
nature as raw materials, using an efficient in situ lignin
This journal is © The Royal Society of Chemistry 2023
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Fig. 1 The preparation of the high-performance LB and AL-TENG. (a) Schematic diagram of biodegradability and recyclability of the LB and AL-
TENG. (b) The fabrication process of the LB by the in situ lignin regeneration, crosslinking modification, and roll-to-roll process (115 × 15 × 0.15
cm3).
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regeneration & crosslinking modication strategy to fabricate
the LB with low-cost, high strength, superior processability,
recyclability, and biodegradability. By utilizing the roll-to-roll
manufacturing technology, the LB is also easy for large-scale
production. The end-of-life LB can be broken back down into
the uniform cellulose–lignin slurry by mechanical stirring,
allowing it to be reapplied as a recycled material. Unlike most
petrochemical plastics, this LB can be biodegraded by micro-
organisms in the soil, demonstrating a fascinating close-loop
cycle feature. By adding low-cost carbon powder in the prepa-
ration process, the conductive LB lm can also be produced as
the electrode material of the TENG. Based on the excellent
characteristics of LBs, we have realized a biodegradable and
recyclable all-lignocellulosic TENG (AL-TENG), which can be
recycled by mechanical disintegration, allowing the material to
be reclaimed and used again in the production of AL-TENGs.
The biodegradable and recyclable AL-TENG demonstrated here
is a strong candidate for replacing the petrochemical plastic-
based TENG toward sustainable applications. Meanwhile, the
design of AL-TENGs provides a new perspective for intelligent
medical active sensing systems. Considering its energy
This journal is © The Royal Society of Chemistry 2023
harvesting and self-powered sensing ability, the AL-TENG may
greatly promote the development of the intelligent disposable
medical monitoring eld.

Fig. 1b shows the schematic of the fabrication process of the
LB using an in situ lignin regeneration & crosslinking modi-
cation method directly from inexpensive and abundant poplar
powder. The starting woodmaterial has a mesoporous structure
and is mainly made up of cellulose, hemicellulose, and
lignin.37,38 Among them, lignin serves as a binder that helps to
adhere to the cellulose bers. To deconstruct the loose and
porous structure of the poplar wood powder, we used a deep
eutectic solvent (DES) consisting of choline chloride (ChCl) and
oxalic acid, which can efficiently dissolve the lignin and
deconstruct the wood by disrupting the hydrogen bonding
between cellulose bers.39–42 The hydrogen bonding interac-
tions (OH/Cl) formed by ChCl and oxalic acid can reduce the
crystallization ability of compounds and keep the DES in
a stable liquid state (Fig. S1†). Meanwhile, this conguration
facilitates the delocalization of the hydrogen protons in oxalic
acid, which can increase the acidity of the DES, as well as
improve the dissolution of native lignin and the debrillation of
J. Mater. Chem. A
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the wood.43,44 Then we in situ regenerate the lignin by adding
water, which causes it to deposit and bind to the interconnected
cellulose micro/nanobril network through the formation of
hydrogen bonding (Fig. S2†). Aer ltering and washing this
mixture using water to remove residual DES, large quantities of
the cellulose–lignin slurry can be obtained. To further improve
the physical and mechanical properties of cellulose materials,
citric acid (CA) is used as a bond promoter, which is widely used
as a safe and environmentally friendly natural adhesive. The CA
added to the obtained high solid-content slurry can reinforce
the cross-linking of lignin and cellulose.45–48 Finally, by evapo-
rating most of the water at room temperature, we can fabricate
LBs via a simple roll-to-roll process at a large-scale. Fig. S3†
shows the obtained LB with a size of 115 × 15 × 0.15 cm3. The
structural changes of lignin and cellulose during the prepara-
tion of LBs are shown in Fig. S4.† In addition, conductive LBs
(C-LBs) can also be prepared by adding conductive carbon
powder in the fabrication process.
3.2 Structure and composition of the LB

The in situ lignin regeneration & CA chemical crosslinking
modication method eliminates the need to separate and isolate
lignin and cellulose from materials, which is a simple and low-
cost process. Compared with the uncross-linked LB (UC-LB), the
LB exhibits a dense and homogeneous structure with a relatively
Fig. 2 Structural and compositional characterization of the LB. Top-v
magnified SEM images of the (c) UC-LB and (d) LB. (e) FTIR spectra and (f)
The interaction between the regenerated lignin, cellulose, and CA.

