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ARTICLE INFO ABSTRACT

Keywords: Flexible and body-compliant devices -based on eco-friendly materials represent one of the most challenging
Wearable. needs to monitor human health continuously and seamlessly, while reducing the environmental burden of
glom?tegi].s electronic waste. In this respect, biomaterials are the preferred choice to develop sustainable wearable and
ustainability implantable systems thanks to their advantages over most synthetic materials: Biocompatibility, biodegrad-
Bioelectronics e . . . . . . . .

Sensors ability, tailored and reversible adherence to tissues, and low environmental footprint. In this review, the focus is
Energy on flexible bio-mechanical sensors and body energy harvesters based on sustainable active materials and, in

particular, on their performance analysis related to different healthcare applications. Thus, the applicability
potential of biomaterials extracted from bio-sustainable sources is critically discussed in the framework of
developing the next generation of fully sustainable and portable health monitoring systems. © 2024 Elsevier Inc.
All rights reserved.

1. Introduction

The development of wearable and mobile technologies, enhancing
the functionalities of bio-signals detection in personal healthcare sys-
tems, is receiving increasing interest. Indeed, personal health-
monitoring technologies are increasingly in demand, especially as the
population ages, allowing more effective medical assistance to the
elderly and infirm people. Moreover, they enable real-time monitoring,
allowing early diagnostics, protecting patients with chronic illnesses

from severe harm or regulating professional athletes’ activities, thus
contributing to the enhancement of the public health system.

Modern personal health-monitoring devices based on portable,
flexible, and wearable designs have been developed to detect physio-
logical and vital signs, including heart rate, blood pressure, respiration
rate, and local body temperature. They are usually shaped as medical
devices, smart eyeglasses and eyewear, wristbands, smart clothing, and
watches [1-3]. Biological signals produced by the human body, repre-
senting the electrical, chemical, and mechanical activities during

Abbreviations: BC, Bacterial Cellulose; BaTiO3, Barium Titanate; BDO, Butanediol; CMC, Carboxymethyl Cellulose; CNT, Carbon Nanotubes; CNC, Cellulose Nano
Crystals; CNF, Cellulose Nano Fiber; CMFs, cellulose microfibers; FF, Diphenylalanine; ECG, Electrocardiogram; FEP, Fluorinated Ethylene Propylene; HZTO,
H,(Zr0.1Tig.9)307; IA, Itaconate; PZT, Lead zirconate titanate; LED, Light Emitting Diode; MWCNT, Multi Walled Carbon Nanotubes; MTP, MXene-coated tissue
paper; NGs, Nanogenerators; PEG, Piezoelectric generators; PDLA, Poly(D-Lactic Acid); PLLA, Poly (L-Lactic Acid); PVDF, Poly (Vinylidene Difluoride); PCL, Poly
Capro-Lactone; PDMS, Poly Dimethyl Siloxane; PEN, Poly Ethylene Naftalate; PVA, Poly Vinyl Acetate; PEDOTS:PSS, Poly(3,4-ethylenedioxythiophene) polystyrene
sulfonate; PHBV, Poly(3hydroxybutyrateco-3-hydroxyvalerate); PLGA, Poly(lactic-co-glycolic acid); PBLG, Poly(y-benzyl-o,L-glutamate); PAM, Polyacrylamide; PAA,
polyacrylic acid; PANI, Polyaniline; PLA, Poly-lactic acid; PVC, Polyvinyl chloride; KNN, Potassium sodium niobate; SA, Sebacate; SCL, Silkworm cocoon layer; SF,
Silk fibroin; AgNWs, Silver nanowires; SAlg, Sodium Alginate; TENG, Triboelectric nanogenerators; WSN, Wireless sensor network; ZnO, Zinc Oxide.

* Corresponding author at: Center for Biomolecular Nanotechnologies, Istituto Italiano di Tecnologia, Arnesano 73010, Italy.

E-mail address: massimo.devittorio@unisalento.it (M. De Vittorio).

1 These authors equally contributed to this work.

https://doi.org/10.1016/j.nanoen.2024.109336

Received 31 October 2023; Received in revised form 13 December 2023; Accepted 23 January 2024

Available online 26 January 2024

2211-2855/© 2024 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


mailto:massimo.devittorio@unisalento.it
www.sciencedirect.com/science/journal/22112855
https://www.elsevier.com/locate/nanoen
https://doi.org/10.1016/j.nanoen.2024.109336
https://doi.org/10.1016/j.nanoen.2024.109336
https://doi.org/10.1016/j.nanoen.2024.109336
http://crossmark.crossref.org/dialog/?doi=10.1016/j.nanoen.2024.109336&domain=pdf
http://creativecommons.org/licenses/by/4.0/

G. de Marzo et al.

Energy harvesting

Pulse pressure

Nano Energy 123 (2024) 109336

Ha. Cellulose
o

p P @ Hydroxyls
® Aluminum

Alglnate

\ OH
.o o4
HO
o OHJ,,
P

Fig. 1. Sustainable, body-compliant devices made of biocompatible and eco-friendly materials can help monitor physiological parameters or harvest body energy. On
the left side, the focus is on the wearable and flexible devices that can conform to the body and monitor physical strains such as hearthbeat, muscle contraction, pulse
pressure and plantar pressure, or harvest energy from body movements. On the right side, the nature-derived biomaterials extractable from numerous renewable
sources: Cellulose from leaves, clay from volcanos, alginate from algae, silk fibroin from silkworms and chitosan from crustaceans exoskeleton, to cite few, can be

adopted to develop a new class of environmentally-sustainable electronic devices.

various local and global biological events contain crucial information
about the individual’s physiological status and potential clinical cues of
upcoming or undiagnosed diseases.

Electronic devices that can adapt to curved surfaces of biological
tissues and handle their significant deformations are necessary for
physiological parameters assessment. Considerable efforts have been
made to design skin-attachable health monitoring sensors featuring high
flexibility, lightweight, and ultra-low thickness, as well as enhanced
sensing performance and functionality with multiple bio-signals detec-
tion (in a single sensing unit rather than in highly complex combined
sensors). This has been achieved by developing nano-/micro-scale ar-
chitectures of organic, inorganic, and hybrid materials [4-9].

Moreover, a paradigm shift toward the choice of nature-derived
materials has been imposed by the necessity to promote sustainable
materials and material processing. Thus, the advancement of biode-
gradable alternatives to conventional devices has been the focus of
several research studies, mainly driven by the rising demand for
degradable electronics that make use of safe, affordable, mass-produced
disposable materials to create cutting-edge biodegradable, bio-
resorbable, or transient devices. This means that the choice of sustain-
able materials from green sources allows for accomplishing numerous
tasks toward the circular economy practice, from the adoption of
renewable resources to the shortening of the supply chain and the
reduction of the devices’ ecological footprint at their life end, see Fig. 1.
Moreover, nature-derived materials are typically biocompatible, further
supporting their application as compliant and skin-safe devices that can
seamlessly interact with the patient or be implanted and degrade
without the need for any removal surgery. Although great strides have
been made in developing non-invasive mobile and wearable devices
with synthetic materials capable of conforming to the human body’s soft
and curved surfaces, they are somewhat stiff and not fully compatible
with the skin. Nature-derived materials are usually intrinsically
compliant, however, they typically require non-negligible efforts to let
them reach the performances of state-of-the-art synthetic ones [10-13].

The frequency of chronic diseases, the rise in the elderly population,
the simplicity of accessing personal health records, the real-time moni-
toring of health conditions, and the cost-effectiveness of portable med-
ical devices are all factors driving the demand for their use in healthcare.
The widespread use of implantable and wearable medical devices has

also been made possible by recent developments in front-end electronics
and wireless communications for bio-signals post-detection stage [14,
15], allowing continuous monitoring of quantitative, high-quality
measurements of clinical data [11,16-18]. While big data, artificial in-
telligence, and flexible electronic technology are being promoted by the
development of portable and wearable devices [19,20], on the other side
energy availability is a significant barrier to their deployment. For
instance, the power consumption of a pacemaker is ~1 pW, an electro-
cardiogram (ECG) sensor ~2.8 pW, a wireless intraocular pressure
monitoring device ~5.3 nW, a wireless sensor network (WSN) ~71 nW,
a chest patch ~0.96 mW, to cite few [21]. The energy supply of current
electronic devices and equipment relies mainly on rechargeable batte-
ries, whose inherent rigidity limits the general flexibility of the entire
system. Moreover, batteries’ short lifetime reduces and limits the func-
tioning of the wearable systems and the degree to which mobile devices
are used, as well as their potential environmental contamination issues
are also in conflict with the goals of sustainable development [22]. As a
result, several efforts have been made to investigate brand-new and
renewable energy sources that are safe for the environment and, at the
same time, make wearable systems a self-powered and sustainable
technology. In this respect, Body Energy Harvesters (BEH) can extend
the lifespan of the battery, offering a long-term power source or even
replacing it. Thermoelectric generators (TEG), triboelectric nano-
generators (TENG), and piezoelectric nanogenerators (PENG) are typical
examples of environmental energy harvesters that can be potentially
applied to wearable devices. Mechanical, thermal, chemical and solar
energies are potential sources and, nowadays, different technologies
have been developed to exploit and convert them into electrical ones.
Also, in this case, the environment can offer numerous highly sustain-
able paths to develop completely green systems. Furthermore, to ensure
portability, it is fundamental to develop flexible BEHs that can seam-
lessly interact with the biological tissue, matching all the biocompati-
bility requirements.

The increasing research on sustainable wearable sensors and body
energy harvesters has fostered the development of systems that combine
both technologies. Indeed, this trend is proven by the necessity to offer
seamless, highly portable and energetically autonomous monitoring
platforms able to remotely assist patients over long periods, avoiding the
presence of bulky instrumentation. In this respect, people suffering from
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Qualitative analysis of the biomaterials compared to synthetic polymers and ceramics.

Class of active List of materials Fabrication Scalability  Flexibility = Biocompatibility = Sustainability = Ref.
material
Biomaterials Rose petal, leaves, PLLA, glycine, Drying, coating, freeze- Good Excellent Excellent Excellent [28-35]
chitosan, cellulose, wood, gelatine, drying, electrospinning,
silk, chitine casting, spin coating
Synthetic polymers PAA, bisacrylamide, polyurethane, Electrospinning, casting, Good Excellent Good Poor [36-40]
PVDF melting stretching, thermo-
assembly
Synthetic ceramics Guanidinium perchlorate, ZnO, PZT, Coating, embedding Excellent Poor Poor Poor [41-46]
PET, PDMS
Composite PBLG/PDMS, Silk/PVDF, PANI/ Electrospinning, casting, spin- Good Excellent Excellent Good [47-51]
biomaterial/ cellulose/chitosan, PVDF/chitin, PVA/ coating, freeze-drying,
synthetic alginate/cellulose/CNT, carbon black
polymers
Composite Cellulose/MoS,/BatiOs, PZT/ Casting, freeze-drying, Excellent Good Good Poor [52-56]
biomaterial cellulose, Strontium/collagen, MXene/  electrospinning
/synthetic cellulose, silk/MXene

ceramics

cardiovascular diseases, one of the most spread pathologies in the world,
would exploit the possibility for a non-invasive, remote, real-time and
continuous monitoring of the heart rhythm, triggering a rapid prediction
and resolution in case of heart failure [23] [24]. Furthermore, the
monitoring of the respiration rate, combined with heart pace detection,
gives important information on conditions like asthma, sleep apnea and
chronic obstructive pulmonary disease. It also helps checking the health
status of infants, providing a fast response in emergency cases [25]. By
real-time monitoring, it is also possible to check swallowing disorders in
a non-invasive way[26]. Moreover, comfort during the acquisition of
physiological parameters gains particular importance during the moni-
toring of athletes’ activity and post-operative rehabilitation. For these
cases, the employment of portable systems represents the most efficient
solution to check the subject under real conditions [27].

Within this rapidly growing and multifaceted scenario, this work
aims to provide a critical and comprehensive overview of nature-derived
materials for developing flexible and compliant wearable sensors as well
as BEHs, driving the sustainability change toward the next-generation
biomedical applications. The first generation of wearable devices, pri-
marily designed to exploit specific physical phenomena for sensing, is
now in the throes of scientific maturity. Indeed, many of them are ready
to be marketed or are already commercially available. Nevertheless, we
emphasize the ongoing development of a second generation of sustain-
able and biocompatible wearables. The materials most widely used in
wearables can be classified as natural materials, biopolymers, synthetic
polymers and inorganic materials. In this respect, selecting materials
derived from biological resources with specific functional properties is
critical to moving toward fully biocompatible and sustainable devices.
Table 1 summarizes some of the main properties of the materials used in
wearables. Furthermore, technologies and sensing mechanisms will be
thoroughly described to achieve a detailed classification of wearables
according to the range of applications, the measured parameters and the
typical processed material form used to implement the sensing element.
This analysis will help to underline the connection between sensors and
BEHs for developing the next generation of self-powered sensing wear-
able devices based on sustainable material.

The review is organized as follows. Section 2 displays the specific
features of nature-derived materials. Section 3 describes the main
developed sensors based on the mostly-used sensing mechanisms for
body-compliant systems that continuously monitor human physiological
parameters exploiting nature-derived materials. Piezoelectric, tribo-
electric, piezoresistive, piezocapacitive and hybrid mechanisms are
discussed in the same section. Afterward, Section 4 reports a survey of
the BEH devices, mainly based on piezoelectric and triboelectric trans-
duction mechanisms, that can be integrated into the human body. The
section discusses the solutions adopted to convert body movements and

vibrations into electric energy for the power supply of the sensing units.
Section 5 reports on implantable systems made of BEH and sensors and
their unique properties when developed with nature-derived materials.
Furthermore, Section 6 reports a comprehensive comparative analysis of
the reported technologies correlating sensing and energy harvesting
mechanisms with the processed material form (e.g. textile, thin film,
etc.), including the key performance parameters. Finally, Section 7 re-
ports the conclusions and outlooks.

2. Nature-derived materials

The shift toward the use of nature-derived materials to develop de-
vices for the healthcare field is becoming more and more evident
through the last years, driven also by the global environmental crisis.
Indeed, the necessity to reduce electronic waste is of paramount
importance and biodegradable materials with low carbon footprint
represent one of the solutions to this serious issue. Moreover, the
exploitation of these innovative materials brings additional value when
employed in the biomedical environment due to their characteristics of
bioresorbability and biodegradability shown when implanted or used on
the skin. These materials display their best potential when adopted in
devices for disposable or bioresorbable applications. Indeed, most of
them are characterized by a polymeric structure that permits numerous
chemical modifications, allowing also to tune their biodegradation
based on stimuli such as temperature, pressure, pH, or after a specific
time interval [57]. In particular, for implantable systems, their biode-
gradability helps to avoid further surgery to remove the device,
improving the lifestyle of patients and reducing the burden of costs for
the healthcare system. On the other side, thanks to structural modifi-
cations or by using barrier protective coatings, nature-derived materials
can be modified to last for years, enabling their employment for
long-term applications. Additionally, they can be easily disposed and
replaced by a new device without significant environmental issues. Such
versatility in biodegradation is typical of nature-derived molecules, an
aspect that is much less likely to be reached with conventional and
non-degradable materials [58]. In this section, a description of the
unique properties of nature-derived materials, divided into four cate-
gories, is presented: i) polysaccharides, ii) proteins or peptides, iii)
synthetic polymers and iv) combined materials.

2.1. Polysaccharides

Polysaccharides (PSs) are a class of biological macromolecules,
consisting of units of monosaccharides such as glucose, linked by
glycosidic bonds to form linear or branched chains. They are classified as
homopolysaccharides or heteropolysaccharides depending on the nature
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of the monomers in the chain of the polymer. Among them, cellulose, a
linear homopolysaccharide consisting of p-D-glucose units formed
through 1-4 glycosidic bonds, is the most abundant organic polymer on
the planet being an important structural component of the primary cell
wall of plants and it is the main component of the lignocellulose biomass
[59]. This natural polymer possesses interesting properties like biode-
gradability, biorenewability and low costs of production. Additionally, it
offers chemical, physical and mechanical properties tunable from the
macroscale to the nanoscale, which find well-assessed applications in
paper, food, cosmetic and pharmaceutical industries. Thanks to nano-
technological advances, physical and chemical treatments and bioen-
gineering methods, it is possible to obtain cellulose and cellulose
derivatives can be obtained in different forms, including
nanocellulose-based materials (e.g. paper, films, membranes, aerogels),
nanocrystals and nanofibers, composite fibers and composite films.
Recently, plant and bacterial cellulose has been exploited for the
development of a new class of devices such as sensors and energy har-
vesters due to their inherent dielectric properties and the electroactive
behavior of nanocrystals, nanofibres and biosynthesized bacterial cel-
lulose. Moreover, cellulose materials exhibit inherent biodegradability
(with enzymatic hydrolysis and compostability) depending on crystal-
linity under both anaerobic and aerobic environmental conditions.
Alginate is a linear heteropolysaccharide composed of f-D-mannuronic
acid and a-L-guluronic acid linked by 1-4 glycosidic bonds [60]. This
natural copolymer is widely distributed in the cell wall of brown algae,
including Laminaria and Ascophyllum species and represents the most
abundant marine biomass. Chemical and biochemical treatments
enabled the synthesis of modified alginic acid derivatives with tailored
properties such as solubility, hydrophobicity, affinity for specific pro-
teins and pH sensitivity. The main applications of alginate are in phar-
maceuticals, food, biomedical and engineering fields including wound
healing, drug delivery and scaffolding due to its biocompatibility,
biodegradability, nontoxicity, non-immunogenicity and antimicrobial
nature. It possesses gelling and film-forming properties, self-healing
ability and key rheological properties, including stretchability,
self-healing ability and 3D printability. Additionally, it is a triboelectric
material with high transparency, thus allowing it to be a promising
candidate for flexible, transparent, and transient wearable electronic
devices. While alginate cannot be digested by mammals, due to the lack
of specific enzymes for the degradation process, several methods such as
physical, chemical and bio-enzymatic can be used to control its degra-
dation in the environment [61]. Pectin is one of the polysaccharides that
constitutes the cell walls of higher plants. It has a complex linear het-
erostructure containing D-galacturonic acid residues substituted by
methyl and acetyl groups linked by (1—4) linkages. Pectins are white,
amorphous, complex carbohydrates that occur in ripe fruits like
peaches, apples, plums, and citrus and certain vegetables, and they are
also available as a by-product of fruit juice, sunflower oil and sugar
manufacturing. Thanks to their broad availability, pectins are good
candidates as raw sources for environmentally friendly materials. Pectin
is well-known for its use in the gelling of solutions (jams and jellies) and
for its application in film formation, however, it is also characterized by
a wider range of uses because of its biodegradability and biocompati-
bility. Its main applications are in the biomedical field for its pro-biotic
behavior in humans or for the controlled delivery of exogenous nutra-
ceuticals, as well as drug delivery, wound healing, cancer therapy and
scaffolding. Pectin has been exploited in piezoelectric sensors and en-
ergy harvesters being a key component in bio-wasted fruit membranes
[62] and composites. The biodegradation of pectin is performed by a set
of enzymes generically called pectinase, a group of enzymes that cata-
lyzes the degradation of pectin by hydrolysis, trans-elimination, as well
as de-esterification reactions [63] Starch is a natural-derived poly-
saccharide that can be abundantly harvested from the roots, stems, and
seeds of rice, corn, wheat, cassava, potatoes, and other crops [64]. It is a
heteropolysaccharide consisting of linear amylose, linked by o-1,4
glycosidic bonds providing good extensibility, and branched
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amylopectin, linked by a-1,4 glycosidic bonds in the backbone and a-1,6
linkages at the branched points. Wheat starch has numerous physical,
chemical, and functional properties of technological interest, including
good water solubility, gelatinization, high-temperature adhesive
behavior, and easy modification. It has several food applications
because it can improve texture and mouth feel or provide adhesion,
structure, moisture control and/or thickening. Further, due to its
exceptional transparency and flexibility, it can be used in transparent
and flexible electric and electronic devices, being also a triboelectric
negative material. Starch is degradable in water and soil without toxic
residues thus being regarded as an environmentally friendly material
[65]. Chitin, a linear homopolysaccharide composed of repeating p(1,
4)-N-acetylglucosamine units, is the second most abundant poly-
saccharide in the world. Chitin exists in the shells of arthropods such as
crabs, shrimps, and insects and is also produced by fungi and bacteria
[66]. Therefore, it can be extracted in large amounts from food indus-
trial waste, representing an ideal candidate in a circular economy
perspective. Chitin is a rigid and crystalline polymer, thus contributing
to its strength and insolubility in water at neutral pH. Owing to its
unique biochemical properties such as biocompatibility, biodegrad-
ability, non-toxicity, ability to form films, etc., chitin has been adopted
in many biomedical applications including polymer scaffolds, drug de-
livery, wound dressings, tissue engineering, antiaging cosmetics, anti-
microbial agents, and vaccine adjuvants. Recently, this biomaterial,
being an electroactive biopolymer and a triboelectric material, has been
exploited for sensing and energy harvesting. The degradation of chitin in
nature is mostly performed by bacteria. Chitosan is the main derivative
of chitin, it is obtained by enzymatic or alkaline chemical deacetylation
at a minimum of 60% and displays interesting antibacterial and anti-
oxidative properties. The substitution of acetylic groups with amino
groups is responsible for the increased hydrophilicity of chitosan
compared to chitin. Moreover, the amino group is exploited for the
chemical functionalization of the polymer to acquire further properties
and to enlarge its application areas, spanning from industrial, to phar-
maceutical and medical applications. Chitosan can be physically
degraded through different techniques based on ultrasound, plasma,
microwaves, etc. [67]. Moreover, it can be enzymatically biodegraded
by the human body, mainly thanks to the activity of lysozyme, but also
thanks to the bacterial enzymes present in the intestinal tract, such as
chitosanase and chitin deacetylase [68]. Furthermore, it was demon-
strated that chitosan can degrade in the environment in a period that
goes from 7 to a maximum of 10 days, confirming its low carbon foot-
print [69].

2.2. Proteins and peptides

Among natural molecules, proteins and peptides are good candidates
for the synthesis of natural polymers whose units are amino acids
repeated up to thousands of times. The general molecular structure of an
amino acid consists of an amino group (—NH2), a carboxyl group
(—COOH) and a side chain (R) typical of each amino acid. Natural
proteins contain 20 different types of amino acids and they can be
categorized in a variety of ways, such as: i) their role as an enzyme or
structural element; ii) their external form, such as globular or fibrillar
protein; iii) whether or not they are attached to other biomolecules, such
as lipids or sugars or as a host for other ligands. Proteins and peptides
can be easily obtained as waste products or by-products from the hor-
ticultural and agricultural sectors. Chemical and enzymatic hydrolysis is
the most important process for the degradation of proteins and peptides
[70]. The most basic (and sole achiral) protein-genic amino acid is
glycine, which crystallizes into three distinct forms: «, p, and y. While o
structure is centrosymmetric, p and y forms are non-centrosymmetric
and therefore display piezoelectricity. Glycine is one of the several
so-called non-essential amino acids, obtained by the hydrolysis of pro-
teins. It was among the earliest amino acids to be isolated from gelatin
(1820), but it can be largely found also in silk fibroin [71]. Since
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peptides are short chains of amino acids, they have similar structural
and functional characteristics. Their larger size and additional func-
tional groups in peptides introduce more complex intermolecular in-
teractions than between amino acids and thus lead to different
self-assembly phenomena in the molecular order which translate into
different material performance. Diphenylalanine (FF) is one of the most
studied peptides due to its simple structure [72]. FF can often
self-assemble into nanostructure in the form of nanowires and nano-
tubes, propelled by solvent-mediated forces, electrostatic forces, inter-
molecular hydrogen bonding, and = — n stacking [73,74]. When an
external electric field is applied during the self-assembly process, the
polarisation direction of FF nanostructures can be manipulated [75].
Collagen is the primary component protein of skin, tendons, cartilage,
bones, and tissues in general and it plays a major role in the structure of
vertebrates and invertebrates. It belongs to a superfamily of extracel-
lular matrix proteins which includes 28 known types of collagen, clas-
sified as fibrillar or nonfibrillar collagen. Fibril-forming collagens
include types I, II, III, V, and IX, however, collagen type I represents
about 80% of total collagen and it is found in abundance in the human
dermis. The molecular structure of collagen is defined by three poly-
peptide a-chains (1000 amino acids). This spiral triple helix
self-assembles through extensive hydrogen bonding of amine and
carbonyl functionalities and packs into a quasi-hexagonal lattice of
crystalline fibrils. Under mechanical stress, the displacement of
hydrogen bonds redistributes dipole moments toward the longitudinal
axis of collagen molecules, thereby inducing permanent polarization
[76]. Both chemical and enzymatic hydrolysis can be used to extract
collagen [77]. Although biological processes involving enzymes are
more promising, chemical hydrolysis is typically largely employed in
industry [78]. Gelatin is derived from animal tissue and, in particular,
from pig skin (46%), bovine hides (29.4%), and pig and cattle bones
(23.1%); less than 1.5% of all gelatin comes from fish [79]. Gelatin is
produced by the partial hydrolysis of collagen, which represents
85-92% of this biopolymer. The gelatin-making process gives two types
of gelatin, A and B, produced from acid and alkaline pre-treatments,
respectively [80]. Under physiological conditions, gelatin degrades
quickly in two weeks [81]. Chemical crosslinking is one of the possible
ways to increase the stability of gelatin [82]. Glutaraldehyde (GLA) is
one of the most popular crosslinkers used to crosslink gelatin because it
reacts quickly with the amine groups in gelatin [83]. However,
cross-linked gelatine is biodegradable and decomposes within a month.
Enzymatic and hydrolytic degradation are the fundamental processes for
the degradation of gelatin [84], enabling reduced processing times and
waste. Silk fibroin is a naturally occurring fibrous protein secreted by the
silkworm Bombyx mori (B. mori) and several species of spiders. Silk
fibroin is composed of amino acids such as glycine, alanine, and serine in
different percentages [85]. The structure of silk fibroin is composed of a
heavy (H) chain polypeptide and a light (L) chain polypeptide joined
together by the creation of the H-L complex. The H chain, which can
form B-sheet crystallites with a monoclinic unit cell, is responsible for
the superior mechanical properties of silk fibroins; the L chain plays a
minor role in this process [86]. Since the majority of proteases act
outside of the p-sheet regions, in general, an increased p-sheet content
reduces silk degradation [87].

2.3. Synthetic polymers

Nature is also a great source of molecules that, in their monomeric
form, can be combined with other molecules by synthetic approaches to
obtain polymers with diverse and tunable features. This is the case of the
lactic acid (2 hydroxy propionic acid) that can be extracted from
numerous sources such as corn, sugar beet, starch and soy protein thanks
to an eco-friendly fermentation process. It is characterized by two ste-
reoisomeric forms, the dextrorotatory L (+) and the levorotatory D (-)
that can be polymerized by ring-opening polymerization or poly-
condensation in its polymeric form of poly-lactic acid (PLA). By
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combining the different monomers or further molecules, such as glycolic
acid, different polymeric and co-polymeric forms are obtained other
than such as poly (D-lactic acid) (PDLA), poly (L-lactic acid) (PLLA) and
poly(lactic-co-glycolic acid) (PGLA). PLA has a semicrystalline struc-
ture, but by changing the monomeric composition it is possible to tune
the properties of the material like crystallinity and biodegradation time.
Indeed, PLA is a biodegradable material that can be absorbed into the
human body and become an important metabolite for cellular processes
in several tissues such as the brain and muscles. It can be absorbed
generally in a period that spans between 40 weeks and 6 years, but this
can be modified by selecting the appropriate molecular proportions.
Therefore, based on the desired activity of the device PLA-based mole-
cules can be implanted for years as well as decompose in a shorter
amount of time [58]. Moreover, the industrial degradation of PLA and
its derivatives produces carbon dioxide and water, which can be in turn
employed for photosynthetic processes to grow further vegetable sour-
ces, framing the whole process in the circular economy view [88].
Sebacate is a recurrent monomer in the development of active materials
for sensing and energy-harvesting applications. It is coupled to lactic
acid, itaconate (IA) and butanediol to obtain elastomeric materials with
biodegradation properties. Sebacate is obtained by sebacic acid, a linear
fatty acid with ten carbons ending at both sides with carboxylic groups.
It is extracted by castor oil which in turn is obtained by a largely diffused
castor oil plant, mainly available in India, East Africa, China, Northwest
and Southwest Asia, and the Arabian Peninsula. The extraction of se-
bacic acid from castor oil can follow different routes, including a
biotechnological green approach that is more selective than the common
chemical methods. However, this route suffers from a scarce yield of
products obtained and, therefore, requires further optimization. The
polymers obtained with sebacic acid are moisture-proof, with elastic and
thoughness properties similar to the plastic, of particular interest for
numerous applications such as cellular scaffolds for tissue engineering
[89]. Itaconic acid has gained considerable attention during the last
decades due to its potential to substitute petroleum-based polyesters. It
is formed by two carboxylic acid functionalities and an o,p-unsaturated
double bond that makes this molecule attractive as a possible precursor
for numerous chemical modifications. It is massively produced by
following a green fermentation process starting from polysaccharides,
and it easily finds application in various fields from drug delivery to
material engineering [90]. Sebacate, lactate and itaconate were selected
and coupled to biotechnologically-obtained butanediol to develop a
biodegradable and stretchable polyester that demonstrated degradation
in vitro in PBS at 37 °C over 30 days. The possibility of obtaining an
elastomer that combines the elasticity and strength of synthetic elasto-
mers with biodegradability opens new possibilities in the development
of sustainable materials [91]. Poly(y-benzyl-a, L-glutamate) is an
emerging material due to its interesting mechanical properties and its
biodegradability. It is approved by the FDA and shows a period of
biodegradation in vivo between 8 and 12 weeks. Moreover, a product of
its degradation is an important amino acid that regulates numerous
functions of the human body [92]. Moreover, plants do represent a rich
source of other molecules with interesting properties, such as tannins.
They belong to the class of polyphenols and can be extracted from
almost every part of plants, such as leaves, wood, roots, seeds and bark
due to their role in the protection from fungi and bacteria. Thanks to
their ability to easily interact with proteins, tannins can develop strong
non-covalent bonds with numerous molecules. This aspect allows to
employing tannins as plasticizers or as additives to develop strong ad-
hesive materials. Moreover, this molecule finds application in several
fields spanning from the industrial to the medical sector [93].

2.4. Combined materials
Natural biopolymers extracted from eco-friendly natural bio-waste

can be used to enhance the sensing abilities of biocompatible poly-
mers and to design biocompatible, flexible, wearable, and piezoelectric
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materials for green energy harvesting and biomedical applications [94].
They are characterized by a combination of the aforementioned cate-
gories of materials, thus made by polysaccharides, proteins, fats and
monomeric molecules. A typical example is cellulose, the most abundant
macromolecule available in plants and in the lignocellulosic waste
derived from agriculture. Plant-based sources include rose petals [28],
root bark [95], wood [32,96,97], cotton [98,99], leaf [28,29], onion
skin [100], laver [101] and diatom [102,103]. Such natural materials
can be used in two ways to create flexible pressure sensors: i) they, or
part of them, can be encapsulated or added to a polymer matrix to
enhance mechanical strength and structural properties; ii) they can be
used as a template to reproduce the hierarchical cellular structure of
plants. Crystallin cellulose fibrils framed in plant cell walls create a 3D
network of interconnected patterns that provides superior structural
stability, excellent surface coverage, and efficient thermal and electrical
energy distribution. The fibril components, normally cellulose, hemi-
cellulose and lignin in varying amounts, have different decomposition
temperatures: Cellulose starts degrading around 315 °C, while hemi-
cellulose at 220 °C and lignin at 160 °C [104].

Wheat [105] and rice [106] are cultivated worldwide, and they
contain starch, proteins, and lipids. Starch is the major component and
consists of a mixture of amylose and amylopectin, where amylose in-
fluences the packing of amylopectin into crystallites and the organiza-
tion of the crystalline lamella within starch granules. These granules can
absorb water and gel, resulting in strong adhesion and providing a good
bio-electrochemical environment for efficient ion transport. This allows
the production of free-standing thin films that are thermoelectric, flex-
ible, water-repellent, and biodegradable. Starch degradation begins at
around 280 °C with the condensation between hydroxyl groups and
starch chains, followed by the release of water molecules [107].

Zein [108], gluten, keratin [109] and collagen [110] are proteins
derived from animal and plant biomass of the food and agriculture in-
dustry. Zein (corn), and gluten (wheat) are currently used in the food
packaging industry, and due to their sticky and flexible characteristics,
they can be potentially used for health applications and e-skin sensors
fabrication. Zein is a byproduct of the bioethanol industry and is widely
studied for biomedical applications. All zein fractions are amphiphilic
and exhibit piezoelectric properties due to their 3D crystal structures
formed by various chemical bonding states. Gluten is a material that is
typically obtained from wheat flour. It is made up of glutenin and
gliadin, which are intertwined and folded together in a network created
through the crosslinking between protein and water. The unique
viscoelastic and tensile properties of wheat gluten make it a
cost-effective biodegradable polymer that can be used to create flexible
films.

Keratin and collagen are two essential proteins that are present in
various parts of an animal’s anatomy, including feathers and shells.
These proteins play a crucial role in maintaining the structural integrity
of the animal’s body. Keratin is a fibrous protein that forms the primary
structural component of hair, nails, and feathers. Chicken feathers [109]
comprise 90% keratin characterized by an elastic a-helix and B-sheet
structure interconnected to each other by intra- and inter-molecular
hydrogen bonding, which causes the development of electrical dipoles
and remarkable mechanical strength also due to the presence of disul-
fide bonds. Feather keratin is biodegradable, biocompatible and has
potential for use in biomedical applications. Collagen is a protein that
provides strength and elasticity to the skin, tendons, and bones. The
inner eggshell membrane is made up of several types of fibrils and is
composed of proteins such as collagen (types I, V, and X), osteopontin,
and sialoprotein. Both the outer and inner membranes consist of inter-
woven protein fibers, with the inner membrane being thicker and more
compact. The hydrogen bonding between various micro-fibrils and
proteins induces polarization under external pressure, making it an
excellent candidate for capacitive pressure sensing applications. Un-
derstanding the distribution and function of these proteins in different
animal tissues is essential for developing new materials and therapies for
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various biomedical and industrial applications.

Another interesting class of materials is biocomposites which can be
created from the combination of nanometric inorganic solids, such as
clay, silica, and biopolymer. These materials have attracted great in-
terest due to their properties, such as high strength, flexibility and
biodegradability making them suitable for a variety of biomedical ap-
plications [111]. Nanoclays are a type of tiny particles that are
composed of layered mineral silicates. These particles are characterized
by unique anisotropic plate-like structures, which are approximately
1 nm thick and 100 nm in diameter. Their combination with biopolymer
showed an increment of melting temperature and crystalline rate [112].
This makes them useful in a wide range of applications, such as in the
manufacturing of composites, coatings, and other materials. Bioinspired
piezoelectric and triboelectric materials can be created using organic
piezoelectric nanomaterials. Phages, which are protein structures con-
taining DNA or RNA genomes, can be simple or complex in structure
[113]. When phages are aligned in a single direction, they can produce
decent piezoelectricity. By vertically aligning the rod-shaped M13
bacteriophage, nanostructures with significantly improved piezoelec-
tricity were achieved through unidirectional polarization.

3. Sensors
3.1. Piegoelectric sensors

The direct piezoelectric effect consists of generating a charge sepa-
ration upon applying a mechanical stimulus for materials with intrinsic
non-centrosymmetry. This effect was extensively exploited in the past
years to develop sensors able to convert mechanical stimuli into elec-
trical signals. Moreover, such devices do not require a power supply,
boosting their portability and sustainability. Nature provides several
materials exhibiting piezoelectricity [114]. On the other hand, thanks to
tailored modification of the molecules, it is possible to add further
functionalities according to the needs of each specific type of sensor. In
this context, an example was presented by the group of Sun [32] who
developed an innovative piezoelectric material obtained by the
delignification of balsa wood. Thanks to a green chemical approach,
they removed lignin and hemicellulose, obtaining an ordered and
porous structure made of crystalline cellulose. Such material is
completely biodegradable in a few weeks and shows a 130-fold
compressibility compared to native wood. The developed flexible de-
vice exhibited high stability under repeated cycles of compressions at a
pressure of ~13 kPa and was adapted to body parts to sense finger
bending. The authors also proposed it for applications in energy har-
vesting by placing an array of sensors onto the floor or tables to capture
energy from steps or finger tapping.

PLA has gained the attention of numerous research groups due to its
natural origin. Derived from starch, it shows biodegradability, flexibility
and good piezoelectric characteristics, therefore enabling its adoption in
numerous devices. As a first example, Zhukov’s group[115] developed a
ferroelectric material based on a PLA foam that, after compression and
poling, showed excellent piezoelectric coefficients with a dss of 600
pC/N and a ds; of 44 pC/N in longitudinal and transversal directions,
respectively. Their fabrication approach allows to exploit not only the
non-centrosymmetry of the molecules but also its microstructure and
porosity to enhance the sensitivity of the material. Due to the material
flexibility, the authors applied it to different devices, such as biosensors
embedded in tissues, artificial muscles, and energy micro-harvesters.
Due to its high availability in nature, PLA is an interesting material to
be employed at scalable levels in industry. For this reason, Tuukkanen’s
group [116] studied the piezoelectric behavior of both commercial PLA
films and in-house films fabricated by a roll-to-roll approach. They
investigated the piezoelectric response under different types of stimuli,
and they found that the bending sensitivity of the film was much higher
than the compressive one. This difference in sensitivity increased for
commercial films compared to in-house films, probably due to
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additional processes performed on the commercial PLA. Therefore,
PLA-based devices were tested for bending sensing as well as strain
sensing in force sensors.

Among the PLA-based materials, the chiral PLLA was investigated for
the development of force sensors by Oh’s group [117]. The authors
applied a melt-spinning process to obtain flexible PLLA fibers with high
piezoelectric properties. The percentage of the beta-form of PLLA was
increased by the following two approaches: i) by controlling the drawing
ratio and annealing temperature and ii) by introducing barium titanate
(BaTiO3) nanoparticles to induce the PLLA fibers orientation. By
adjusting these parameters, the piezoelectric behavior of the fibers was
optimized to produce flexible textiles for sensing. The developed sensi-
tive patches were tested with palm tapping, blade of hand tapping,
twisting and bending, indicating the suitability of the materials for
sensing different types of physiological strains.

Moreover, another form of PLA-based material is represented by the
lactate monomeric form, which shows a piezoelectric behavior. Wang
et al. [118] developed a highly stretchable elastomer based on lactate
crosslinked with itaconate and coupled to flexible chains of sebacate
(SA) and butanediol (BDO). The high stretchability of the obtained
material allowed to reach an elongation of ~ 4.4 times the initial length.
This feature helps in orienting the C—=0 groups on the lactate molecules,
thus enhancing the piezoelectric output. Moreover, its high flexibility
and self-healing ability were exploited to develop a device capable of
continuous contact with the skin during different activities, resulting in
more reliable monitoring.

One of the main opportunities for working with nature-derived
materials is the possibility of developing implantable devices and
avoiding a second operation for their removal. It is also possible to
reduce the burden of electronic waste by producing biodegradable de-
vices. These two goals were reached by Ali et al. [119] who employed
PLA and glycine to develop a completely biodegradable piezoelectric
material with a straightforward fabrication approach. The presence of
glycine helped the crystal orientation of PLA, thus improving its piezo-
electric performance. The resulting material is a flexible and lightweight
film with a layer thickness of 15 um. The developed thin sensor was
attached to the skin and employed to monitor cough, carotid, and wrist
artery pulse, as well as wrist and elbow bending.

Xu et al. [120] employed the chiral PDLA in the form of a
stereo-complex with PLLA and quantum dots to obtain electrospinned
piezoelectric fibers with luminescent properties. The stereo-complex
formed by PDLA and PLLA showed a higher mechanical and thermal
resistance, but its piezoelectricity was reduced due to the opposite
charges that the two isomers bring. Therefore, applying an electric field
during the spinning process was necessary to orient the fibers and
restore the piezoelectric properties. The resulting device was applied as
a force sensor as well as an energy harvester to light up a bulb.

Focusing on developing bioresorbable and flexible material, Curry
et al. [121] developed a PLLA-based pressure sensor with an easy
fabrication approach. The aim was to obtain a sensor able to monitor
gastrointestinal pressures and diaphragmatic contractions. For
gastro-related applications, employing safe and biodegradable materials
is particularly important. Another advantage of the developed sensor is
that once implanted, there is no need for a second operation to remove
it. The devices were tested in terms of sensitivity to compression and
vibration to sense mouse intrabdominal pressures.

In another work, Curry et al. [30] employed PLLA to develop a
piezoelectric sensor for monitoring intrabdominal pressure. The device
also operated as an ultrasound transducer for blood-brain barrier
disruption to deliver drugs and viral vectors. The authors employed
electrospinning to obtain flat films with enhanced crystallinity and
orientation of the C=0 groups, improving the piezoelectric behavior of
the device. The device can be implanted, and then its natural degrada-
tion avoids a second intervention for removing it.