J. Mater. Chem. A
at surface (Fig. 2a and b). Lignin is a natural and biodegradable
binder that tightly holds the micro/nanobrils together,
enhancing the interactions between them (Fig. 2c and S5a†). The
crosslinking reaction produced by the addition of CA can further
strengthen the connection between lignin and cellulose, and
obtain the LB with a more uniform and dense structure (Fig. 2d
and S5b†). To clarify the presence of lignin in the LB and the
chemical bonds formed between cellulose, lignin, and CA, we
conducted Fourier transform infrared (FTIR) spectroscopy of the
natural poplar powder, pure cellulose, UC-LB, and the LB. As
shown in Fig. 2e, compared with pure cellulose, the wood powder,
UC-LB, and the LB have obvious absorption peaks at 1602, 1508,
and 1456 cm−1 in the FTIR spectrum, which are attributed to the
vibrations of the aromatic skeleton of lignin.49 A new absorption
peak of the UC-LB also appears at 1733 cm−1, which corresponds
to the]C=O stretching of a carbonyl group, indicating the partial
esterication of the cellulose hydroxyl groups by oxalic acid
during the DES treatment.50 In comparison with the UC-LB, the LB
shows a higher absorption band at 1733 cm−1, indicating that the
carbonyl peak of the esters formed between CA and the hydroxyl
groups in lignocellulose or carboxylic acids from CA appears.45,51

The intensity change was also found in the peak at 1200 cm−1,
which was assigned to the C–O stretch in esters.46,52 The
methoxylene group band located at 2952 and 2865 cm−1 also
increased, which is caused by the cross-linking reaction between
iew SEM images of the (a) UC-LB and (b) LB. Cross-sectional-view
XRD spectra of the natural wood powder, cellulose, UC-LB, and LB. (g)

This journal is © The Royal Society of Chemistry 2023
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CA and lignin.53 Meanwhile, X-ray analysis was performed on the
LB to evaluate the degree of crystallinity. The X-ray diffraction
patterns of wood powder, cellulose, UC-LB, and LB are shown in
Fig. 2f. The main diffractive peaks (2q = 15.40° and 22.12°) in
these samples are practically identical, which are assigned to the
101 and 002 lattice planes of cellulose I.54 There is no signicant
change before and aer the in situ lignin regeneration & cross-
linking modication process, indicating that it has little effect on
the crystallinity structure.

The in situ lignin regeneration & chemical crosslinking
modication method leads to a homogeneous and highly
viscous cellulose–lignin slurry, in which lignin and CA ll the
spaces within the interconnected cellulose network, resulting in
a highly dense structure. Fig. 2g schematically shows the
interaction between the regenerated lignin, cellulose, and CA.
Besides entanglement among the cellulose micro/nanobrils
via hydrogen bonding, the regenerated lignin can also tightly
interact with the micro/nanobrils and oxalic acid by hydrogen
bonding (OH/HO, COO/HO) and van der Waals forces to
form strong cellulose–lignin supramolecular complexes.
Meanwhile, the esterication between oxalic acid and cellulose
hydroxyl groups can also strengthen the interaction between
cellulose and lignin. In addition, CA contains a large number of
carboxyl groups and hydroxyl groups, which can not only cause
Fig. 3 Performance characterization of the LB. (a) The LB exhibits excelle
tensile stress–strain curves of the cellulose film, UC-LB, and LB. (c) Com
and PTFE on the soil surface (2 × 2 × 0.05 cm3). (e) The recyclability of t
PLA, and PS, in which the results are normalized by the maximum value

This journal is © The Royal Society of Chemistry 2023
self-crosslinking of lignin and cellulose by reacting with
hydroxyl groups of two macromolecular chains, but also form
crosslinking between hydroxyl groups of lignin and cellulose
through the formation of ester bonds. It is worth noting that the
roll-to-roll process can make the combination of components
more fully bonded, endowing the LB with high mechanical
strength and excellent multifunctional performance.
3.3 Performance characterization of the LB