PLLA demonstrates high performance also when coupled to other
molecules to develop composite materials. An example is the fabrication
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of piezoelectric, biocompatible, biodegradable and poling-free PLLA
blended with Vitamin B2, which significantly enhances the crystallinity
and molecular orientation of PLLA [122]. The developed PLLA/Vitamin
B2 BEH exhibited a good electrical response under both mechanical and
acoustic stimulations. By fixing a sound source at 3 mm from the
PLLA/Vitamin B2 BEH, the output voltage of the BEH increases by
increasing the frequency of the sound from 1 to 27 kHz. This device has
great application potential in environmental mechanical and acoustic
energy harvesting, wearable devices, and human-machine control
systems.

Some classes of biomaterials can be coupled to synthetic piezoelec-
tric materials to enhance their performances. This is the case of silk
fibroin (SF), a protein obtained by silkworm cocoons that shows inter-
esting mechanical and piezoelectric properties thanks to its hierarchical
and chemical structure. Wang et al. [34] found that the amount of
beta-form of polyvinylidene difluoride (PVDF) increased when it was
electrospinned with SF in a core-shell structure due to interfacial in-
teractions between the two materials. The authors realized a nanofibers
mat sandwiched between two aluminum foils and attached to the met-
acarpophalangeal joint to monitor palm movements successfully. They
also employed it to control the movements of a toy car by applying
different types of strains by hand on the sensor, demonstrating its po-
tential as a remote-sensing controller.

The combination of regenerated silk and gold nanorods allows the
development of a piezoelectric material with adhesive properties.
Thanks to the application of mild temperature and pressure conditions,
it was possible to attach the previously described materials on poly
(3hydroxybutyrateco-3-hydroxyvalerate) (PHBV) substrate to obtain a
flexible sensor, as described in the work of Bittolo Bon et al. [35], thus
demonstrating that the features of natural materials can be adapted to
obtain the desired functionalities. The resulting sensor was able to
respond to different forces, making it helpful in producing smart and
innovative electronics in regenerative medicine.

SF can also be employed as nanofibers to develop biodegradable and
eco-friendly pressure sensors for oral medical diagnosis, as demon-
strated by the group of Liu [34]. In particular, the sensor was employed
to continuously monitor the status of the collar system and chewing
muscles to prevent oral diseases. The alignment of silk nanofibers was
controlled by electrospinning parameters to enhance the piezoelectric
output of the material. This, combined with micro-structured electrodes,
allowed it to reach a high sensitivity of 30.6 mV/N and stability at
different humidity changes, resulting in an ideal solution for the humid
oral environment.

SF, tannin, and graphite can be combined to obtain a piezoelectric
material with interesting bioresorbable and adhesive behavior to be
exploited on soft tissues such as the gastrointestinal tract [125]. More-
over, it was also 3D printed via extrusion technique. The material, also
fabricated by simple solvent casting, was positioned on the intestine of
rats to monitor gastrointestinal movements. In Minhyun et al. [126], silk
was coupled to PVDF-trifluoroethylen to obtain a transparent and flex-
ible material for sensing. They applied an innovative chemical process to
obtain flexible and transparent silk fibers. Device performances were
measured both in compression and bending and, after placing it on a
human wrist, it was possible to measure the artery pulse.

Collagen is the protein involved in the central structural systems of
mammalians and is usually organized in bundles to offer mechanical
resistance. This protein has piezoelectric properties that, combined with
its strength and flexibility, result in a material with a high potential for
sensing applications. Moreover, with the purpose of mimicking the
structure of the bones that shows piezoelectricity, Fang et al. [54]
combined oriented strontium carbonate nanocrystals and collagen fi-
brils to obtain a piezoelectric material that can be employed to develop
flexible sensors. The obtained device was tested under compression and
bending, and thanks to its piezoelectric response and flexibility, it was
proposed as energy-harvesting device and electronic skin sensor.

Piezoelectric devices can also be developed with gelatine, an animal-
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Fig. 2. (a) Schematic 3D view of biodegradable ferroelectric gelatine e-skin and pulse signals acquired on the wrist under different physiological conditions, cor-
responding to rest, exercise, and sweating conditions, respectively [33]; (b) Schematic illustration of the fabricated cellulose/PVDF nanofiber membrane wrapped on
a Chinese chopstick and sensing performance during the detection of human motions as (i) fist clenching, (ii) finger bending, (iii) keen bending, (iv) foot tapping

during a walking movement, (v) elbow bending at different angles, and (vi) speaking different words [98].
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derived molecule originating from a degraded form of gelatine. The
group of Ghosh [33] employed it to develop an edible and flexible de-
tector for pressure and strains. The gelatine was crosslinked with
glutaraldehyde and shaped in a microstructured form. This allowed the
development of a flexible device able to sense a very high number of
strains correlated to tiny human movements such as arterial pulse from
the wrist, breathing pace, swallowing, coughing, drinking, vasocon-
striction, and vasodilatation. Also, it was possible to map pressure
exerted at different points by fingers (Fig. 2a).

Chitosan is an emerging material representing the second most
abundant polysaccharide after cellulose. It can be extracted in large
amounts from seafood waste as chitin and then easily converted into
chitosan thanks to a deacetylation process, representing a highly sus-
tainable and green source. Due to its non-centrosymmetric structure,
chitosan displays an interesting piezoelectric behavior, and different
research groups have started to focus their attention on this high-
potential material for the development of piezoelectric sensors. As an
example, in the work of Hosseini et al. [31] a chitosan layer was blended
with glycine to develop a pressure-sensitive detector. The amount of
glycine added to chitosan was tested to find the best ratio to have the
best electrical features. Moreover, the developed sensor, which is fully
biodegradable, was tested with hand tapping.

The potential of chitosan was addressed by de Marzo et al. [127] who
applied a chemical treatment to enhance the piezoelectric efficiency of
chitosan, improving it from 6 pC/N to a value of 15.56 pC/N. This
allowed to exploit this material in the form of thin, flexible, and trans-
parent film and to develop numerous devices able to sense ultrasound.
The authors also developed the first type of miniaturized ultrasonic
transducer based on this piezoelectric natural material.

Kim et al. [35] presented a bottom-up regeneration strategy to create
a chitin nanofibers film with silver electrodes. The piezoelectric prop-
erties of freestanding chitin film were adequately evaluated by
measuring the current and voltage outputs. In the low-pressure region
(below 10 kPa), the output current density increased following the
applied normal pressure. At 100 kPa, it increased monotonically to
177 nA/cm?. The piezoelectric response of the freestanding chitin film
was used in a wide vibration frequency range for the fabrication of
chitin-based speakers and microphones.

Also, cellulose has demonstrated its potential in the sensing field
thanks to its piezoelectric properties. These properties, together with the
wide availability in nature as waste material, make cellulose a good
candidate for developing innovative sensing devices. In this context,
Wang et al. [98] developed a composite material consisting of cellulose
nanofibers (CNF), BaTiO3 nanoparticles embedded in polydopamine,
and PVDF grafted to maleic acid. This composite material was fabricated
by assembling the cellulose layer into the PVDF layer in an inter-
connected structure. The localized stress produced by the nanoparticles
and the electrospinning technique, which promotes PVDF beta orien-
tation, is responsible for enhancing the piezoelectric properties. The
developed device was attached to different body parts to detect physi-
ological movements, such as fist clenching, finger and knee bending,
footsteps, elbow bending, and, if attached to the throat, voice recogni-
tion, thus demonstrating its application as a self-powered sensor
(Fig. 2b).

Another natural material, the pectin extracted from the plant cell
wall, was employed by Bahnu et al. [128] to develop degradable and
flexible pressure sensors. However, its high hydrophilicity and brittle-
ness make it necessary to blend it into other materials, such as graphite
and PEG, to obtain composites with improved mechanical and electrical
features. The developed sensor was tested with finger touch, by touch
with conductive and non-conductive objects, and load charge.

The Lu group [129] developed a sensor based on biodegradable and
recyclable materials to avoid any e-waste linked to device fabrication. In
particular, they employed Bacterial Cellulose (BC) and imidazolium
perchlorate to develop a piezoelectric and ferroelectric material able to
respond to pressure to sense stretching and twisting. To demonstrate its
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potential, the material was employed to develop a self-powered
keyboard.

Through the development of plantar sensors, it is possible to monitor
human body movements, which play a central role in the case of di-
abetics and physical rehabilitation therapies. Guan et al. [53] mixed
piezoelectric Lead zirconate titanate (PZT) with microfibrillated cellu-
lose to overcome the ceramic material’s brittleness and retain flexibility.
The device was placed below the plantar of the foot to monitor different
activities, such as walking, jumping, and squatting, with good pressure
sensitivity.

The most common approach for the development of devices based on
nature-derived materials is to extract and use them with minimum
chemical modifications; however, another strategy is represented by the
synthesis of new molecules and materials starting from natural sources.
The group of Xu [52] presented a flexible Tempo Oxidized Cellulose
Nanofibrils/MoS3/BaTiO3 composite film to fabricate a piezoelectric
BEH for physiological monitoring systems. The incorporation of
tetragonal BaTiO3 nanoparticles allowed to obtain a freestanding film
with an excellent piezoelectric coefficient of 45 pC/N. The obtained
PENG showed high sensitivity to tiny environmental forces with a
real-time response of 0.3 V peak voltage under acoustic vibration pro-
vided by hand clapping or by falling leaf. The device was used to
monitor real-time human movements and physiological health param-
eters, such as blood pressure and heart rate. Additionally, the device
exhibited pyroelectric properties and was designed as an electronic skin
to monitor temperature.

Kumar et al. [130] reported on the fabrication of an entirely organic
biocompatible PENG having multifunctional energy harvesting capa-
bilities at a time (mechanical/acoustic/wind) by integrating Vitamin B2
with PVDF to create a composite having a d33 piezoelectric coefficient
of 50.3 pC/N. The device showed ultra-sensitive performances gener-
ating an output voltage at the human audible sound at different sound
pressure levels of acoustic energy. The BEH also acted as an acoustic
energy harvester when attached to a sound speaker, reproducing three
different instruments: solo piano, guitar, and violin, playing the music
with a sound pressure level (SPL) of ~84 dB, generating maximum
output voltages of ~0.30, ~0.42 and ~0.53 V, respectively.

Nguyen et al. [47] combined an aminoacid-derived molecule, the
poly(y-benzyl-a, L-glutamate) (PBLG), with the transparent and
biocompatible Poly Dimethyl Siloxane (PDMS). PBLG was electro-
spinned as a membrane and then soaked in PDMS to obtain a flexible
film protected from humidity for biomechanical and underwater
acoustic sensing. The electrospinning technique allowed obtaining
aligned fibers showing a high sensitivity and high output signals for
energy harvesting purposes.

Another interesting work that exploits amino acid is presented by the
group of Li [131], which developed an omnidirectional stretchable
piezoelectric sensor made of self-aligned DL Alanine. The highly ordered
structure allows not only to match the stretchability of the skin but also
to reach a satisfactory piezoelectric behavior to monitor hand, finger
and swine muscles movements.

3.2. Triboelectric sensors

Triboelectric sensing is based on the generation of charges between
two mating surfaces upon dynamic contact. Sensors for human move-
ments exploiting triboelectric mechanisms are characterized by light-
weight and high sensitivity. Moreover, many materials derived from
natural sources show the ability to generate charges when coupled with
the electronically complementary countersurface. Therefore, efforts
were focused on the development of triboelectric sensing devices based
on nature-derived materials. An interesting example of triboelectric
sensors was reported by Kim et al. [102]. They employed two natural
materials, chitosan and diatoms derived from ocean wastes. The pres-
ence of diatoms in chitosan increased the triboelectric performances of
the film thanks to the hydrogen-bond interactions and the geometrical
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Fig. 3. (a) Schematic illustration of the biocompatible chitosan-diatom triboelectric BEH and photograph of the motion sensor and the output voltage acquired
during the movement of i) wrist, ii) elbow and iii) knee [102]. (b) Fabrication method of catechol-chitosan-diatom hydrogel from catechol-chitosan and corre-
sponding optical images of both catechol-chitosan and catechol-chitosan-diatom hydrogel (CCDHG); a schematic image of the CCDHG-TENG and the tremor sensor
are also reported. Moreover, i) and ii) report the open circuit voltage of e-skin based on CCDHG-TENG working under stretching and bending, respectively[103].

structure of the diatoms. Such a sensor was employed to characterize the
movements of joints like wrist, elbow, knee, and ankle (Fig. 3a).

The marine environment inspires several research groups as it rep-
resents the source of numerous natural compounds that can be
employed in the sensing field. The group of Kim [103] developed a
hydrogel-fabricated sensor based on chitosan, diatoms, and catechol
that enables the device to be easily attached and keep it conformal to the
skin. The triboelectric device was employed for energy harvesting but
also like an e-skin for the detection of movements such as stretching,
tapping and bending. Moreover, the authors developed a 3D structure
able to sense tremors with different intensities for Parkinson’s disease
sensing (Fig. 3b).

Paper is a very interesting material for the development of sensors
due to its availability and easy waste removal. The group of Wu [132]
employed a polyethylenimine-coated paper to develop a triboelectric,
low-cost, water-resistant, antibacterial and flame-retardant electronic
skin. The developed device, able to detect the sliding/bending move-
ment of the fingers, proved to be disposable since the polyethylenimine
is water soluble. Moreover, the authors realized sensors array to
distinguish the spatial recognition of the pressure distribution.

A water-soluble and biodegradable triboelectric sensor based on two
types of cellulose, CNC and methylcellulose, with graphite as a
conductive electrode, was developed by Wang et al. [133]. The paper
can also be recovered from office waste to obtain a material that meets
the circular economy requirements. The sensor was then employed to
sense the respiration rate, to test the breathing status of bedridden pa-
tients, and to monitor the movements of joints such as the elbow and
wrist.

The self-healing ability is one of the most desired properties in
sensing materials as it allows to place them on the skin and avoid any
damage during the usage of the device. As an example, the group of Han
[134] developed a highly stretchable hydrogel based on gelatine and
polyacrylic acid (PAA) to conformally apply onto the skin surface as a
flexible and stretchable electronic skin. The triboelectric device was able
to respond to both stretching and compression stimuli and also to light a
light-emitting diode (LED).

The group of Li [135] employed sodium alginate (SAlg) mixed with
glycerol to obtain a triboelectric sensor. The electrodes consisted of SAlg
and silver nanowires (AgNWs). The thickness and the size influenced the
device performance in terms of generated charges, and the best results
were obtained for the thinnest and largest devices. The transparent
sensor was able to detect different movements, such as finger bending,
and forehead and throat movements, to map finger pressure and was
employed as a game controller.

PVDF-based sensors also exploit the triboelectric effect, and in
particular, different strategies can be adopted to enhance the crystal
orientation of PVDF fibers when coupled to specific molecules. As an
example, Eom’s group [136] exploited the annealing of PVDF on a chitin
substrate to enhance the performance of the material. The device,
transparent and stable in water, was tested for pressure sensing, and its
performances were demonstrated by employing it to monitor artery
pulses on the neck as well as to sense music.

3.3. Piezoresistive sensors

Among the mechanisms exploited to develop flexible sensors, the
piezoresistive effect is the most employed when nature-derived mate-
rials are involved. It is based on flexible materials that change resistance
or current due to the applied strain or pressure. Piezoresistive sensors
have several advantages: Easy fabrication and manufacturing, efficient

11

response, simple read-out, low cost, and low power consumption. On the
other hand, this type of sensor requires bulky reading systems and a
power supply.

Among the employed materials, cellulose and its related products,
such as paper and nanocellulose (cellulose nanocrystals and nanofibers,
to cite a few), are widely used due to their availability and easy pro-
cessing. As an example, Koval’s group [137] developed a piezoresistive
strain sensor based on nanocellulose obtained from non-wood cellulose,
with a relatively easy fabrication approach. The device was made of a
thin nanocellulose film with a sputtered layer of conductive nickel on
the top. The overall thin sensing layer was able to detect bending and
straightening movements upon changing resistance.

Due to its biodegradability, renewability, and low cost, a paper
substrate was exploited by Liu’s group [138] to fabricate a sensor able to
detect very small strains. The paper was covered with a conductive layer
of silver nanoparticles and a super-hydrophobic coating for underwater
sensing. The latter was inspired by nature for both material choice and
its surface micro-structuring. Indeed, they fabricated scorpion-inspired
“V”-shaped microgrooves to reach a high sensitivity with a strain reso-
lution of 0.089%. This was due to the deformation of the grooves, whose
resistance in the conductive layer changes upon small compressive and
tensile strains. This allowed them to employ the device for detecting
strains generated by movements of fingers, elbow, swallowing, and for
voice recognition. Papillae-like microstructures, like in Lotus leaves,
conferred super hydrophilic behavior for underwater sensing to detect
drops falling on the water surface. These characteristics pave the way for
application in environmental sensing.

Hydrogels can also be designed with self-healing ability, thus when
implemented in sensors, can improve their durability. This is the case of
the CNF-polyvinyl acetate (PVA)-borax-graphite hydrogel, developed by
Zheng’s group [139]. Thanks to the dynamic interaction between the
borax and PVA that ensured self-healing ability, as well as to the me-
chanical strength and conductivity of the CNF-graphite composite, they
were able to develop a soft, stretchable, and durable strain sensor. The
sensor was tested to monitor finger bending and, when attached to a
puppet, was able to distinguish different positions of the arm. Also, it
was employed to discriminate between different handwritten forms,
which could be beneficial for sign language recognition and deaf-mute
subjects.

The development of a highly stretchable, self-healing and conductive
hydrogel was reported by Chen’s group [140] that fabricated a hierar-
chical triple-network structure based on biodegradable cellulose nano-
fibrils, polyacrylic acid and polypyrrole crosslinked by ferric ions. The
gel exhibited mechanical strength, viscoelasticity and stretchability
mimicking the human skin’s behavior. The developed device was
attached to human fingers, wrists and cheeks to detect small/large
bending and stretching movements.

Wibowo’s group [141] focused on the development of a stretchable
and flexible sensor by combining a cellulose film with layers of poly(3,
4-ethylenedioxythiophene) polystyrene sulfonate (PEDOTS: PSS) thanks
to surface modifiers. The piezoresistive effect allowed to employ it as a
wearable sensor to detect body motions and for voice recognition
(Fig. 4a).

An interesting approach to enhance the piezoresistive performances
of materials is to improve the space between molecular planes. One
example is given by Yang’s group [142] which used film made of bac-
terial nanofiber cellulose intercalated into an MXene layer. This
nature-derived filler helps to enhance the flexibility and compressibility
of the MXene structure and improves its mechanical resistance thanks to
the presence of hydrogen bonds. This allowed obtaining high sensitivity
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Fig. 4. (a) Schematic of the cellulose/PEDOT: PSS hybrid film with its chemical structures, including the added glycerol and glucose. A picture of the cellulose film
attached to the skin (back of the hand) showing the stretching capabilities (up to 300%). Real-time relative resistance responses of on-skin sensors during i) wrist
bending, ii) abdominal breathing, iii) skin stretching and movement of the throat (motion of the prominent laryngeal while drinking water) [141]. (b) Schematic of
the paper-based wearable sensor and various scenarios of physiological monitoring. The sensor consists of interdigital electrodes and MXene/tissue paper (the
working mechanism is also shown). Moreover, three different motion states - standing, walking, and jumping - are also displayed in i), whereas throat movements
while reading the words “apple” and “banana” are shown in ii). Wrist pulse signal before and after exercise is shown in iii), whereas the concurrent recording of ECG
and arterial pulse signals with the pulse transit time (PTT) for blood pressure monitoring are in iv). Finally, v) shows the calculated beat-to-beat systolic blood
pressures (SBPs, stars) and diastolic blood pressures (DBPs, rhombus) before (black) and after (red) exercise using the PTT method [168].

in a very low-pressure range for sensing both tiny and large movements,
such as finger gestures, thumb, knee, and elbow bending, swallowing,
heartbeat and voice recognition. An example of a sensor developed only
with cellulose was proposed by Chen’s group [143] that employed two
kinds of paper to realize a soft and flexible resistive sensor. In particular,
they employed a smooth printing paper to obtain interdigitated elec-
trodes, whereas the sensing part was obtained with a porous crepe
paper, the latter made conductive with a thermal approach. The sensor
was tested by compression and bending and was able to record respi-
ration, phonation, music, wrist pulse, and falling water droplets, as well
as sense the pressure distribution with sensors arranged in an array.

The combination of BC and chitosan was exploited in the form of a
very light aerogel by Huang’s group [144]. The aerogel was made
conductive by employing polyaniline (PANI), a conductive polymer, and
the developed structure was embedded into a PDMS shell, to ensure
mechanical resistance to repeated cycles as well as to achieve a stable
signal. The obtained sensor was employed to detect fingerbending
swallowing during drinking and to distinguish words by attaching it to
the throat, being able to detect very light pressures down to 32 Pa.

Cellulose and its derivatives can also be employed to improve the
performances of already existing materials. For example, deep eutectic
conductive solvents represent a groundbreaking solution to develop
transparent, stretchable and conductive materials, even if they exhibit
poor mechanical resistance. Wang’s group [145] solved the latter issue
by adding a green and sustainable mechanical reinforcement based on
BC, thus exploiting its ultrapure crystalline fibers. By exploiting a mild
fabrication approach, they developed a piezoresistive sensor able to
detect very light pressure, strain stimuli, and temperature to monitor
human gestures and limb movements. When coupled to an emissive
layer, it also worked as an electroluminescent device thanks to the ionic
conductivity of the material.

The group of Liu [146] exploited a fabric-based material to develop
wearable and flexible sensors. In particular, the authors covered some
cotton fibers with carbon nanotubes (CNT) and polyester fibers,
employing Ni-based coatings shaped as interdigitated electrodes.
Finally, they assembled the two materials to obtain either a single
element or sensor arrays sensitive to different stimuli, thanks to the
hierarchical organization of the fibers. Indeed, these devices were able
to sense pressures as low as 2 Pa. The device was employed for sensing
finger bending and hand gestures, but also to recognize sound and heart
pulse, as well as to develop pressure maps when arranged in an array.
The strength of this approach is the employment of a common cotton
fabric as a base to develop flexible and sensitive e-textile materials.

The MXene was coupled to BC fibers to obtain a strong, super
compressive, and sensitive carbon aerogel in the work of Chen [147]. It
was fabricated by freeze drying, allowing the alignment of the lamellae
of MXene, while the BC helped to keep them in the same position, thus
strengthening the structure. The developed device was able to sense a
large range of pressures. It was applied to sense small movements like
jugular vein pulse, voice pressures, wrist and elbow bending, and facial
expressions.

Piezoresistive materials can also be fabricated superhydrophobic to
achieve self-cleaning and to allow operability in humid conditions. In
particular, Yun’s group [148] employed carboxymethyl cellulose (CMC)
as a linker to combine carbon black, multilayer graphene and SiO,
nanoparticles to develop superhydrophobic piezoresistive flexible and
wearable sensors. The device was used to sense different stimuli, from
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finger, elbow, wrist, check and throat bending strain to pressure field
exerted on a sensor array. Microcracks also decorated the sensor to
enhance its sensitivity.

An example of paper-based electronics was given by Tao’s group
[149]. The authors developed a multi-layered structure to tune its
sensitivity. Indeed, a higher number of layers makes the sensitivity rise
in the small pressure range, whereas it falls in the larger range. This
behavior is ascribed to the presence of holes in the paper that reduce the
conductivity of the material. When stress is applied, the layers get more
in contact between them, the holes are reduced, and the resistance falls
rapidly, ensuring high sensitivity at small pressures. This behavior is due
to the presence of small air gaps between the layers, as validated both by
simulations and experiments. The high sensitivity of the sensors was
demonstrated by recording voice, wrist pulse, and respiration rate. They
also demonstrated that it is possible to distinguish between different
exercises by placing the sensors on the soles, like jump, push-up, squat,
walk and run.

The piezoresistive effect of graphene-coated cellulose paper was
employed for applications in sensing pressure and humidity changes.
Khalifa’s group [150] employed two different methods of dip-coating
and vacuum filtration to absorb graphene on the surface of the papers.
In both cases, they were able to obtain a device sensitive to pressure and
apply it to sense different loading and body movements like finger
tapping. They found that the vacuum filtering method allowed obtaining
a more sensitive device.

The compressibility of soft structures and its change in resistance was
exploited by Zhai’s group [151], which adopted a mixture of CNT, cel-
lulose nanocrystals (CNC), and polyurethane to obtain a soft aerogel,
responding to compression at different pressures. The obtained device
allowed to reach good responsiveness and relatively high sensitivity,
and it was employed to monitor different movements such as finger,
wrist, and elbow bending, squatting and rising, walking and running.

In the work of Gao et al. [152], biodegradable and nature-derived
materials have been used as sensing materials and homogeneous sub-
strates for electrode printing. In particular, a porous and flexible struc-
ture of tissue paper was coated with AgNWs to obtain the sensing layer.
Instead, a very smooth nanocellulose paper was printed with silver
interdigitated electrodes and integrated with the sensing part. In this
way, it was possible to obtain a flexible and easily disposable sensor,
able to respond to different pressures and to sense bending, pressing
movements, wrist pulse, voice records and to recognize pressure
locations.

Pyo’s [153] developed a highly sensitive sensor that, at the same
time, can work under a broad range of pressures. In particular, the au-
thors fabricated a structure consisting of CNT and Ni-coated fabric based
on cotton. The hierarchical structure, given by different fabric layers,
allowed to broaden the sensing pressure range to detect heart pulses on
the wrist for developing a wearable musical keyboard and a flexible and
foldable fabric computer keyboard. The sensors can be positioned on a
glove to develop a haptic device able to recognize the pressure in
handling objects.

Hao et al. [96] produced a wood-based pressure sensor characterized
by high conductivity through a coating treatment with reduced gra-
phene oxide (rGO). The obtained wood-based pressure sensor exhibited
a high sensitivity of 1.85 kPa~! over a broad range of pressure (0 —60
kPa), high stability over 10k cycles, a fast response time (150 ms), and a
low detection limit (60 Pa). The high sensitivity allows to discriminate
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different pressures and to monitor subtle body movements, for example,
muscle movement during speech, and can be used for real-time moni-
toring of physiological signals such as heartbeat, able to distinguish
three distinct waves of the arterial pulse.

Long et al. [154] presented a porous and coral-shaped molybdenum
carbide-graphene (MCG) composite as piezoresistive sensing material
fabricated by a direct laser writing method on paper substrates to make
paper-based strain/pressure sensors. The strain sensor exhibited the
gauge factors for the tensile and compressive strain of 73 and 43,
respectively, with fast responding/recovering time and good stability.
The prototype sensor was able to clearly distinguish weak pressure
signals, such as breathing patterns at the chest for application in human
health monitoring, and small mechanical vibration sources, such as for
acoustic sensing from sounds.

Besides cellulose, many biomaterials can be exploited for piezor-
esistive sensing, such as sea-derived chitosan and alginate. Moreover,
the piezoresistive effect can be significantly exploited when combined
with wrinkled structures, typically observed on soft and elastic surfaces.
Lei’s group [49] demonstrated the possibility of combining physical
crosslinking and pre-stretching of a chitosan-based gel to form a 3D
self-wrinkling structure. The structure is then functionalized with a
conductive layer of PANI to develop a strain sensor to detect finger
bending based on the piezoresistive effect. The obtained sensor showed
a high sensitivity in a small pressure range between 15 and 50 Pa,
paving the way for applications such as electronic skin.

Material stretchability is another important feature for the devel-
opment of sensors, as reported by Liu et al. [155] who proposed a
hydrogel based on PVA, chitosan, and phytic acid acting as cross-linker.
This hydrogel, due to its thermoplastic property, can be extruded and
employed as an ink to develop arbitrary forms. The developed sensors
exhibited a linear response in a wide working range. The device
generated stable output signals after being stored even for 35 days, and
at the same time, it can be easily degraded. The sensor was tested by
monitoring finger and elbow movements and during running.

It was demonstrated that SAlg and tannic acid, both biodegradable
molecules from natural sources, can be combined in the presence of
crosslinked polyacrylamide (PAM) to develop a highly stretchable,
elastic, and self-healing gel with piezoresistive behavior to be employed
as strain sensors for large limb movements and subtle muscle move-
ments [156]. The presence of tannic acid conferred a very good
self-adhesiveness, thus making it suitable to stick to different materials
such as plastic, glass, stone and biological tissues, both in air and un-
derwater. This property greatly enhanced the adhesion to the human
skin, thus promoting the body movements sensing with high precision.
Large movements, such as knee bending, and small movements, such as
smiling, wrist movements, finger bending, swallowing, and respiration
before and after exercise, were detected.

Also, the protein-based SF can be used to fabricate strain-sensitive
piezoresistive devices. Yang et al. [157] developed a piezo sensor that
combines conductivity and conformal attachment to the skin, even in
the case of sweat conditions. For this purpose, the authors combined a
conductive polymer (polypirrolidone) and the SF, then coupled this
layer with a silk-based gel, interlocked with the sensing part. The strong
interlocking between the two polymers allowed to obtain elastic and
stretchable sensors able to sense the heartbeat with high sensitivity.

An ultralight aerogel was developed by Abadi’s group [158] taking
inspiration from the nacre. They employed a combination of SF, gra-
phene oxide, and MXene nanosheets to develop a highly porous and
conductive material with intrinsic flexibility for piezoresistive pressure
and strain sensing. The hierarchical organization of the sheets, com-
bined with the lightweight and high compressibility of the involved
materials, allowed to develop a flexible device able to sense very tiny
stimuli, such as movements due to facial expressions.

Natural proteins can be combined with synthetic materials to in-
crease the performance of the sensors. In Chao’s group [56], an SF
nanofiber membrane was coated with conductive MXene to develop a
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sensing layer. Then, it was placed on an SF nanofiber membrane printed
with MXene ink interdigitated electrode as electrode layer to obtain a
flexible piezoresistive sensor to record pressures. The sensor endows a
combination of flexibility, lightweight, breathability, and environ-
mental sustainability due to its biodegradation.

Optical transparency, mechanical toughness and thermal stability
are shown by a material developed by Reizabal’s group [159]. They
were able to reach these characteristics by combining SF with AgNWs.
The developed piezoresistive sensor was highly sensitive to pressure and
was also able to light up LEDs.

An excellent example of piezoresistive materials involving different
classes of biomaterials is presented by Zicong’s group [160], where
electrospun fibers consisting of poly-lactic acid (PLA), SF, and collagen
(CL) were adopted to obtain flexible, sensitive, and skin-compatible
sandwich-structured piezoresistive pressure sensors. The piezoresistive
sensor showed a sensitivity of 24.13 KPa™!. The human finger-tapping
tests confirmed that the sensor was more sensitive to relatively small
pressures. Real-time measurements of human wrist pulse, neck pulse,
and respiration rate were conducted. Since the sensor might record the
throat vibration during speech, it could be used to distinguish between
human voices and transform auditory data into electronic signals.

Liu’s group [161] had the idea to develop a biocompatible, biode-
gradable, and conductive ink based on gelatine, PVA, and multi-walled
carbon nanotubes (MWCNT). The ink was easily screen-printed onto
fabrics, maintaining a simple and scalable fabrication approach. The
authors, to enhance the performance of the material, instead of per-
forming the nanopatterning technique, applied a pre-stretch to the de-
vice, creating micro-cracks to realize a random patterning. The
fabricated device applied onto a glove, was able to distinguish between
nine different finger gestures with the help of an artificial intelligence
algorithm.

Collagen was also explored by Zhang et al. [162], which employed a
3D-based approach to obtain a flexible material that changes its con-
ductivity properties under pressure stimulus. In particular, they adopted
a porous aerogel consisting of crosslinked collagen fibers and MXene to
obtain a biodegradable structure with high mechanical resistance and
thermal insulation. It was tested in terms of response to pressure,
showing a stable signal even at different temperatures and demon-
strating high thermal stability. It was then employed to sense different
kinds of human motions, such as finger tapping, elbow bending, finger
bending, and different movements, such as walking, running, and
jumping in a low or fast way.

A gelatin-based ionic conductive hydrogel was fabricated by Zhang’s
group [163]. The developed material has an interesting
temperature-dependent adhesion which enhances the contact with the
skin at body temperature, whilst displaying an easy detachment at lower
temperature. Moreover, when combined with metallic electrodes, it can
be employed as a strain-sensitive resistive device to monitor body
movements. Thanks to its high adhesion, the device can closely and
sensitively monitor movements of elbow, arm and finger bending and
water wallowing on the throat.

An interesting work was reported by Li’s group [105], which mixed
carbon black and wheat flour to obtain a carbon-black dough to monitor
body movements such as elbow bending and sweat monitoring. The
authors’ idea was to exploit the mix of molecules naturally present in the
flour, such as sugar, starch, lipids, and gluten, to obtain a mechanically
resistant dough that can also interact with body fluids. The presence of
carbon black makes the dough conductive enough to be exploited as a
biodegradable piezoresistive sensor.

Another example of the combination of biodegradable polymers with
conductive materials was presented by Scaffaro’s group [164], which
combined biodegradable PLA and PEG with GO as conductive material.
The amphiphilic nature of GO allowed to improve the interactions be-
tween all the materials and to obtain a homogeneous system without the
adoption of complex and environmentally unsustainable protocols. This
material can detect both pressure and strain stimuli.
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Fig. 5. (a) Composed layers and working principle of developed e-skins i). Human whole-body physiological monitoring by Ox-SWCNT/AgNW all-leaf biodegradable
e-skin is also shown in ii). The detected parameters include blinking, normal walking and joint bending, finger touch and vocal cord vibrations [29]. (b) Interdigitated
capacitive touch sensor based on graphite on paper. The picture also shows the touchpad connected to LEDs and interfaced to Arduino UNO during the measurement
of the capacitance variation of a single key sensor and touchpad itself with touch; the capacitance of a sensor after several touching cycles - namely, as a function of

trial number - is also shown [170].

To develop lightweight sensors, Yan’s group [165] proposed an
air-rich polyurethane sponge dip-coated with silver nanoparticles, CNT,
CNC and tannic acid to obtain a self-healing and pressure-sensitive
piezoresistive sensor. The idea was to endow the sponge with electri-
cally conductive silver that forms nanoparticles in the presence of tannic
acid. The brittle coating given by CNT and CNC made the sponge very
sensitive to pressure thanks to the formation of nanocracks that change
the material resistivity. Furthermore, the sponge had self-healing
properties at high temperatures. The obtained sensor was highly
compressible and sensitive to different loads. It was tested to sense the
finger and wrist bending, the stamp done by feet, and also the falling of a
drop onto it, showing in all cases the possibility of having a highly
affordable operatibility.

The employment of brittle materials to develop soft sensors was also
pursued by Zhang’s group [166], which adopted highly compressive
polyurethane and CNT foam coated with a mix of CNT and CNC, fabri-
cated by a freeze-drying approach. The brittleness of the coating made
the sensor very sensitive to small compression ranges and enhanced its
sensitivity. The sponge was studied in compression and employed to
sense the throat during drinking, cheeks, finger, and wrist movements
and steps. Also, a sensor array was developed to distinguish between
different loads in different positions.

Zaho et al. [167] presented a flexible piezoresistive pressure sensor
based on a hybrid porous microstructure, fabricated using sugar as a
template, to form a porous PDMS structure replicating the surface of
Epipremnum Aureum leaves. The obtained flexible pressure sensor
exhibited a high sensitivity of 83.9 kPa! at an applied pressure lower
than 140 Pa. For this reason, it was used to detect physiological pa-
rameters, such as wrist pulses for heartbeat monitoring, as well as for
speech recognition.

Based on the use of composite materials, Su et al. [55] presented the
fabrication of a pressurized film of MXene (Ti3C2Tx)/BC used as a de-
vice for the detection of sound signals, able to distinguish different
voices and display sound images. The device exhibited high sensitivity
in the low-pressure range (0 —0.82 kPa, with sensitivity 51.14 kPa™1),
wide linear range (response/recovery time of 99/93 ms), and high sta-
bility (5k cycles). Traditional human motions, including finger press-
ing/knocking, exhaling/blowing, and nodding/swallowing/coughing,
were monitored. The device showed resistance variations at different
acoustic signs caused by different throat muscle motions; it could
recognize the smallest unit of different languages (Chinese/English),
variation of voice attributes (volume tonality), and similar signals in
vocal/non-vocal states, thus providing application in dysphonia prob-
lems. Additionally, the sensor could distinguish between distinct natural
sounds by sensing air-pressure waves created by sound transmission.

A flexible pressure sensor using MXene-coated tissue paper (MTP)
sandwiched between a polyimide encapsulating layer and a printing
paper with interdigital electrodes was demonstrated by Yang et al.
[168]. The MTP pressure sensor showed an ultrahigh sensitivity of 509.5
kPafl, a low limit (1 Pa), and a broad range (0.5 to 100 kPa) of detec-
tion, with outstanding stability over 10k loading/unloading cycles. The
MTP sensor can be used in human health monitoring and for diag-
nosis/prevention of diseases, such as early-stage Parkinson’s disease. If
positioned on the throat, the device distinguished different acoustic
signals and different types of words. It can be used to prevent cardio-
vascular disease thanks to pulse rate monitoring combined with an
arterial pulse. The flexible pressure sensor can also be utilized to create a
remote respiration monitoring system that can wirelessly detect
different respiratory conditions and abnormalities (Fig. 4b).
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3.4. Piezocapacitive sensors

Capacitive sensors can detect the change in the distance between the
two electrodes upon application of a squeezing pressure, thanks to the
capacitance variation. These sensors are characterized by the ability to
sense also static pressures, differently from piezoelectric and triboelec-
tric sensors; however, they necessitate an external power source.
Numerous are examples of natural materials useful to develop sensors
able to sense strains and pressure thanks to a capacitive mechanism
[169].

The development of capacitive e-skin pressure sensors is of particular
interest as they are characterized by a facile fabrication approach, low
detection limit and high sensitivity. Elsayes’ group [28] employed a
water-soluble material obtained from freeze-dried rose petals to obtain a
sustainable and biodegradable sensor for monitoring pressure. The
sensor was employed to detect finger gestures when positioned on a
glove.

An innovative solution to exploit nature-derived material is to use
vegetables as a scaffold to develop the sensors. This approach was
employed by Zarei and coworkers [29] as they used a dried leaf as a
substrate to deposit single-walled CNT and silver wires for electrodes.
Then, they sandwiched a dried leaf in the middle of two electrodes
obtaining the capacitive sensor. It is flexible and thin and can be
attached conformally to the skin to measure pressures. Its hierarchical
structure allows to sense a wide range of pressures, namely 0.01-97 kPa.
It was employed to sense both subtle muscular movements and also
larger movements, spanning from blink, frown and finger movement up
to walking and knee bending. The sensor also showed biodegradability
and breathability on the skin (Fig. 5a).

Another example of a piezocapacitive sensor was developed by
Khalid’s group [171] by employing degradable PLGA and poly-
caprolactone (PCL) nanofibrous membranes. Thanks to their high
sensitivity at low-pressure ranges, they can be employed to record the
arterial pulse on the wrist as well as a touch sensor to map different
pressure points.

Gelatine, an animal-derived source, can be thermally modulated in a
coil-helix structure to obtain a strong structure. Qin’s group [172]
employed this material and this crosslinking system together with
choline chloride and ethylene glycol to obtain a flexible, stable and
transparent hydrogel whose capacitance can be employed to sense
pressure and strain stimuli. Indeed, the soft hydrogel can be applied
conformally on the skin and follow curved surfaces to detect finger joint
movements and to localize pressure touches on an array.

The sensitivity to capacitance that pig gelatine-derived materials
showed was also exploited by Peng’s group [173] to develop a soft
sensor based on an ionic gelatin membrane. The changes in capacitance
were tested by applying different pressure on the developed device and
its sensitivity was tested by placing the same on different body joints
such as finger, wrist, elbow, and knee.

To follow the principles of sustainability, the fabrication process
applied has the same importance as the material chosen. Kanaparthi’s
group [170] developed also this concept when designing and developing
an innovative capacitive pressure sensor based on graphite and cellu-
lose. They designed a cleanroom-free and solvent-free approach by
simply drawing with a pencil an interdigitated structure on paper. The
sensor responded to different applied pressures and also to different
strains by changing its capacitance (Fig. 5b).

Fangyi’s group [174] reported a facile method to fabricate a high
sensitivity, large detection range bimodal capacitive fiber sensor
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Fig. 6. (a) Schematic diagram of the piezoresistive-triboelectric hybrid electronic device (PTHD) showing its structure (below is also reported the fabrication process
of the PTHD). The picture shows also the detection of some human activities when the PTHD is attached to the skin in different body positions, such as wrist pulse
before and after exercise, belly breathing during normal or deep breathing, and further movements including walking, running, and squatting [108]. (b) Mea-
surement setup of the proposed wearable PS-TENG used for detecting water molecules (below is also reported the absorption and desorption mechanism of water
molecules respectively and a picture of the fabricated sensors showing its flexible structure). On the left, the plots show the ability of the sensor to monitor human
breathing, including normal, deep, and fast states, and to recognize the motion of human joints, such as bending and twisting of wrist joints [177].

assembled by integrating AgNWs/BC electrodes with coaxial PDMS
dielectric. The fiber-based sensor, operating in touch mode, displayed a
monotonic capacitance increase in the pressure range between 0 to 460
kPa. Moreover, in a lower pressure region until 0.5 kPa, a linear
response with a high sensitivity of 5.49 kPa~! was found. The capacitive
fiber was embedded into a choker sensor and then attached to a neck-
lace. The chocker sensor was used to detect human voice and recognize
the radial artery pulse waveform and heartbeat rate, confirming the
excellent sensitivity and resolution of the capacitive sensor. In touchless
mode, the sensor is highly sensitive to objects up to 30 cm distance and,
as proof of this, they developed a touchless piano played without
touching the keys.