The LB exhibits high exibility and mechanical strength due to
the entanglement of the micro/nanobrils and the adhesion
induced by lignin and CA (Fig. 3a). The fabricated LB can be
easily rolled, crimped, folded, load-bearing, and retain its
morphology without damage. Fig. 3b compares the tensile
stress–strain curves of the LB, UC-LB, and cellulose lm. All
three curves show a linear deformation behavior before tensile
failure. Due to the mutual entanglement of the micro/
nanobrils and lignin & CA-induced adhesion, the LB demon-
strates an enhanced tensile strength of 99 MPa, which is 2.6 and
8.3 times that of the UC-LB and the cellulose lm. As shown in
Fig. 3c, complex shapes can be formed via compression
molding of the cellulose–lignin slurry, including bump shape
nt flexibility and high mechanical strength (2 × 12 × 0.05 cm3). (b) The
pression molding of the LB. (d) Biodegradability test of the LB, UC-LB,
he LB. (f) Radar plots comparing the performance of LB, cellulose film,
of each characteristic.

J. Mater. Chem. A
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and hemispherical shell shape structures, demonstrating its
excellent processability.

The LB also exhibits excellent biodegradability in the natural
environment. For comparison, we placed sheets of the LB, UC-
LB, and polytetrauoroethylene (PTFE) on the soil surface, and
monitored their morphology over time to determine their
degradability (Fig. 3d). Soil contains a large number of micro-
organisms (for example, bacteria and fungi), which can directly
attack and digest the cellulose and lignin macromolecules of
bioplastic.55,56 It can be observed that the LB became cracked
and fragmented aer 4 days, and its original structure
completely degraded aer 12 days. The UC-LB was near
completely biodegraded aer 3 months (Fig. S6†). In contrast,
the PTFE retained its original shape without any change aer
a few months, demonstrating that it cannot be degraded in the
natural environment. Additionally, when placed in the soil at
a depth of 5 cm, the original structure of LB can even undergo
complete degradation aer 2 days (Fig. S7†). As shown in
Fig. S8,† the LB did not show any changes aer more than 10
months, indicating its good stability in a real environment. It is
worth noting that the LB can be derived from various biomass
Fig. 4 The working principle and electrical performance of the AL-TEN
Electron cloud model and charge transfer for LB and PTFE: before contac
and 2.5 Hz. (d) Stability of the AL-TENG at an operating frequency of 1 Hz.
the low-pressure region. (f) The VOC of the recycled AL-TENG. The inset s
TENG prepared from different kinds of plants.

J. Mater. Chem. A
feedstocks, such as wheat straw, rice straw, corn straw, bagasse,
and bamboo, which have similar FTIR absorption peaks and
can be fully biodegraded within 12 days, proving that the LBs
prepared from different plants have similar composition
(Fig. S9–S11†).

The LB also exhibits good recyclability. At the end of its
lifetime, we can break the LB back down into a uniform cellu-
lose–lignin slurry by mechanical cutting and stirring for recy-
cled use (Fig. 3e). Using the same treatment method, the C-LB
can also be recycled while maintaining the conductivity
(Fig. S12†). In addition, the DES used in the preparation process
can also be recovered by simply collecting the ltrate and
evaporating the water (Fig. S13†). We took a further step to
comprehensively compare the LB, cellulose lm, polylactic acid
(PLA), and polystyrene (PS) in other parameters, as summarized
by the results in Fig. 3f, in which the results are normalized by
the maximum value of each characteristic. The LB shows great
advantages over the two types of plastic lm and cellulose lm
in allve performance indexes, including environmental
sustainability, strength, cost, processibility, degradation, and
G. (a) Schematic diagram of the working principle of the AL-TENG. (b)
t and in contact. (c) VOC of the AL-TENG at frequencies of 0.5, 1, 1.5, 2,
(e) VOC of the AL-TENGwith increasing pressure. Inset: enlarged view in
hows the flow chart of the recycling of the AL-TENG. (g) VOC of the AL-

This journal is © The Royal Society of Chemistry 2023
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thermal stability, showing the great potential to replace widely
used petrochemical plastics (Fig. S14 and Table S1†).
3.4 The working principles and electrical performance of the
AL-TENG