3.5. Hybrid sensors

Great performances can be reached by sensors developed with
nature-derived materials when different sensing mechanisms are com-
bined. This is the case of the work from Wei’s group [175], who fabri-
cated a strain-sensitive material based on a mix of SAlg, derived from
algae, and PAA into a chelate of calcium ions with CNT. The obtained
hydrogel is able to detect strains by a collaborative piezoresistive and
piezocapacitive effect, which helps in better discriminating between
different movements. In particular, thanks to the resistive sensitivity of
6.29 gauge factor and the capacitive sensitivity of 1.25 kPa~!, the
developed device detected finger and knee bending and chest move-
ments during breathing. It was also employed as a touch keyboard to
discriminate between signatures of different letters. Moreover, thanks to
the presence of calcium ions, which can fastly react with SAlg and PAA,
the obtained hydrogel showed an interesting self-healing behavior.
Another feature that characterizes this material is its shear-thinning
behavior, which allows to employ it for the 3D printing of the sensor.

The necessity to develop materials able to perfectly conform to
human skin and avoid breakage, pushed researchers toward the devel-
opment of hydrogels with self-healing abilities, like the material
developed by Jing’s group [176]. They employed nanochitin with PAA
coordinated by metal ions to develop a self-healing, transparent and
stretchable hydrogel with mechanical flexibility and stability in a very
large temperature range, as well as at sub-zero temperatures. The ma-
terial was employed to develop a multifunctional sensing platform since
it was able to detect different stimuli by exploiting different sensing
mechanisms. The piezoresistive effect was used to determine the strain
ratio and thus recording voice, finger bending and temperature changes.
Capacitance measurements were employed to record pressure and
droplet fall, while the triboelectric effect was employed to power small
LED and as BEH.

Wang’s group [51] developed a soft and stretchable 3D hydrogel
characterized by a mix of polyvinyl alcohol, SAlg, BC, modified CNT and
carbon black, overall fabricated by a facile and scalable freeze-thawing
process. The developed device was able to sense strains thanks to its
piezoresistive behavior, as well as to sense pressure thanks to a capac-
itance mechanism. The sensor can therefore recognize different types of
stimuli and act as a multifunctional platform. The potentiality of the
device was demonstrated by sensing finger, elbow and step movements,
as well as by recognizing the different weights of objects statically
placed on top of it.

By combining more materials together, it is possible not only to
employ different sensing mechanisms but also to sense different types of
parameters. This is the case of Wen’s group [177] who employed PDMS
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and graphite to develop a triboelectric strain sensor and a layer of SF to
obtain a humidity sensor based on the change in capacitance. In this
way, the contribution of the different parameters could be easily
distinguished. Moreover, the fabrication approach based on
screen-printing is highly scalable and allows to mass produce flexible
sensors. The humidity-sensitive part was employed to measure human
breathing, an important parameter to define health status, while the
triboelectric mechanism was employed to monitor the movements of
human joints such as wrist bending and twisting (Fig. 6b).

Another example of a nanodevice based on a mixed sensing mech-
anism was presented by Sun’s group [178], They developed a composite
material by mixing gelatin with PAM and PEDOT: PSS to obtain a
hydrogel that can be stretched up to 300% and that possesses conduc-
tivity features, with high sensitivity at both small and large strains. It
worked with piezoresistivity when used to sense stretching; its perfor-
mances were proved by sensing facial expressions, finger movements,
wrist, elbow and knee bending during walking, running, jumping and
squatting. On the other side, triboelectricity was employed to harvest
energy to power capacitors and LEDs.

Gelatin, a molecule originating from animals, can be crosslinked
with NaCl in a glycerol/water solvent to obtain an organo-hydrogel able
to sense strains and human movements. Wu’s group [179] developed
this sensing material with numerous features like stretching resistance
up to 300% of its initial length, transparency, high conductivity, freezing
resistance, self-healing and long-term stability. The sensor, in the form
of gel, was placed on different body parts and it was able to exploit a
double mechanism: Piezoresistivity was used to detect movements like
finger, elbow and wrist bending, as well as subtle movements like
swallowing, smiling and pouting and monitoring physical exercise,
while the triboelectric effect allowed to employ the device as a BEH for a
self-powered calculator.

Cellulose showed numerous advantages when compared to other
molecules of natural origin and allows to develop multifunctional plat-
form. As an example, Qian’s group [180] developed a transparent
organo-hydrogel based on cellulose crosslinked in a glycerol/NaCl/-
water with dehydration and cooling tolerance. The material was
employed to develop triboelectric BEH. Moreover, the resistance
changes were employed to sense the strains generated by finger, wrist,
and elbow movements. Also, it was possible to exploit its piezoelectric
behavior to develop pressure-sensitive sensors able to respond to finger
tapping.

Sustainable development was also one of the main objectives of
Zheng’s group [108], which developed a smart material using zein and
PVA. The developed device showed the ability to sense a very large
range of pressures and to monitor movements from tiny to large scales
thanks to a combined triboelectric and resistive effect. In this way, it was
possible to sense small movements such as wrist pulse, belly breathing,
cheek muscle during chewing and finger-tapping and likewise strong
movements like walking, running and squatting. Furthermore, it was
used as a smart switch to activate different mechanisms in a smart house
before being easily degraded (Fig. 6a).

This study [176] discusses the fabrication of a hydrogel composed of
carboxyl-functionalized chitin nanofibers bound by hydrogen bonds
with polyacrylic acid (PAA/NCT). The hydrogel showed a high sensi-
tivity (gauge factor GF=2.69) and good stability. The strain sensor
developed was attached to the throat of a volunteer to detect acoustic
sensing capabilities and the results showed that the sensor displayed two
distinct peaks when the volunteer said "hello". Next, various human
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movements such as knee flexion, hand gestures and finger bending were
detected and all generated clear signals. Pressure sensing performance in
the presence of an external force was also evaluated, and the developed
capacitive sensor showed good sensitivity (0.063 N™!) to the subtle
pressure of a drop of water. In addition, the PAA/NCT hydrogel was
assembled into a TENG, which can act as an energy accumulator with a
power density of 1.06 W/m?.

Huang’s group [48] demonstrated that, by matching appropriate
materials, it was possible to obtain an enhanced tribo-piezoelectric ef-
fect. Silk serves exactly for this scope when coupled to PVDF and
allowed to obtain a more efficient charge harvesting, considering that
PVDF needs to be polarized in a specific direction. In this way, they
developed a flexible device able to monitor different movements like
finger bending and the heartbeat of a mouse and, at the same time,
harvest energy from these movements.

Silk is an attractive piezoelectric natural material due to its softness
and piezoelectric efficiency. In the work reported in [181], engineered
silk was used to produce a hydrogel enriched with zinc oxide (ZnO)
nanorods and encapsulated within two thin silk membranes, in order to
enhance the overall piezo-triboelectric efficiency and to obtain soft,
stretchable, flexible, biocompatible and biodegradable devices for
sensing human movements. The device can be attached to different body
parts and, thanks to its stretchability can be employed during bending,
pressing, stretching and twisting. To demonstrate its performance, it was
employed to monitor elbow movements, muscle movements and respi-
ration rate.

Ocean-derived materials represent an attractive and sustainable so-
lution to develop functional materials. This is the case of alginate which
originates from algae. Alluri’s group [182] employed this material,
combined with BaTiOs nanoparticles, to obtain beads by ionotropic
gelation which are then blended into a PDMS slab. This composite ma-
terial showed a mixed tribo- and piezo-electric effect. It was then
attached to the forearm and employed to test the forearm twisting,
bending and the movements of each singular finger.

Shi’s group [183] employed a 3D cellulose structure to embed
BaTiOj3 piezoelectric nanoparticles that, together with PDMS, share one
electrode to realize a mixed piezo- and tribo-electric sensor and BEH.
The sensor was tested with different applied pressure ranges and with
finger tapping.

To reach the goal of a device entirely made of nature-derived ma-
terials, Pongampai’s group [184] improved the performance of chitosan
by mixing it with BaTiO3 nanorod and coupling it with cellulose and
CNT electrode to develop a piezo-triboelectric device. Furthermore, it
was employed to measure pressure and to charge LED.

The fabric employed as a substrate to develop a wearable sensor was
used by Guo’s group [185]. They covered a common fabric with elec-
trospinned SF and PVDF to obtain a piezo-enhanced triboelectric sensor.
Its potential is represented by the possibility to scale this fabrication
approach with different sizes of fabric to develop a smart textile. The
device was self-powered and was employed to sense body movements
such as elbow bending or arm friction and swing. They proposed to
employ the device as a fall alert sensor for elderly people and persons
working in highly-risk areas.

It is interesting to find sensing materials in unexpected natural sys-
tems. An example is represented by the inner shell membrane of eggs
since Saquib’s group [186] demonstrated its sensing ability according to
three different mechanisms: Capacitive, piezoelectric and triboelectric.
The triboelectricity allowed to harvest energy, the piezoelectricity
operated in dynamic sensing, while the capacitance was adopted in both
static and dynamic sensing. The sensor obtained is foldable, flexible and
disposable and was tested with a moving door for piezoelectric sensing
and with wind and mouth blowing for capacitive measurements.
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4. Body energy harvesters
4.1. Piezoelectric body energy harvesters

PLGA, derived from PLA, mixed with BaTiOs nanoparticles was
employed by Selvarajan’group [187] to develop a biodegradable ma-
terial and thus a flexible device able to recover energy from low fre-
quencies underwater vibrations. The device was safely implanted and
naturally biodegraded in the body, enabling the possibility to safely
power implants.

Hanani’s group [188] developed a biocompatible material with
lead-free molecules able to show piezoelectric performances without the
need for a poling process. In particular, the authors developed
Hy(Zr 1Tip.9)307 (HZTO) nanoparticles functionalized with polydop-
amine and embedded in a PLA matrix, obtaining a flexible piezoelectric
material able to generate current and to light up LED from gentle finger
tapping and hand slapping.

An interesting work involving another PLA-based material was pre-
sented by Wu’s group [189] who employed a biodegradable piezoelec-
tric material composed of potassium sodium niobate (KNN) nanowires,
(PLLA) and PHBV. They fabricated a completely biodegradable device
for the electrical stimulation of cells for nerve tissue repair that was
implanted without the need for a second removal operation. The device
was remotely powered by ultrasound as a safe energy-transfer method.

Wang’s group [190] developed an elastomeric material totally based
on biodegradable biomolecules, in particular Lactate, 1,4-BDO, and SA
monomers, that undergoes a green product cycle for its whole life. The
interchain penetration of the chosen molecules allowed to obtain a
flexible and elastic structure that enabled an efficient displacement and
therefore a high energy generation. The authors employed this material
to develop a device that was tested under repeated pressure and pro-
posed as a next-generation degradable wearable BEH device.

Another molecular-building approach was employed by Wang’s
group [118] to develop a flexible piezoelectric material. They combined
the piezoelectricity of the lactate molecules with stretchable chains of
elastomer, in particular BDO and SA as flexible chains and IA as a
cross-linking agent. This allowed to obtain a device that showed
enhanced piezoelectric behavior as a consequence of its large defor-
mation and self-healing that increases the life of the device and enables
its use in strong stress conditions.

An interesting example of direct nature-derived material was pre-
sented by Karan’sgroup [110] where the eggshell membrane is extracted
from eggs and simply washed, dried and used as a piezoelectric BEH. The
flexibility and the performance of the material allow the development of
a device to harvest energy from tiny movements like throat coughing or
swallowing, voice and arterial pulse, and to power up multiple LEDs.

Eggshell membranes are known to be intrinsically piezoelectric, but
they can also be employed in combination with another synthetic ma-
terial, like PVDF. The surface interactions that occur between these two
materials are responsible for an enhancement of the piezoelectric
output, as it was demonstrated by Badatya’s group [191]. The authors
realized a flexible device by sandwiching these two piezoelectric ma-
terials between two ITO-coated poly(ethylene terephthalate) (PET)
layers to harvest energy from body movements.

Interestingly, another common biowaste was demonstrated to show
interesting performances as BEH, and in particular onion skin was
directly extracted from the vegetables by Maiti’s group [100] and
combined with gold electrodes, polypropylene foil and PDMS to develop
a very sensitive piezoelectric BEH, able to sense a broad range of stimuli.
As an example, they exploited footsteps to power up LED.

A further example of as-used nature biowaste was reported by Kar’s
group [109] who presented a piezoelectric BEH based on chicken
feathers. This material indeed shows a piezoelectric behavior due to the
presence of keratine, while disulfide bonds are responsible for me-
chanical strength, resulting in a durable and efficient material. It was
proposed as a lightweight and flexible wearable piezoelectric generator
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Fig. 7. (a) Schematic illustration and fabricated flexible electrospun silk piezoelectric generator device packaged with Kapton film. On the left, the detection of some
bending angle of a finger (from 30° to 90°) and the generated voltage signals corresponding to the detection of the movements of three different body parts (elbow,
knee, and foot, respectively) [198]; (b) Schematic illustration of the OSFM-SE pressure sensor with its structure showing the flat and the structured electrodes. The
picture shows also the output voltage of OSFM-SE pressure sensor when attached to incisors and molar at different forces (small and large occlusal forces,

respectively) [34].
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able to harvest energy from body movements, therefore it was tested
with gentle finger impacts, wrist pulses and to light up LEDs.

The idea to develop a smart and soft material led Vivekananthan’s
group [192] to the development of a combination of cotton fabric and
smart collagen nanofibril in a film that showed an interesting piezo-
electric behavior. The obtained piezoelectric device guaranteed a
comfortable wearability measured under different pressures.

The work of Sakar’s group [99] presents one of the stronger existing
cellulose fibers coming from Sonchus asper, also famous for its medical
properties like diuretic, refrigerant, sedative, and antiseptic properties.
These fibers become piezoelectric after stress application and thus were
employed together with PDMS to develop piezoelectric BEHs.

Another example of as-used natural materials is presented by Shao’s
group [193]. The authors found that the Ginkgo biloba, one of the most
ancient trees, can grow leaves whose cellulose crystals are already
aligned and oriented displaying a marked piezoelectric behavior.
Therefore, they extracted and dried yellow leaves and employed them to
develop a piezoelectric energy harvester. They measured the ability of
the device to sense both strong and subtle body movements to harvest
energy from different actions and proposed to apply the device on
different body areas during sports to recover energy from several
movements to power up implantable devices.

Ba et al. [194] combined cellulose nanofibrils and BaTiO3 nano-
particles to develop a composite material by a scalable and easy fabri-
cation approach that involves roll coating and screen printing to obtain a
flexible piezoelectric film that was used to harvest energy from body
movements such as footsteps and hand bending.

To avoid any environmental toxic compound, Sun’s group [32]
developed a biodegradable BEH based on a wood sponge obtained by an
innovative treatment. Due to the performance of the device and its
mechanical durability, it was employed to harvest energy from walks
when incorporated into the floor as a large-area device. It can also be
positioned in different places of the home, such as the desk, to recover
energy from finger tapping and hand movements.

Crab shells, a common biowaste material in the food industry, were
employed by Hoque and coworkers [50] to extract chitin nanofibers
that, combined with PVDF, result in a piezoelectric and biocompatible
material with interesting features like flexibility, low costs, and light-
weight. The device fabricated was tested with finger tapping and during
sonication to demonstrate its ability to harvest energy from different
frequencies. The device was also tested to lighten up LEDs.

Similarly, chitosan is one of the most abundant polysaccharides with
piezoelectric properties on Earth and different approaches were applied
to improve its properties. Li’'s group [195] electrospinned chitosan
nanofibers and red-emission quantum dots to obtain a piezoelectric
nanospun membrane. The presence of the quantum dots increased the
organization of chitosan fibers both at macroscopic and microscopic
levels and allowed to increase its piezoelectric performance while
retaining the flexibility of the material. Moreover, the presence of
quantum dots enlarged the potential to employ such material to develop
optoelectronic devices. The BEH fabricated was employed to harvest
energy from everyday movements, such as chewing, finger and knee
bending and heel steps.

Another approach is followed by Lee’s group [73] who exploited a
bottom-up approach to develop a microscopically finely organized de-
vice by self-assembling FF nanotubes. The material obtained is a highly
aligned piezoelectric membrane employed to develop a device that
harvests energy from finger pressing. The fabrication approach is scal-
able and was adapted to develop also large-scale harvester recovering
energy from body movements.

Another solution to employ FF in the form of microrods was pre-
sented by Tao and coworkers [196] who grew the rods in strong con-
ditions on a hard surface and then transferred them on a flexible
piezoelectric PLA surface obtaining a free-standing and flexible material
to develop wearable piezoelectric BEHs. The device can be employed to
scavenge energy from pressures.
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Furthermore, FF showed interesting piezoelectric properties when
developed in nanowires, overcoming the performance of most common
ceramic piezoelectric materials. Jenkins’s group [197] demonstrated
both by simulation and by device fabrication the possibility of
employing this biodegradable peptide-based material to fabricate a
flexible piezoelectric BEH. It was tested with periodic force exerted onto
the device.

Electrospun nanofiber membranes were produced by Sohn’s group
[198] employing silk as animal-derived biomaterial. This protein-based
material showed improved piezoelectric properties when molecular
chains are aligned by electrospinning. Moreover, the authors better
clarify the mechanisms behind the piezoelectricity of silk by demon-
strating an improvement in performance after soaking the material in
alcohol. The obtained device is employed to harvest energy from knee,
elbow and finger bending and from footsteps (Fig. 7a).

Liu’s group [34] developed a device based on SF specifically for oral
health applications. It can sense and record mechanical movements
originating from the mouth and it was also employed as a BEH to power
oral implants (Fig. 7b).

Maity and coworkers [199] demonstrated that natural components
can be employed to enhance the properties of synthetic molecules. In
particular, they used natural sugar or sucrose to coat piezoelectric PVDF
fibers. This approach allowed not only to stabilize the structure by
preserving flexibility, but also the surface interactions with the sugar
molecules helped to align PVDF in its p-phase and thus enhance the
piezoelectric output. The device developed harvested energy from vi-
brations, such as air blowing, vibrating belt and several musical in-
struments playing.

Dasetal. [112] proposed another example of the enhancement of the
properties of synthetic materials by using nature-derived substances. In
particular, they employed high crystallinity volcano clay nanoparticles
and ball mill incorporated into PVDF thin film to develop two types of
portable, cost-effective, biocompatible, eco-friendly piezoelectric BEHs.
The devices were tested during jogging and by applying them on a
vortex machine to demonstrate the ability of the devices to harvest en-
ergy from body movements.

Lee’s group [200] employed a new paradigm to align biological
molecules. They employed bacteriophage M13 as a rod-shaped piezo-
electric entity and aligned them vertically by using a mixed genetic
engineering and template-assisted method. The authors aligned the
nanorod on a soft polyethylene naphthalate (PEN) substrate to develop a
flexible BEH that can be worn and can recover enough energy by finger
pressing to power up a small screen.

4.2. Triboelectric body energy harvesters

TENG provides an innovative solution by supplying energy from high
entropy sources. This new class of flexible devices is characterized by
unlimited applications not only in harvesting energy from human body
movements but also when employed as a sensing element, exponentially
increasing the potential of their applications [201-204]. Moreover,
fabricating triboelectric BEHs with nature-derived material is a new
trend able to boost their sustainability by reducing the environmental
footprint [97,205-207]. As a further example, Zheng et al. [208] re-
ported an environmentally friendly and multi-functional wheat starch
TENG (S-TENG) for wearable electronic devices. S-TENG was used not
only to drive and intelligently control electronic equipment, but also to
effectively harvest energy from body movements and wind. In addition,
the output of S-TENG was not negatively affected by the increase in
environmental humidity but increased abnormally. In the range of 20%
relative humidity (RH) to 80% RH, S-TENG can be potentially used as a
sensitive self-powered humidity sensor.

Silk-based materials find applications also for triboelectric BEHs.
Wang et al. [209] designed an ultra-robust and natural silkworm cocoon
layer (SCL)/ PDMS-TENG as a BEH to scavenge waste energy from
human motions. The electrical output of the SCL/PDMS-TENG is 126 V



G. de Marzo et al.

& pLGA

LT PVA

Nano Energy 123 (2024) 109336

- Large surface area

Micro/nano roughness

DF-CNF-based

triboelectric nanogenerator DF-CNF biocomposite

Single TENG

Double TENG

Slow

breathing

1 Coughing

breathing

Voltage (V)

-0.4

-0.6

Slow
breathing

'
Fastand |
intense '
breathing |
\

Coughing

2 4 6 8 10

Time (s)

12

14

5

yazo"' 8
p“— 7 L
12 9 6 i
L Wy ssi Lf %’
— 5
28 px 60° ?4 ' 60
3 s 45 Saf b
BN 4ID o1 a0
30° .
1 >
(] 0 [
0 5 10 15 20 0 5 10 15 20 25 o
-
. 12 &
16 . .,'Lgo 2 R ng >° R
M - 10 =) T
o Walkin: | || |
12 i 07 8 \lll} || l
N
- - -
NN T e
g | WA 8
N 30° A
4
2
0 0 WGLULLE
0 4 8 12 1% 20 2 0 5 10 15 20

Time (s)

25

(a)

(b)

Fig. 8. (a) Breathable, biodegradable, and antibacterial e-skin conformally attached to the epidermis and schematic illustration of its three-dimensional structure
[221]. (b) Schematic illustration of DF-CNF composite and the signal generated by the (on left) single and (on right) double DF-CNF biocompatible TENG during

human respiration at different rates and coughing [217].

as open-circuit voltage, 3 pA as short-circuit current and 216 mW,/m? as
power density. The integrated self-charging TENG was demonstrated to
power small electronics and monitor human motions.