Based on the excellent properties of the LB, high-performance
AL-TENGs can be prepared. The cross-sectional-view SEM
image of the AL-TENG sensor is shown in Fig. S15,† with LB in
the upper layer and C-LB in the lower layer. Fig. 4a shows the
working principle of the AL-TENG in single-electrode mode.
Taking PTFE as the free-moving object, when the PTFE contact
with the LB under an external mechanical force, negative
triboelectric charges are generated on the PTFE while positive
ones are generated on the LB (i). When the PTFE gradually
moves away from the LB, the potential difference between the
two surfaces will gradually increase, leading to an electron ow
from the ground to the conductive LB through the external
circuit (ii). This transient ow of the electrons continues until
the PTFE and LB are completely separated (iii). When the PTFE
approaches the LB again, the free electrons ow from the
electrode to the ground until the PTFE and LB are in contact (iv).
When the contact-separation motion between the PTFE and LB
is repeated, the alternative current will be formed continuously.
The potential distribution of the AL-TENG at different states
obtained by COMSOL simulation is shown in Fig. S16.† Fig. 4b
illustrates the electron cloud distribution and charge transfer
behavior of LB and PTFE at the atomic level, both prior to and
during contact. Prior to the atomic contact of the LB and PTFE,
their respective electron clouds remain separated without
overlap. The potential well binds the electrons and stops them
from freely escaping. Owing to the different valence band and
conduction band structures of LB and PTFE, the occupied
surface states in LB have higher energy than the unoccupied
surface states of PTFE (Fig. 4b(i)). Once the LB and PTFE
physically contact, the electron clouds overlap between the two
atoms to form an ionic or covalent bond. The initial single
potential wells become an asymmetric double-well potential,
and some of the electrons could transfer from LB's surface to
the surface of PTFE, leading to contact electrication
(Fig. 4b(ii)). Such electrons will not transfer back to LB even
aer LB and PTFE are separated, resulting in net positive elec-
trostatic charges on LB and negative electrostatic charges on
PTFE. Furthermore, the surface potential of LB before and aer
contact electrication with PTFE was examined using KPFM
(Fig. S17†).

To quantify the electrical output performance of the AL-
TENG, a commercial PTFE lm was used to produce the rela-
tive contact-separation movement with the TENG device (area, 2
× 2 cm2). Unless otherwise specied, LB lms are made from
poplar powder. At a contact pressure of 3.5 kPa, the AL-TENG
produced the output performance with an open-circuit voltage
(VOC) of 31 V, short-circuit current (ISC) of 0.2 mA, and charge
transfer amount (QSC) of 8 nC (Fig. S18a–c†). Meanwhile, to
evaluate the effective output power of the AL-TENG, the output
voltage was measured with different resistances applied as the
external load. As shown in Fig. S18d† under an external load
This journal is © The Royal Society of Chemistry 2023
resistance of 80 MU, the maximum peak output power density
of 10 mW m−2 can be achieved. To study the delay time of the
AL-TENG on external pressure, the VOC of the AL-TENG at
various frequencies wasmeasured. An increase in frequency has
nearly no effect on the VOC of the AL-TENG (Fig. 4c). As shown in
Fig. 4d, the output voltage of the AL-TENG only has a little decay
under 100 000 consecutive contact-separation cycles, demon-
strating its outstanding stability and durability. Fig. 4e shows
the relationship between the VOC and the input pressure from
0 to 30 kPa. As the contact pressure increases, the VOC increases
and nally saturates. When the applied pressure is in the low-
pressure region (<5 kPa), the AL-TENG exhibits high sensi-
tivity with excellent linearity. Once the pressure exceeds 5 kPa,
the pressure sensitivity drops, but still has good linearity. These
results reveal that the AL-TENG possesses superior electrical
performance and could have great potential in the self-powered
sensing eld.

Beneting from the good recyclability of the LB, the fabri-
cated AL-TENG can also be recycled and reprocessed, while
maintaining its electrical output performance. As shown in
Fig. 4f and S19,† the VOC and the ISC of the AL-TENG only have
a negligible change when reusing the LB ve times. The AL-
TENG can be sheared and mechanically stirred at its end-of-
life to obtain the uniform cellulose–lignin slurry for re-
application. Moreover, when using other kinds of the plant
(including wood, wheat straw, rice straw, corn straw, bagasse,
and bamboo) as raw materials, similar electrical output
performance could be observed, proving the universality of our
method for fabricating AL-TENGs (Fig. 4g and S20†).
3.5 Application of the AL-TENG in smart ward and medical
monitoring

Due to its good biodegradability and recyclability, the AL-TENG
has great application potential in self-powered disposable
medical monitoring. Fig. 5a illustrates the TENG-based self-
powered smart ward, which can utilize human motion to
control the electrical apparatus in the ward and monitor the
patient's status. The working mechanism of the self-powered
smart ward system is shown in Fig. 5b. When touching the
AL-TENG sensor array with human hands, it can convert the
mechanical energy into an electrical signal. Through WIFI
transmission and signal control, the facilities in the ward can be
remotely controlled by the patient. Fig. 5c–e exhibit the photo-
graph of the remote-control process of the intelligent appliance
system. By integrating multiple AL-TENGs in one control pad,
different control instructions can be simultaneously realized. As
shown in Fig. 5c, multiple AL-TENG sensing units are xed to
the acrylic support plate. The size of each unit is 2 × 2 cm2, and
the distance between two adjacent units is 0.15 cm. When
touching the self-powered control pad with the human nger,
an electrical signal is generated. Then, the electrical signal can
be wirelessly transmitted through the signal acquisition and
process system, which is composed of a circuit controller,
a relay, and a wireless transmitter (Fig. 5d). Aer receiving the
wireless signal, corresponding appliances could be accurately
controlled through the signal conversion and control system
J. Mater. Chem. A
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Fig. 5 Application of the AL-TENG in smart ward and medical monitoring. (a) Schematic diagram of the TENG-based self-powered smart ward.
(b) Schematic diagram of the self-powered smart ward system. (c)–(e) Demonstration photographs of the wireless control system based on the
AL-TENG: (c) AL-TENG sensor array, (d) signal control circuit, and (e) smart appliances. (f) Demonstration of the self-powered contactless
medical monitoring system. (g) and (h) Operating interface of the self-powered contactless medical monitoring system. (i) Screenshot of the
mobile phone showing the emergency calls and messages.
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(Fig. 5e). Movie S1† shows the operation of the lamp, curtains,
and air conditioner, which are remotely controlled by triggering
the AL-TENG sensing array with the human nger, demon-
strating the effectiveness and simplicity of our system.

Contactless monitoring systems that use disposable sensors
to monitor the health of patients with infectious diseases can
greatly reduce the risk of infection. The AL-TENG with recycla-
bility and degradability can be utilized as a self-powered
disposable tactile sensor, making it a good candidate for real-
izing contactless medical monitoring. Fig. 5f shows the self-
J. Mater. Chem. A
powered contactless medical monitoring system that can
realize health monitoring and emergency rescue, consisting of
the AL-TENG sensing module, signal control circuit, and
monitoring equipment. To simultaneously monitor and record
different symptoms of patients, the AL-TENG sensing array
containing 8 AL-TENG units is used (Fig. S21†). Fig. S22†
demonstrates the circuit boards of the signal acquisition, pro-
cessing, relay, and wireless transmission modules. The
enlarged view of the system interface is shown in Fig. 5g. When
touching the AL-TENGs representing different symptoms,
This journal is © The Royal Society of Chemistry 2023
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corresponding output voltage signals will be produced to record
the patient's health condition and displayed on the program
interface in real-time (Fig. 5h). If the patient needs medical
assistance, warning information will also be issued, and emer-
gency calls and messages can be wirelessly sent to specic
mobile phones via WIFI transmission (Fig. 5i). Movie S2†
demonstrates the real-time health condition monitoring
process, indicating the accuracy and reliability of our self-
powered medical monitoring system. Overall, these results
demonstrate the practicability of the AL-TENG in self-powered
disposable medical monitoring and reduce the risk of mutual
infection between doctors and patients.
4. Conclusions

In summary, we developed a strong, biodegradable, and recy-
clable all-lignocellulosic triboelectric nanogenerator for self-
powered disposable sensing in the medical eld. The lignocel-
lulosic bioplastic with excellent mechanical strength, process-
ibility, and biodegradability was prepared using a facile in situ
lignin regeneration & crosslinking modication method.
Combined with the simple roll-to-roll manufacturing process,
the LB is also easy for large-scale production. More importantly,
the AL-TENG has a low environmental impact since it can be
recycled for reuse and biodegraded in the natural environment.
As demonstrated, the AL-TENG is adopted to construct a self-
powered self-powered smart ward system to improve the
convenience for patients. Furthermore, a self-powered contact-
less medical monitoring system was also realized for remotely
monitoring the health condition of patients and reducing the
risk of cross-infection between patients and medical staff. This
recyclable and green manufacturing approach for fabricating
AL-TENGs provides new opportunities for the development of
the environmentally-friendly and cost-effective disposable
medical sensing industry.
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