Dudem et al. [210] developed a soft fully packaged TENG device
based on crystalline silk microparticles (SMPs) embedded into a poly-
vinyl alcohol film and PTFE plastic cups. The TENG device exhibited
maximum open-circuit voltage Voc, short-circuit current Igc, and
short-circuit charges Qgc values of ~280V, 17.3 pA and 32.5nC,
respectively, as compared to the TENG with pure PVA (i.e., ~76 V, 3 pA,
and 8.3nC). Such a device revealed a maximum effective electrical
output power density of ~14.4 W-m 2 at a load resistance of 40 MQ and
stability even after 10k cycles over several weeks. The packaging with
silicone rubber allowed the protection of the device from humidity and
to attain durable electrical performance in even harsher environments to
obtain a soft, comfortable-to-wear, and skin-friendly device.

Xu et al. [211] reported a flexible, stretchable and fully bio-
absorbable TENG based on doped silk film SF to harvest biomechanical
energy in vitro or in vivo for intelligent wireless communication. The
SF-TENG, which employed PTFE as paired material, offers significant
advantages over conventional generators in terms of bending resistance,
skin affinity and self-powered efficiency.

A substrate-free self-powered e-tattoo sensor that provided on-skin
power harvesting characteristics and tactile information was proposed
by Gogurla et al. [212]. The ultrathin device consists of electro-spun SNF
layers incorporating CNTs. The device can activate electronic devices to
monitor whole-body joint movements.

Further, Dudem et al. [213] reported a natural eco-friendly TENG
based on micro-architected silkworm fibroin films characterized by high
surface roughness and resistance to aqueous solubility obtained by
means of soft imprinting lithography and alcohol annealing treatment,
respectively. The micro-architected silkworm fibroin-based device
exhibited very high surface charge density, Isc, Voc, and power density
values of 101 pC/mZ, 89 mA/m?, 395 V, and 22.05 W/m?, respectively,
as compared to the flat TENG (i.e., 78 uC/m?, 40 mA/m?, 230V, and
15.13 W/rnz). The TENG device was employed for real-time human
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body sensing applications.

Kim et al. [103] reported a highly stretchable and self-healable
hydrogel conductor mixed with ocean biomaterials including catechol,
chitosan and diatom to realize a TENG for energy harvesting from
human motion and self-powered skin-attachable tremor sensors for
monitoring the health condition of Parkinson’s disease patients. The
device showed an instantaneous power density of 29.8 mW/m?2.

The group of Kim [102] developed a chitosan-diatom TENG for
skin-attachable wearable devices. The porous diatom bio-silica can be
used as a biocompatible additive to greatly change the electro-positivity
and surface properties of chitosan films, showing bio-affinity and much
higher output power paired with fluorinated ethylene propylene (FEP)
film for vertical contact-separation. The time-averaged power density of
the chitosan-diatom TENG is measured as 15.7 mW/m?, which is 3.7
times higher than that of the pure chitosan TENG. For practical appli-
cations, the electrode-encapsulated chitosan-diatom film was success-
fully applied for a self-powered watch and a skin-attachable motion
sensor.

Zheng et al. [214] prepared a transparent TENG by pairing an
eco-friendly, flexible, and transparent chitosan/starch composite films
by drop casting process, with high transmittance exceeding 88% in the
visible light range, with the FEP film, and transparent PET/ITO elec-
trodes. The optimized chitosan/starch-FEP-based TENG exhibited a
maximum power density of ~5.07 Wm ™2 and an ultrahigh sensitivity of
46.03 VkPa ! in the pressure range of 1.25-6.25 kPa achieved by the
device as a self-powered force sensor.

Bai et al. [215] proposed a TENG based on a biocomposite consisting
of porous cellulose acetate and polyethyleneimine (PEI) paired with
flexible low-temperature vulcanized silicone rubber. The developed
TENG presented outstanding electrical output stability and durability,
and it is effectively capable of responding to multiple mechanical stimuli
originating from the human hand, including holding, twisting, jabbing,
flapping, and bending. Furthermore, the sensing pocket was applied in
different positions on the human body to monitor various movements
that come from arms and feet in real-time.
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Another type of porous nanocomposite was developed by Bai’s group
[216] who proposed a wearable TENG based on a material that in-
corporates nano-AlyOs fillers into cellulose acetate networks. Several
concentrations of casting solution and content of nano-Al,Os fillers were
tested to improve triboelectric charge yield, paired with
low-temperature vulcanized silicon rubber. The optimized TENG can
deliver an electrical performance of ~2.5 mW/cm? on a 0.8 MQ external
resistor and it was capable of charging various capacitors, lighting LED
arrays, and driving commercial wristwatches. Furthermore, a
TENG-based elbow supporter and a grip ball, as self-powered sensors,
were proposed to realize real-time detection of human actions during
sports exercise.

Rajabi-Abhari et al. [217] reported a work in which diatom bio-silica
was used as a biomaterial to enhance the output performance of
CNF-based TENGs. The device employed tribopositive bio-silica having
hierarchically porous three-dimensional structures and high surface
area into CNF layer to obtain a composite film mechanically strong,
electron-rich, low-cost, and frictionally rough. Moreover, a practical
application of the BEH was examined with a self-powered smart mask
for human breathing monitoring (Fig. 8b).

An example of the employment of cellulose nanocrystals (CNC) was
presented by Wang [133] who developed a TENG based on cellulose
nanocrystal CNC nanofibers loaded into methylcellulose (MC) films,
extracted from recycled wasted papers. The obtained composite was a
flexible, transparent and water-soluble CNC/MC film as the
positive-triboelectric materials that can be completely degraded in the
natural environment. The CNC/MC films showed better positive tribo-
electricity than metal films when in contact with PTFE film as a
negative-triboelectric material. Moreover, a completely water-soluble
device with open-circuit voltage and short-circuit current of 2 V and
30 nA was prepared by replacing PTFE film with MC film as a negative
triboelectric layer obtaining a biodegradable wearable bandage sensor
able to precisely distinguish the various breathing states (slight, normal,
deep, rapid breathing) and completely washed away in 2 min

Fachechi et al. [218] reported on triboelectric energy harvesters
based on CMC porous aerogel films, filled by PDMS polymer. The
fabricated devices with a 1 cm? area, tested by a novel approach for
measuring key parameters in triboelectric nanogenerators, exhibited a
peak-to-peak voltage of 27.8 V, a peak-to-peak current of 2.2 pA and a
maximum generated power of 0.9 uyW under pressing-release (5 N at
1 Hz).

Park and his group [95] proposed a TENG based on nonwoven
nanofiber (NF) material comprising Ulmus davidiana var. japonica and
PCL for enhancing triboelectricity paired with a Teflon layer. Moreover,
this wood-derived material showed an antifungal activity against ath-
letes’ feet, which holds great promise for wearable and body-attachable
human kinetic-energy harvesters. The wood-based TENGs during the
energy harvesting possessed a high energy harvesting efficiency of
1600 V/N-m*

Jiang et al. [106] proposed TENGs based on several fully bio-
absorbable natural materials for in vivo implantable devices. The
polymeric components of TENGs originated from nature, include cel-
lulose, chitin, rice paper, SF, and egg white. The device architecture
consisted of two different bioabsorbable polymers acting as friction
layers and ultrathin Mg films serving as the top and back electrodes with
spacers for vertical contact-separation mode. Various triboelectric out-
puts of these natural materials were achieved by a single material and
their pairwise combinations. The maximum voltage is 55V, current
0.6 yA, and power density 21.6 mW/m2 The modification of SF
encapsulation film made the operation time of the TENG tuneable from
days to weeks. Further, the authors demonstrated the full degradability
and resorbability of this device in Sprague-Dawley rats, avoiding a
second operation and other side effects. Using the proposed TENG as a
voltage source, the beating rates of dysfunctional cardiomyocyte clus-
ters were accelerated and the consistency of cell contraction was
improved. This provided a new and valid solution to treat some heart
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diseases such as bradycardia and arrhythmia.

Wang et al. [219] developed BEHs based on chitosan films and
natural materials such as starch, lignin, glycerol, and acetic acid. The
outputs can be optimized as 13.5 V and 42 nA from chitosan-10% acetic
acid composite film due to the sticky surface by adding a layer of Ecoflex
silicone rubber.

The group of Khandelwal [101] proposed a TENG biodegradable and
edible device based on laver coated with an edible silver leaf which
served as the active layer and a rice sheet as substrate. The device output
performance was tested using paper, tissue paper, polyvinyl chloride
(PVC), and FEP. The best electrical performance was achieved by
exploiting the FEP-laver as the opposite layer.

Zhang et al. [220] reported TENG devices as mechanical BEH and
self-powered sensor devices based on cellulose II, fabricated by treating
cellulose via a dissolution-regeneration process. The device architecture
consists of a layer of cellulose aerogel paired with a PTFE layer. For an
applied force of 40 N, Vg, Isc, and Qgc of the cellulose II aerogel-based
TENG resulted to be ~ 65V, 1.86 pA and ~ 23 nC, respectively.

Peng et al. [221] designed a TENG exploiting single electrode mode
by sandwiching Ag NW electrode between the top PLGA triboelectric
layer and the bottom PVA substrate. The e-skin device based on the
proposed material had a maximum matching peak power density of
130 mW/m? and a voltage response pressure sensitivity of 0.011 kPa~},
which enables the whole-body physiological signal monitoring such as
blinking, pulsing, speaking, and respiring, and major joint motion de-
tections, including knuckle, elbow, knee, and ankle (Fig. 8a).

Sun’s group [222] reported a fully sustainable TENG based on fish
gelatin layers as friction layers that can degrade completely within 30
days in the soil. By modifying the two friction layers with dopamine and
fluorinated silane respectively to serve as a promising triboelectric pair,
the obtained TENG showed remarkable output performances with a
power density of up to 100 pW cm™2 The device was used in
self-powered wearable sensing of human movements and in
human-machine interaction.

An all-cellulose BEH was proposed by Zhang [223] who developed
an eco-friendly, recyclable and interactive device TENG. The TENG in
contact-separation mode was composed of pure BC as one friction layer
and BC-CNT-polipyrrolidone membranes as an electrode and the other
friction layer. The all-cellulose TENG was readily utilized as a wearable
sewing interface to control an electronic piano.

Chen et al. [224] developed a TENG to replace a traditional power
supply for synthesizing different metallic nanoparticles using an elec-
trochemical approach. The TENG device consists of two polyethylene
terephthalate (PET) sheets used as the substrates and covered with thin
aluminum films. PDMS and gelatin, properly nanostructured covered
the top of two PET/Al sheets separately. The conductive substrate is
represented by carbon fibers and metallic nanoparticles. Additionally,
the authors integrated the as-prepared carbon modified with the TENG
to construct a wearable self-powered sensing system that exhibited
significant selectivity and sensitivity toward lactate detection.

One of the most important aspects which need to be considered when
developing flexible devices is that it is necessary to match the me-
chanical features of the skin in order to have high compliance and
reliable measurements. For this reason, in the work of Leng [225] a
hydrogel based on bovine serum albumin and glycerol is presented,
which displays mechanical matching with the skin and is able to retain
moisture and conductivity. The hydrogel can be used as well to register
electrophysiological signals and can be coupled to PDMS to obtain a
flexible and self-powered TENG. The device capabilities were demon-
strated by developing a robot and a smartphone Bluetooth control
systems.

Jao et al. [226] proposed a TENG to harvest biomechanical energy
from human motions, in which a chitosan-glycerol film was explored.
The TENG design consisted of an as-prepared chitosan-glycerol film,
containing nanostructures on the surface, regarded as positive tribo-
electric material and attached to a metal layer paired with
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Fig. 9. (a) Distribution of sensing mechanisms. (b) Distribution of material form for sensing.

polytetrafluoroethylene (PTFE), attached to another metal layer, acted
as negative triboelectric material. The output characteristics revealed
stability under various humidity conditions of the developed devices,
indeed TENG can reach 130 V with a contact area of 5 x 3 cm?, peak
currents of 14 pA and a maximum power above 2.5 W/m2. Moreover,
the TENG was further developed into various kinds of self-powered
healthcare sensors for humidity, sweat, and gait phase detection. More
importantly, the designed humidity sensor based on the TENG exhibits a
promising advancement in sensitivity compared with conventional
TENG-based humidity sensors.

He et al. [227] proposed a self-powered cellulose fiber-based TENG
system constructing 1D CNFs on CMFs (cellulose microfibers) skeleton
to form a 2D hierarchical nanostructure with high efficiency for PMj 5
removal. The TENG design consists of a CMFs/CNFs/Ag nanostructured
film paired with FEP/Ag layer. The so-obtained TENG system was
capable of monitoring breathing status without using an external power
supply.

Huang et al. [228] proposed an all-fiber-structured TENG fabricated
via a one-pot electrospinning method that integrated ethyl cellulose/-
polyamide 6 co-electrospun nanofiber-incorporated MXene (Ti3CyTx)
sheets into the PVDF nanofiber skeleton. The ethyl cellulose and poly-
amide 6 act as the triboelectric positive material whereas MXene sheet
incorporated into poly(vinylidene fluoride) are strongly electronegative
conductive nanofibers and act as a triboelectric negative material. The
assembled all-fiber TENG exhibited excellent durability, stability and
output performance that reached a peak power density of 200 mW/m?
at 100 MQ of load resistance. The TENG was capable of monitoring
human movements as a self-powered sensor.

5. Implantable sensing and energy harvesting systems

The possibility of implanting self-powered devices would help to
avoid the implantation of batteries, which bring intrinsic dangers inside
the body. To avoid this problem while retaining a high power recovery
efficiency, the group of Huang [48] developed a self-matched piezo and
tribo implantable energy harvester in which the piezoelectric effect
enhanced the triboelectric effect. The device is fabricated thanks to the
combination of PET and PVDF with a type of recombinant spider silk.
The flexibility that the device display allows is to be positioned in many
locations of the body to monitor movements. One of the most important
characteristics of devices developed with nature-derived material is that
they are usually biodegradable at different and sometimes also
controllable rates. This feature is extremely useful when applied for
implantable systems as it eliminates the need for a second surgery to
remove the implant. Moreover, the employment of devices able to
collect energy from body movements promotes the use of self-powered
autonomous systems able to work without conventional electronics.
Therefore, the combination of biodegradable sensors and biodegradable
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BEHs paves the way for implantable systems that can closely monitor
physiological parameters and increase comfort for patients. An example
is given by the group of Zheng [229], who developed an implantable and
biodegradable triboelectric energy harvester based on PLGA, PHBV,
PVA and PCL able to power electrodes for tissue repairment in 9 weeks.
The system can then degrade and be absorbed by the body in only 90
days. Another approach for system biodegradation is presented by the
group of Li. [230] who developed a triboelectric nanogenerator based on
PLGA, PCL and PLA for wound healing applications. The biodegradation
of the device is controlled by the presence of AuNRs and triggered by
NIR light. In this way, the device is able to work properly for 28 days and
then, after the degradation trigger starts, is completely
photo-biodegraded in 14 days. In the work of Jiang [106], a combina-
tion of Chitin, Cellulose, silk fibroin, rice paper and egg white is used to
develop an implantable triboelectric nanogenerator able to help
dysfunctional cardiomyocytes to recover their contraction efficiency
and then degraded in maximum 84 days. This device does not require a
second operation to be discarded. The importance of flexibility for
implantable systems is underlined by Gogurla and coworkers [181] who
presented a flexible, enzymatically degradable and implantable
piezo-tribo harvester based on silk and incorporated ZnO nanorods. The
flexibility of the device, comparable to that of skin, improves the com-
fort of the device when placed on the skin or implanted and allows to
correctly and autonomously measure body movements without further
power sources. It is also employed to activate low-power electric devices
such as LEDs, an oximeter and stopwatches. The work of Selvarajan
[187] presents a transient biodegradable piezoelectric system based on
PLGA and BatiOs particles which can be activated by both
low-frequency and high-frequency ultrasonic stimuli, generating up to
10 mW/cm?. It was tested by powering LEDs and can completely
biodegrade in physiological conditions after 100 days. Implantable
energy-harvester systems find interesting applications also in the
context of nervous tissue regeneration, as underlined in the work of Wu
[189]. They developed a piezoelectric device powered by ultrasound
and fabricated with KNN nanowires, PLLA and PHBV which can send
electrical pulses to nerves to promote their regeneration. Moreover, they
were able to tune the biodegradation time of the system by changing the
encapsulation layer. Triboelectric nanogenerators can be employed as
multifunctional platforms for in vivo monitoring and therapeutic de-
livery, as it was demonstrated by the Zhang’s group [231]. They pre-
sented a biodegradable silk-based triboelectric nanogenerator to
monitor epileptic seizures. The strength of this work lies in the possi-
bility of tuning the operating life and the mechanical sensitivity by
changing the molecular size of silk, the surface and the structural or-
ganization of the device.
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6. Comparative analysis However, as far as we know, the literature misses an analysis in which
the type of nature-derived material and its material form are correlated
The employment of biomaterials derived from nature to develop to the existing wearable applications. Therefore, in this Section, the
wearable devices is a relatively young trend in the fabrication of inno- applications of wearable devices and power supply devices are analyzed
vative sensors and it is estimated that their number will grow in the from the perspective of the material kind, the sensing mechanism and
future due to the necessity to supply sustainable electronic solutions and the processed form of the active material. This study will help to obtain
reduce the e-waste amount. Most reviews in the field of wearable some guidelines on how to boost the employment of nature-derived
sensing and power supply devices fabricated with both conventional and materials thanks to their unique features to develop next-generation
biological materials mostly focus on material fabrication techniques or wearable devices.

merely list the type of devices that can be developed [232-236].
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6.1. Sensors

The analysis about the number and type of sensors described in this
review identifies the physical mechanisms mostly adopted to develop
sensitive sensors. In particular, among the mechanisms involved
(piezoelectric, triboelectric, piezoresistive, piezocapacitive and hybrid
mechanisms), it emerges that piezoelectric and piezoresistive devices
are the most employed to develop pressure and strain sensors based on
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nature-derived materials. The reason behind this is represented by the
stability of the signal and the fact that piezoelectric and piezoresistive
materials are less influenced by environmental contributions which can
make the measurement less affordable. However, piezoresistive sensors
always require a power-consuming reading platform, while piezoelec-
trics are characterized by energy-independent signal generation,
improving the portability of the system. Also, the hybrid mechanism is
relatively broadly employed due to the possibility of developing
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Fig. 12. (a) Distribution of BEH mechanisms. (b) Distribution of material form for BEH devices.

platforms able to monitor multiple parameters at once, thus increasing
the portability and the comfort for the patient (Fig. 9a). Another
important point when planning the development of an innovative device
is the choice of the processed form that the material will assume to
exploit as much as possible its properties. Among the papers analyzed,
the most diffuse forms are textile, film, aerogel, hydrogel/gel, bulk
materials/sponge and nanofiber mat. It emerges that films, produced
mainly by solvent casting or spin coating techniques, are the most
employed due to their low fabrication costs and very low thickness that
improve conformability. Also, hydrogels and soft gels are largely applied
because of their stretchability. Thirdly, we find nanofiber mats that
show a hierarchical structure allowing to greatly enlarge the pressure
range of stimuli recorded (Fig. 9b).

When developing an instrument for monitoring human parameters
or for specific applications, it is of paramount importance to understand
how to exploit the sustainable active material to understand how to
improve it and to reach the best possible performance. Therefore, it is
useful to have an overview of which type of sensing mechanism is mostly
employed for a specific application to better drive our choice. The
overview of the analysis is represented in Fig. 10. By analyzing the type
of sensing mechanism for each paper, it emerges that the monitoring of
joints and muscle strains is the most studied to collect data on health
during sports activities or to monitor the conditions of elderly and
bedridden. There is not a specific preferred mechanism, as generally
triboelectric, piezoresistive, piezocapacitive and hybrid mechanisms are
chosen. Instead, the analysis of the applications of piezoelectric devices
underlines that they are mainly chosen for applications related to
pressure monitoring and sound or voice recognition. This aspect can be
influenced by the higher sensitivity that piezoelectric materials
demonstrate for lower pressures and lighter stimuli like the one involved
in sound emission or gentle finger pressures.

Another important part of the development of innovative devices
based on nature-derived material is the form in which the material needs
to be processed. In this case, both performance and compliance with
different body parts play an important role. The distribution of the
material forms related to the applications is displayed in Fig. 11. Tex-
tiles, thanks to their conformability and adaptability to smart dresses,
are largely employed in most applications, including pressure maps,
wrist pulse, heartbeat, voice or sound recognition, joint bending moni-
toring and tapping. Films are the most employed for developing pressure
sensors, voice and acoustic recognition and joint movements, probably
due to their sensitivity in recording lighter stimuli. Aerogel, hydrogel,
gel and sponges, thanks to their high compressibility, are instead most
employed for developing devices that can monitor large bending from
finger, elbow and knee. Nanofiber mats are instead the most employed
to sense a large range of stimuli due to the hierarchical structure of their
form.
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6.2. Body energy harvesters

The devices applied as BEHs analyzed in this review require a
separate analysis from sensors since they are evaluated on the basis of
different qualitative and quantitative parameters. In particular, the most
important feature of BEHS, is the ability to generate high electric signals
both for short and open-circuit measurements. Moreover, by definition,
they work as power supply and need to be energetically independent.
Indeed, the reviewed papers present only piezoelectric and triboelectric
materials in a similar amount (Fig. 12a). Regarding the mainly
employed material forms to develop efficient BEHs based on natural
materials, films and textiles are the most developed. This is due to the
high compliance and flexibility that these two material forms usually
display. Moreover, while films are characterized by low costs of fabri-
cation and high sensitivity, textiles can sense a wider pressure stimuli
range thanks to their hierarchical structure (Fig. 12b).

7. Conclusions: challenges and perspectives

The need to develop sustainable devices based on green-chemistry
materials became of paramount importance during the last decades,
especially considering the growing number of wearable devices, neces-
sary to continuously monitor human health, and the consequent amount
of electronic waste produced. This class of materials brings intrinsic
advantages in the development of wearable sensors and energy har-
vesters and it is not always expected to find the same features in con-
ventional synthetic polymers or ceramics, such as sustainability, low
costs, flexibility, biocompatibility and controlled biodegradability.
Moreover, when implanted they can be absorbed by the body and be
replaced by living tissues reducing rejection complications. Addition-
ally, their large availability makes them perfect candidates for industrial
scalability. Although nature-derived and sustainable biomaterials
research is paving the way for a new generation of wearable devices, the
road toward their optimization is still in its infancy due to some chal-
lenges that need to be faced. The first aspect to be considered is the
intrinsic variability of materials extracted from raw sources that could
be responsible for differences from one batch to another. Indeed, most of
these molecules are complex polymers with high molecular weights and,
therefore, multiple efforts are required to standardize the extraction and
purification to obtain homogeneous substances suitable to be further
processed for the fabrication of reproducible devices [237]. Moreover,
most nature-derived materials cannot be processed with standard
fabrication techniques but require mild protocols optimized specifically
for their processing. In particular, these materials may be damaged
when treated with high-temperature or rough solvents. The combination
of low homogeneity and the necessity for mild processing conditions
makes the miniaturization of the final devices challenging. It is
emblematic that most of the references in this review report devices in
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the size of cm or mm and only a few of them report micron-sized sensors.
Despite these challenges, it is also true that these materials reveal a large
potential thanks to their intrinsic characteristics. As an example,
biological-assisted sorting or production could be a possible solution for
improving their purification, enabled by the feature of bio-recognition
or bio-production that mostly nature-derived molecules possess. More-
over, their high potential for chemical modification will help to improve
their processability or, vice versa, will force us to use mild and more
sustainable fabrication protocols. Furthermore, the possibility to use the
same material in different forms (thin film, nanofibers, textile, hydrogel,
etc.) will give a boost to the development of micron or even nano-sized
sensors and energy harvesters.

Therefore, the efforts required by nature-derived materials to obtain
devices with the required characteristics are counterbalanced by the
advantages that would come from their use in everyday practice.

In this work, an overview of wearable pressure sensing devices and
BEHs based on bio-derived active materials is presented. The devices are
classified based on their mechanism (piezoelectric, triboelectric, pie-
zoresistive, piezocapacitive and hybrid). Moreover, a comprehensive
analysis of their working mechanism and their processed material form
by healthcare applications is given. This review provides broad guide-
lines to help in defining the best material for specific wearable appli-
cations, underlining the potential of nature-derived materials and
considering their important role in our near future.
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Material Sensing mechanism  Sensitivity Pressure/Force Stretchability Ref.
range
CNT into a chelate of calcium ions with PAA and SAlg Capacitive - - - [175]
Paper-based Capacitive - - - [138]
Gelatine, choline chloride (ChCl) and ethylene glycol (EG) Capacitive - lower than 1 kPa - [172]
Rose petals Capacitive - - - [28]
Ionic collagen fiber Capacitive - - - [173]
Leaf, SWCNT and AgNWs Capacitive - 0.86 + 0.16 kPa - [29]
PLLA Nanofibers Piezoelectric 25 mV kPa’! - - [30]
Glycine/chitosan Piezoelectric 2.82 mV kPa’! - - [31]
Pectine/PEG/Graphite Piezoelectric - 0.1-1 kPa - [128]
Silk/PHB/Gold Nanorods Piezoelectric - recorded up to 1 N [124]
PBGL/PDMS Piezoelectric 10.2 (d33) 54 pC N1 (dsp), - - [47]
615mvV N
BC hydrogel/Imidazolium Perchlorate Piezoelectric 4 mV kPa 0.2-31.25 kPa - [129]
Wood Sponge Piezoelectric - tested at 13.3 kPa - [32]
Porcine skin gelatine Piezoelectric 41 mV Pa’l, 24 pC N1 - - [33]
PLA Piezoelectric 600 pC N'! (d33), 41 pC N™! - - [115]
(d31)
PLLA-BaTiO3 Piezoelectric - - - [117]
PLA Piezoelectric 10 pC N! - [116]
Cellulose/PVDF/Maleic Acid Polydopamine/BaTiO3 Piezoelectric 27.2pC N'! - - [98]
Cellulose/MoS,/BaTiO3 Piezoelectric 45 pC N? - - [52]
Inner eggshell Piezoelectric 16.93 V MPa’! 0-0.098 MPa - [186]
SF-/PVDF Piezoelectric - - - [123]
Silk/Tannin/Graphite Piezoelectric - - - [125]
Silk/PVDF Piezoelectric 6.24 pm V1, 73 pv Pa’! - - [126]
Chitosan Piezoelectric 15.56 pCN! 0-0.5kPa [127]
80 mV kPa!
PZT/Cellulose Piezoelectric 31 pCN?! lower than 31 kPa - [53]
Lactate elastomer Piezoelectric - - [118]
Strontium collagen Piezoelectric 3.45 pm v - - [54]
SF Piezoelectric 30.6 mV N'! - [34]
Chitin Piezoelectric - lower than 10kPa - [35]
PLLA Piezoelectric - 0-18 kPa - [121]
PDLA/PLLA/CQD Piezoelectric - - - [120]
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(continued)
Material Sensing mechanism  Sensitivity Pressure/Force Stretchability Ref.
range
PLGA/PCL Piezoelectric - 0-4.6 kPa - [171]
PLA/Glycine Piezoelectric 13.2mV kPa~!, 8 pC N'! 2-69.5 kPa - [119]
DL Alanine Piezoelectric dy3 =5.72 + 1.64 pC N}, da3 150 mVat6 N 40% tensile strain [131]
= ~5.5pm V'
Cellulose paper coated with Graphene Piezoresistive 59N?! - [150]
Nikel on nanocellulose substrate Piezoresistive - - 0.1958 % [137]
X-SF-MXeneY-Graphene Oxide Piezoresistive 14.23 kPa’l; 12.53 kPa~! lower than 1.4 kPa - [158]
Chitosan Piezoresistive - - - [49]
PANI into BC/CH composites Piezoresistive 1.41 kPa~! - - [144]
BC and polymerizable deep eutectic solvents (PDESs) Piezoresistive - - GF (Gauge Factor) 1.29 [145]
CNFs and graphene co-incorporated PVA-borax hydrogel Piezoresistive - - GF 3.8 [139]
TEMPO-oxidized cellulose nanofibrils were Piezoresistive - - GF7.3 [140]
homogeneously dispersed into PAA hydrogel
Ionic hydrogel strain sensor comprises SAlg, tannic acid, Piezoresistive - - GF 2.0 [156]
and chemically cross-linked PAM
Stacked CNT and Ni-fabrics Piezoresistive 26.13 kPa™! - - [153]
Graphene Oxide papers Piezoresistive larger than 17.2 kPa™! - - [149]
Cotton fabric, Polyester textile - Ni electrodes - CNTs Piezoresistive 14.4 kPa~! - - [146]
Graphene oxide as a compatibilizer for PLA - PEG blends Piezoresistive - - GF 70 [164]
CNTs/graphene/Waterborne polyurethane/CNC Piezoresistive - - - [151]
MXene/BC Piezoresistive 51.14 kPa! 0 - 0.82 kPa - [55]
Natural-wood/rGraphene Oxide Piezoresistive 1.85 kPa! - - [96]
SF/PolyPyrrole Piezoresistive - - - [157]
Tannic acic/SAlg/PAA Piezoresistive - - - [156]
Nanocellulose-MXene Piezoresistive 95.2 kPa~! lower than 50 Pa - [142]
Paper-MXene Piezoresistive 509.5 kPa!; 344.0 kPa! - - [168]
All-paper Piezoresistive 1.5 kPa! - - [152]
CNT-BC Piezoresistive 12.5 kpa! - - [147]
SF/MXene Piezoresistive 298.4 kPa!; 1.4-15.7 kPa; - [56]
171.9 kPa! 15.7-39.3 kPa
Collagen/Mxene Piezoresistive 61.99 kpa! - - [162]
Carbonized creep paper Piezoresistive 2.56 kPa'; 5.67 kPa ™! 0.42-2.53 kPa; 0- - [143]
0.42 kPa
SF/AgNWs Piezoresistive 12-26 GPa ™! - - [159]
Cellulose/PEDOT:PSS Piezoresistive 83.9 kPa™! - - [141]
Gelatine/PVA/MWCNT Piezoresistive - - GF ~ 1296 under [161]
12-20% strain
PVA/CS, phytic acid Piezoresistive - - GF 1.77 [155]
CMC/carbon black/multilayer graphene and SiO2 Piezoresistive - - GF 70.2 [148]
nanoparticles
Gelatin/Polyacrylamide Piezoresistive - - GF 0.560 and 0.835 [163]
Carbon black / wheat flour Piezoresistive - - - [105]
Chitosan/diatom Triboelectric - - - [102]
Gelatin/PAM/PEDOT:PSS Triboelectric - - GF 1.58 [178]
Chitosan/diatom/catechol Triboelectric - - - [103]
Paper and polyethilenimmine Triboelectric - 60 N - [132]
CNC/methyl cellulose/graphite Triboelectric - - - [133]
PVDF-TrFE/chitin nanofiber film Triboelectric 12.4 nA kPa~'; 2.6 nA kPa ! 98 Pa - 9.8 kPa; 9.8 - - [136]
98 kPa
SAlg/glycerol/AgNWs Triboelectric 0.237 V kPa™! - - [135]
Silk hydrogel/ZnO nanorods Piezo-Triboelectric 320 pC N'! - - [181]
Silk fibroin/PVDF Piezo-Triboelectric - - - [185]
Silk/PVDF/Poly Ethylele Tereftalate Piezo-Triboelectric - - - [48]
Cellulose/BaTiO3 aerogel papers based PDMS Piezo-Triboelectric - - - [183]
nanocomposites.
BaTiO3-Nanorods/Chitosan Piezo-Triboelectric - - - [184]
BaTiO3/SAlg Piezo-Triboelectric - - - [182]
PVA/PEDOT:PSS and Zein/PVA/CNT Piezoresistive- 281.59 kpa'! 0-60 kPa - [108]
Triboelectric
Cellulose/glycerol/NaCl/H20 Piezo-capacitive 0.0103 kPa™! - - [180]
AgNWs/BC Piezo-capacitive 5.49 kPa™t - - [174]
PVA/SAlg/BC/modified CNT and carbon black Piezo-capacitive 0.033 kPa™! - - [51]
Graphite/cellulose paper Piezo-capacitive - - - [170]
PLGA-PCL Piezo-capacitive 0.863 + 0.025 kPa™! - - [171]
Appendix B. Table nanogeneratos
Material Mechanism Sensitivity Power/Power Force Frequency  Max Output Active area Ref.
density
SF Piezoelectric 3.5 pC N 1.2 pW em ™3 10N 0.5 Hz 7 V and 150 nA 3 x 4 cm® [198]

(continued on next page)
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(continued)
Material Mechanism Sensitivity Power/Power Force Frequency  Max Output Active area Ref.
density
Potassium Sodium Niobate/ Piezoelectric 150 pC Nt 0.7 W cm™ 05N 10 Hz 0.6 pAand 6 V 1.5 x 1.5 cm? [189]
PHBV/PLLA
PVDF/Clay nanoparticles Piezoelectric  39.75 pC N'}; 4115 pW em’>; 5N 10 Hz 1.6 pA and 85V; 1.9 4.9 x 3.0 x 0.2 cm® [112]
50.10 pC N}, 7187 pW cm® A and 125V
HZTO/polydopamine/PLA Piezoelectric 26 pm V! 463.5 mW cm 2N 23 Hz 5.41 V and 0.26 mA 3.0 x 1.5 cm? [188]
Cotton fibers/PDMS Piezoelectric - 182.06 pW em™3 5N 10 Hz ~1.0 pA and 81.2V 3.6 x 2.1 cm? [99]
PLLA/Dyphenilalanine rods Piezoelectric 12.4 pm vl 1.56 Wm ™3 60 N 0.13 Hz 1.78 V and 70 nA 1.2 x 1.2 cm? [196]
PVDF/eggshell membrane Piezoelectric - - 10 kgf 6 Hz 15V and 150 nA - [191]
Bag.g5Cag.1521r0.10Tip.9003 / Piezoelectric - 7.54 mW cm™ 8.2 -18.5 kPa 4 Hz 14.4V and 0.55 pA 1.5 x 1.3 cm? [238]
Polydopamine/ PLA
BaTiO3/PLGA Piezoelectric - 10 mW cm? 10N - 8V 1 x 1 cm? [187]
Chitin/PVDF Piezoelectric  35.56 pC N 6600 mW cm™® 25 kPa 6 Hz 49V and 1.9 mA 2 x 1.5 cm? [50]
Cellulose fibrous untreated Piezoelectric ~ 2.8pC N 1.7pW cm2 34 kPa 3 Hz 18 Vand ~ 166 nA - [100]
onion skin
Lactate, 1,4-BDO, and SA Piezoelectric - - 4 gf 0.3 Hz 303.75 mV cm 2 4 x 4 cm? [190]
and 1.92 102 mA
cm™
Eggshell membrane Piezoelectric ~ 23.7 pC N'! 238.17 mW cm®  81.6 kPa 1-5Hz 26.4 V and 1.45 pA 2.0 x 1.5 cm? [110]
Cellulose nanofibril/MoSy/ Piezoelectric 45 pC N1 - - - 8.2V and 0.48 mA - [52]
BaTiO3
Collagen / cotton Piezoelectric - - 5N - 45V and 250 nA 3 x 3 cm? [192]
Chicken feathers fibers Piezoelectric 1.6-2.1 pCN! 6 mW cm™ 0.13-0.31 MPa 4 Hz 10 Vand 1.8 mA 2.0 x 6.0 cm? [109]
Diphenilalanine nanotubes Piezoelectric ~ 46.6 pm V! 8.2nW 42N - 2.8V and 37.4 nA - [73]
lactate-BDO, SA and 1A Piezoelectric - - 4 gf - 0.24 Vem 2 and 4 x 4 cm? [118]
19.75 pA cm 2
Yellow ginkgo leaves Piezoelectric  6.44 pm V! 25.7 mW cm™, 16 N 3 Hz 131 V cm™® 2d 2 x 2 cm? [193]
2.5mA cm™
Sugar encapsulated PVDF Piezoelectric 33 pC N'! 33 mW m™ 10 kPa 5Hz 100 vV 10.5 x 8 cm? [199]
fibers
FF nanorods Piezoelectric - 0.1 nW - 1Hz 0.6 Vand 7 nA 30 x 12 [197]
x 0.25 mm®
Cellulose nanofibril/BaTiO3 Piezoelectric - - - - 0.25V 3 x 1.5 cm? [194]
Chitosan fibers and red Piezoelectric - 12 pw cm ™3 4N 3 Hz 125V cem ® and 1.5 1.0 x 1.0 cm? [195]
quantum dot pA cm~3
SF Piezoelectric 30.6 mV N'! 5.9 mW m™ 31N 1Hz 155.2 mV and - [34]
22.9nA
Wood sponge Piezoelectric - 0.6 nW cm™ 3N - 0.69 V and 7.1 nA 15 x 15 x 14 mm? [32]
M13 bacteriophage Piezoelectric ~ 13.2 pm V! 236 nW 17 N 0.5 Hz 12V and 300 nA - [200]
Chitosan/BaTiO3 Piezo/tribo - 431.8 yW - - 110.8 V and 10 pA - [239]
Silk/ZnO Piezo/tribo - 1 mW em? 15N 1Hz 12.5V and 0.04 pA 5 x 5 mm? [181]
Wheat starch Triboelectric - 113.2 pW cm 2 - 4 Hz 151.4 V and 47.1 pA 25 cm? [208]
Crystalline silk Triboelectric - 144 W m2 5N 5 Hz 280 Vand 17.3 pA - [210]
microparticles/PVA
Chitosan/starch Triboelectric ~ 46.03V kPa™!  5.07Wm? 2-12N 3Hz 1080 Vand 169 mA 1 x 1 cm? [214]
in the range m2
1.25-6.25 kPa
Cellulose acetate Triboelectric - 2.21 mW cm™2 16 N 1.5hz 478V 6.3 pA em2 3 x 3 cm? [215]
/polyethyleneimine
Al,Os fillers into cellulose Triboelectric - 2.5 mW cm™ 18N 1.5Hz 448 V and 45 pA 4 x 4 cm? [216]
acetate
Bio-Silica and Cellulose Triboelectric - 85.5 mW m™ 8N 5Hz 388 Vand 18.6 pA 4.9 cm? [217]
Nanofibril
CNC/ methylcellulose Triboelectric - 180 pC m2 0.5Hz 205V and 18 pA 2 x 2 cm? [133]
CMC/PDMS Triboelectric 0.9 uyW 5N 1Hz 27.8 V and 1 cm? [218]
2.2 A
SCL/ PDMS Triboelectric - 216 mW m™> 5N 3 Hz 126 V and 3 pA 2 x 3 cm? [209]
Root bark and PCL Triboelectric - 9 pW em2 20N 8 Hz 80V 5 x 5 cm? [95]
Chitosan/diatom Triboelectric - 15.7 mW m2 8N 5Hz 150 V and 1.02 pA 3 x 4 cm? [102]
Silk/rice paper/chitin/egg Triboelectric - 21.6 mW m - 1Hz 55V and 0.6 pA 1 x 2 cm? [106]
white/cellulose
Chitosan Triboelectric - 17.5 pW m 2 - - 13.5V and 42 nA 2 x 1 cm? [219]
Laver/rise sheet Triboelectric - 0.02 mW m - - 23 Vand 315 nA 2 x 2cm [101]
Silk fibroin Triboelectric - - 20N - 3 pAand 50 V 2 X 2 cm [211]
CNT/silk nanofibers Triboelectric 0.069 kPa ™! 6 mW m2 13.3 kPa 0,5 Hz 150 V and 1.24 pA 2 x 2 cm’ [212]
Cellulose Triboelectric ~ 1.66 VN 127 mW m2 40N 4Hz 65V and 1.86 pA 6.15 cm? [220]
PLGA/PVA Triboelectric ~ 0.011 kPa™* 130 mW m™ 40 KPa 5Hz 90 V and 1.5 pA 2 x 2cm [221]
Fish gelatine Triboelectric - 100 pW cm 2 5N 5Hz 500 V and 4 pA 3 x 3cm [222]
Bovine Serum Albumine/ Triboelectric - 0.15W m™> 30 5Hz 474V and 0.7 pA 3 x3cm [225]
Glycerol
BC/CNT Triboelectric - 3 pwW 6N 5Hz 29 Vand 0.6 pA 6 x 6 cm? [223]
Chitosan Triboelectric - - - 1Hz 130V 5 x 3 cm? [226]
CNF/microfibers Triboelectric - 7.68 pW em™2 - 1Hz 21.9 Vand 0.73 pA - [227]
Ethyl cellulose/polyamide/ Triboelectric - 290 mW m™ 43 N 5Hz 45V and 1.8 pA 2 x 2 em? [228]
MZXene/PVDF
Silk Triboelectric - 22.05 W m? 5N 5Hz 395V 2 x 2 cm? [213]

30



G. de Marzo et al.

References

[1]

[2

[3]

[4

=

[5

=

[6]

[71

[8

=

[91

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

G. Shen, Recent advances of flexible sensors for biomedical applications, Prog.
Nat. Sci. Mater. Int. 31 (2021) 872-882, https://doi.org/10.1016/j.
pnsc.2021.10.005.

C. Harito, L. Utari, B.R. Putra, B. Yuliarto, S. Purwanto, S.Z.J. Zaidi, D.V. Bavykin,
F. Marken, F.C. Walsh, Review - the development of wearable polymer-based
sensors: perspectives, J. Electrochem. Soc. 167 (2020) 037566, https://doi.org/
10.1149/1945-7111/ab697c.

M. Ha, S. Lim, H. Ko, Wearable and flexible sensors for user-interactive health-
monitoring devices, J. Mater. Chem. B. 6 (2018) 4043-4064, https://doi.org/
10.1039/c8tb01063c.

D.Y. Park, D.J. Joe, D.H. Kim, H. Park, J.H. Han, C.K. Jeong, H. Park, J.G. Park, B.
Joung, K.J. Lee, Self-Powered Real-Time Arterial Pulse Monitoring Using
Ultrathin Epidermal Piezoelectric Sensors, 1702308 (2017) 1-9. (https://doi.
org/10.1002/adma.201702308).

M. Kaltenbrunner, S. Tsuyoshi, J. Reeder, T. Yokota, K. Kuribara, T. Tokuhara,
M. Drack, R. Schwodiauer, 1. Graz, S. Bauer-Gogonea, S. Bauer, T. Someya, An
ultra-lightweight design for imperceptible plastic electronics, Nature 499 (2013)
458, https://doi.org/10.1038/nature12314.

A. Macdonald, L.A. Hawkes, D.K. Corrigan, Recent advances in biomedical,
biosensor and clinical measurement devices for use in humans and the potential
application of these technologies for the study of physiology and disease in wild
animals, Philos, Trans. B 376 (2021) 20200228, https://doi.org/10.1098/
rstb.2020.0228.

Y. Liu, K. He, G. Chen, W.R. Leow, X. Chen, Nature-Inspired Structural Materials
for Flexible Electronic Devices, Chem. Rev. 117 (2017) 12893-12941, https://
doi.org/10.1021/acs.chemrev.7b00291.

A. Nag, S.C. Mukhopadhyay, J. Kosel, Wearable Flexible Sensors: A Review, IEEE
Sens. J. 17 (2017) 3949-3960, https://doi.org/10.1109/JSEN.2017.2705700.
S.C.B. Mannsfeld, B.C. Tee, R.M. Stoltenberg, C.V.H. Chen, S. Barman, B.V.

O. Muir, A.N. Sokolov, C. Reese, Z. Bao, Highly sensitive flexible pressure sensors
with microstructured rubber dielectric layers, Nat. Mater. 9 (2010) 859-864,
https://doi.org/10.1038/nmat2834.

Y. Gao, H. Ota, E.-W. Schaler, K. Chen, A. Zhao, W. Gao, H.M. Fahad, Y. Leng,
A. Zheng, F. Xiong, C. Zhang, L. Tai, P. Zhao, R.S. Fearing, A. Javey, Wearable
Microfluidic Diaphragm Pressure Sensor for Health and Tactile Touch Monitoring
(1-8), Adv. Mater. 29 (2017) 1701985, https://doi.org/10.1002/
adma.201701985.

S. Harada, W. Honda, T. Arie, S. Akita, K. Takei, Fully Printed, Highly Sensitive
Multifunctional Artificial Electronic Whisker Arrays Integrated with Strain and
Temperature Sensors, ACS Nano (2014) 3921-3927, https://doi.org/10.1021/
nn500845a.

J. Park, M. Kim, Y. Lee, H.S. Lee, H. Ko, Fingertip skin — inspired microstructured
ferroelectric skins discriminate static / dynamic pressure and temperature
stimuli, Sci. Adv. 1 (2015) 1500661, 1.

Y. Gu, Z. Liang, H. Satoshi, Use of Multiple EEG Features and Artificial Neural
Network to Monitor the Depth of Anesthesia, Sensors 19 (2019) 2499, https://
doi.org/10.3390/5s19112499.

P.M. Clarke, L.S.J. Roope, P.J. Loewen, J. Bonnefon, A. Melegaro, J. Friedman,
M. Violato, A. Barnett, R. Duch, Improving patient care through the development
of a 5G-powered smart hospital, Nat. Med. 27 (2021) 933-938, https://doi.org/
10.1038/541591-021-01353-2.

L. Evangelista, S.R. Steinhubl, E.J. Topol, Digital medicine: Digital health care for
older adults, Lancet 393 (2019) 2019-2021, https://doi.org/10.1016/50140-
6736(19)30800-1.Digital.

S. Javaid, S. Zeadally, S. Member, H. Fahim, B. He, Medical Sensors and Their
Integration in Wireless Body Area Networks for Pervasive Healthcare Delivery: A
Review, IEEE Sens. J. 22 (2022) 3860-3877, https://doi.org/10.1109/
JSEN.2022.3141064.

M.U.H.A. Rasyid, H.Y. Martono, B.N.D. Ariyadi, I.N. Nasution, Design and
integration of portable health sensors, : IOP Conf. Ser. Mater. Sci. Eng. (2021),
https://doi.org/10.1088/1757-899X,/1010/1/012011.

Z. Hossain, M.H. Shuvo, P. Sarker, Hardware and Software Implementation of
Real Time Electrooculogram ( EOG) Acquisition System to Control Computer
Cursor with Eyeball Movement, Proc. 2017 4th Int. Conf. Adv. Electr. Eng. (2017)
28-30.

M. Chen, Y. Ma, Y. Li, D. Wy, Y. Zhang, C. Youn, Wearable 2. 0: Enabling Human-
Cloud Integration in Next Generation Healthcare Systems, IEEE Commun. Mag.
(2017) 54-61, https://doi.org/10.1109/MCOM.2017.1600410CM.

Q. Shi, J. Zhu, B. Dong, T. He, Z. Sun, Z. Zhang, C. Lee, Progress in wearable
electronics / photonics — Moving toward the era of artificial intelligence and
internet of things, InfoMat 2 (2020) 1131-1162, https://doi.org/10.1002/
inf2.12122.

M.N. Hasan, S. Sahlan, K. Osman, M. Sultan, M. Ali, Energy Harvesters for
Wearable Electronics and Biomedical Devices, Adv. Mater. Technol. (2021)
2000771, https://doi.org/10.1002/admt.202000771.

Y. Chong, W. Ismail, K. Ko, C. Lee, Energy Harvesting For Wearable Devices: A
Review, IEEE Sens. J. 19 (2019) 9047-9062, https://doi.org/10.1109/
JSEN.2019.2925638.

L. Natta, V.M. Mastronardi, F. Guido, L. Algieri, S. Puce, F. Pisano, F. Rizzi,

R. Pulli, A. Qualtieri, M. De Vittorio, Soft and flexible piezoelectric smart patch
for vascular graft monitoring based on Aluminum Nitride thin film, Sci. Rep.
(2019) 1-10, https://doi.org/10.1038/541598-019-44784-1.

S. Huang, Y. Gao, Y. Hu, F. Shen, Z. Jin, Y. Cho, Recent development of
piezoelectric biosensors for physiological signal detection and machine learning

31

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

Nano Energy 123 (2024) 109336

assisted cardiovascular disease diagnosis, RSC Adv. 13 (2023) 29174-29194,
https://doi.org/10.1039/d3ra05932d.

T. Hussain, S. Ullah, R. Fernandez-Garcia, I. Gil, Wearable Sensors for Respiration
Monitoring: A Review, Sensors 23 (2023) 1-28, https://doi.org/10.3390/
§23177518.

L. Natta, F. Guido, L. Algieri, V.M. Mastronardi, F. Rizzi, E. Scarpa, A. Qualtieri,
M.T. Todaro, V. Sallustio, M. De Vittorio, Conformable AIN Piezoelectric Sensors
as a Non-invasive Approach for Swallowing Disorder Assessment, ACS Sens. 6
(2021) 1761-1769, https://doi.org/10.1021/acssensors.0c02339.

R. De Fazio, V.M. Mastronardi, M. De Vittorio, P. Visconti, Wearable Sensors and
Smart Devices to Monitor Rehabilitation Parameters and Sports Performance: An
Overview, Sensors 23 (2023), https://doi.org/10.3390/523041856.

A. Elsayes, V. Sharma, K. Yiannacou, A. Koivikko, A. Rasheed, V. Sariola, Plant-
Based Biodegradable Capacitive Tactile Pressure Sensor Using Flexible and
Transparent Leaf Skeletons as Electrodes and Flower Petal as Dielectric Layer,
Adv. Sustain. Syst. 4 (2020) 2000056, https://doi.org/10.1002/adsu.202000056.
M. Zarei, J. Hoon, J. Tark, S. Goo, Biodegradable, breathable, flexible, and
electrically modulated all-leaf capacitive electronic skin for gesture recognition
and human motion monitoring, Chem. Eng. J. 470 (2023) 144306, https://doi.
0rg/10.1016/j.cej.2023.144306.

E.J. Curry, T.T. Le, R. Das, K. Ke, E.M. Santorella, D. Paul, M.T. Chorsi, K.T.

M. Tran, J. Baroody, E.R. Borges, B. Ko, A. Golabchi, X. Xin, D. Rowe, L. Yue,
J. Feng, M.D. Morales-Acosta, Q. Wu, L.-P. Chen, X.T. Cui, J. Pachter, T.

D. Nguyen, Biodegradable nanofiber-based piezoelectric transducer, PNAS 117
(2020), https://doi.org/10.1073/pnas.1910343117.

E.S. Hosseini, L. Manjakkal, D. Shakthivel, R. Dahiya, Glycine-Chitosan-Based
Flexible Biodegradable Piezoelectric Pressure Sensor, ACS Appl. Mater. Interfaces
12 (2020) 9008-9016, https://doi.org/10.1021/acsami.9b21052.

J. Sun, H. Guo, J. Ribera, C. Wu, K. Tu, M. Binelli, G. Panzarasa, F.W.M.

R. Schwarze, Z.L. Wang, 1. Burgert, Sustainable and biodegradable wood sponge
piezoelectric nanogenerator for sensing and energy harvesting applications, ACS
Nano 14 (2020) 14665-14674, https://doi.org/10.1021/acsnano.0c05493.

S.K. Ghosh, J. Park, S. Na, M.P. Kim, H. Ko, A Fully Biodegradable Ferroelectric
Skin Sensor from Edible Porcine Skin Gelatine (1-11), Adv. Sci. 8 (2021)
2005010, https://doi.org/10.1002/advs.202005010.

J. Liu, W. Li, J. Jia, C. Tang, S. Wang, P. Yu, Z. Zhang, K. Ke, R. Bao, Z. Liu,

Y. Wang, K. Zhang, M. Yang, W. Yang, Structure-regenerated silk fibroin with
boosted piezoelectricity for disposable and biodegradable oral healthcare device,
Nano Energy 103 (2022), https://doi.org/10.1016/j.nanoen.2022.107787.

K. Kim, M. Ha, B. Choi, S. Hun, H. Sol, J. Hyun, B. Gu, C. Park, C. Park, J. Kim,
S. Kyu, Biodegradable, electro-active chitin nanofiber films for flexible
piezoelectric transducers, Nano Energy 48 (2018) 275-283, https://doi.org/
10.1016/j.nanoen.2018.03.056.

S. Baloda, N. Gupta, S. Member, S. Singh, A Flexible Pressure Sensor Based on
Multiwalled Carbon Nanotubes / Polydimethylosiloxane Composite for Wearable
Electronic-Skin Application, IEEE Trans. Electron Devices 69 (2022) 7011-7018,
https://doi.org/10.1109/TED.2022.3216229.

F. Wang, S. Zhang, L. Wang, Y. Zhang, J. Lin, X. Zhang, T. Chen, Y. Lai, G. Pan,
L. Sun, An ultrahighly sensitive and repeatable flexible pressure sensor based on
PVDF / PU / MWCNT hierarchical framework-structured aerogels for monitoring
human activities, J. Mater. Chem. C. 6 (2018) 29-31, https://doi.org/10.1039/
c8tc04652b.

X. Li, D. Ji, B. Yu, R. Ghosh, J. He, X. Qin, S. Ramakrishna, Boosting piezoelectric
and triboelectric effects of PVDF nanofiber through carbon-coated piezoelectric
nanoparticles for highly sensitive wearable sensors, Chem. Eng. J. 426 (2021)
130345, https://doi.org/10.1016/j.cej.2021.130345.

G. Wu, M. Panahi-Sarmad, X. Xiao, F. Ding, K. Dong, X. Hou, Fabrication of
capacitive pressure sensor with extraordinary sensitivity and wide sensing range
using PAM/BIS/GO nanocomposite hydrogel and conductive fabric, Compos. Part
A Appl. Sci. Manuf. 145 (2021) 106373, https://doi.org/10.1016/j.
compositesa.2021.106373.

M. Yuan, R. Ma, Q. Ye, X. Bai, H. Li, F. Yan, C. Liu, Y. Ren, Z. Wang, Melt-
stretched poly ( vinylidene fluoride)/ zinc oxide nanocomposite films with
enhanced piezoelectricity by stress concentrations in piezoelectric domains for
wearable electronics, Chem. Eng. J. 455 (2023) 140771, https://doi.org/
10.1016/j.cej.2022.140771.

M. Acer, A. Furkan, Y.0. O, F.H. Bazzaz, Development of a Soft PZT Based Tactile
Sensor Array for Force Localization, in: 2017 XXVI Int. Conf. Information,
Commun. Autom. Technol., 2017.

Y. Chen, J. Li, Y. Hong, W. He, Y. Tang, G. Zhou, Z. Xu, Y. He, Z. Nie, J. Zhang,
S. Wang, Fabrication and characterization of nano-ZnO / CNTs / PDMS flexible
pressure sensor, J. Mater. Sci. Mater. Electron. 34 (2023) 1-16, https://doi.org/
10.1007/510854-023-10966-x.

T. Peters, S. Hosur, M. Kiani, S. Roundy, S. Trolier-mckinstry, Physical Insole
embedded lead zirconate-titanate film force sensor array, Sens. Actuators A. Phys.
350 (2023) 114097, https://doi.org/10.1016/j.sna.2022.114097.

H. Khanbareh, K. De Boom, B. Schelen, R.B.N. Scharff, C.C.L. Wang, S. Van Der
Zwaag, P. Groen, Physical Large area and flexible micro-porous piezoelectric
materials for soft robotic skin, Sens. Actuators A. Phys. 263 (2017) 554-562,
https://doi.org/10.1016/j.sna.2017.07.001.

W. Li, C. Li, G. Zhang, L. Li, K. Huang, X. Gong, C. Zhang, A. Zheng, Y. Tang,
Z. Wang, Q. Tong, W. Dong, S. Jiang, S. Zhang, Q. Wang, Molecular Ferroelectric-
Based Flexible Sensors Exhibiting Supersensitivity and Multimodal Capability for
Detection, Adv. Mater. 33 (2021) 2104107, https://doi.org/10.1002/
adma.202104107.


https://doi.org/10.1016/j.pnsc.2021.10.005
https://doi.org/10.1016/j.pnsc.2021.10.005
https://doi.org/10.1149/1945-7111/ab697c
https://doi.org/10.1149/1945-7111/ab697c
https://doi.org/10.1039/c8tb01063c
https://doi.org/10.1039/c8tb01063c
https://doi.org/10.1002/adma.201702308
https://doi.org/10.1002/adma.201702308
https://doi.org/10.1038/nature12314
https://doi.org/10.1098/rstb.2020.0228
https://doi.org/10.1098/rstb.2020.0228
https://doi.org/10.1021/acs.chemrev.7b00291
https://doi.org/10.1021/acs.chemrev.7b00291
https://doi.org/10.1109/JSEN.2017.2705700
https://doi.org/10.1038/nmat2834
https://doi.org/10.1002/adma.201701985
https://doi.org/10.1002/adma.201701985
https://doi.org/10.1021/nn500845a
https://doi.org/10.1021/nn500845a
http://refhub.elsevier.com/S2211-2855(24)00084-3/sbref11
http://refhub.elsevier.com/S2211-2855(24)00084-3/sbref11
http://refhub.elsevier.com/S2211-2855(24)00084-3/sbref11
https://doi.org/10.3390/s19112499
https://doi.org/10.3390/s19112499
https://doi.org/10.1038/s41591-021-01353-2
https://doi.org/10.1038/s41591-021-01353-2
https://doi.org/10.1016/S0140-6736(19)30800-1.Digital
https://doi.org/10.1016/S0140-6736(19)30800-1.Digital
https://doi.org/10.1109/JSEN.2022.3141064
https://doi.org/10.1109/JSEN.2022.3141064
https://doi.org/10.1088/1757-899X/1010/1/012011
http://refhub.elsevier.com/S2211-2855(24)00084-3/sbref17
http://refhub.elsevier.com/S2211-2855(24)00084-3/sbref17
http://refhub.elsevier.com/S2211-2855(24)00084-3/sbref17
http://refhub.elsevier.com/S2211-2855(24)00084-3/sbref17
https://doi.org/10.1109/MCOM.2017.1600410CM
https://doi.org/10.1002/inf2.12122
https://doi.org/10.1002/inf2.12122
https://doi.org/10.1002/admt.202000771
https://doi.org/10.1109/JSEN.2019.2925638
https://doi.org/10.1109/JSEN.2019.2925638
https://doi.org/10.1038/s41598-019-44784-1
https://doi.org/10.1039/d3ra05932d
https://doi.org/10.3390/s23177518
https://doi.org/10.3390/s23177518
https://doi.org/10.1021/acssensors.0c02339
https://doi.org/10.3390/s23041856
https://doi.org/10.1002/adsu.202000056
https://doi.org/10.1016/j.cej.2023.144306
https://doi.org/10.1016/j.cej.2023.144306
https://doi.org/10.1073/pnas.1910343117
https://doi.org/10.1021/acsami.9b21052
https://doi.org/10.1021/acsnano.0c05493
https://doi.org/10.1002/advs.202005010
https://doi.org/10.1016/j.nanoen.2022.107787
https://doi.org/10.1016/j.nanoen.2018.03.056
https://doi.org/10.1016/j.nanoen.2018.03.056
https://doi.org/10.1109/TED.2022.3216229
https://doi.org/10.1039/c8tc04652b
https://doi.org/10.1039/c8tc04652b
https://doi.org/10.1016/j.cej.2021.130345
https://doi.org/10.1016/j.compositesa.2021.106373
https://doi.org/10.1016/j.compositesa.2021.106373
https://doi.org/10.1016/j.cej.2022.140771
https://doi.org/10.1016/j.cej.2022.140771
https://doi.org/10.1007/s10854-023-10966-x
https://doi.org/10.1007/s10854-023-10966-x
https://doi.org/10.1016/j.sna.2022.114097
https://doi.org/10.1016/j.sna.2017.07.001
https://doi.org/10.1002/adma.202104107
https://doi.org/10.1002/adma.202104107

G. de Marzo et al.

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]
[72]

Y. Chen, X. Py, X. Xu, M. Shi, H. Li, D. Wang, P.E.T. ZnO, @ MXene-Based Flexible
Fabrics with Dual, Sensors 23 (2023), https://doi.org/10.3390/523010091.
D.N. Nguyen, W. Moon, Piezoelectric polymer microfiber-based composite for the
flexible ultra-sensitive pressure sensor, J. Appl. Polym. Sci. 137 (2020) 1-10,
https://doi.org/10.1002/app.48884.

T. Huang, Y. Zhang, P. He, G. Wang, X. Xia, G. Ding, T.H. Tao, “ Self-Matched ”
Tribo / Piezoelectric Nanogenerators Using Vapor-Induced Phase-Separated Poly
( vinylidene fluoride) and Recombinant Spider Silk (1-9), Adv. Mater. 32 (2020)
1907336, https://doi.org/10.1002/adma.201907336.

A. Lu, Y. Du, L. Zhang, Customizable Multidimensional Self-Wrinkling Structure
Constructed via Modulus Gradient in Chitosan Hydrogels, Chem. Mater. 31
(2019) 10032-10039, https://doi.org/10.1021/acs.chemmater.9b02812.

N.A. Hoque, P. Thakur, P. Biswas, M.M. Saikh, S. Roy, B. Bagchi, S. Das, P.P. Ray,
Biowaste crab shell-extracted chitin nanofiber- based superior piezoelectric
nanogenerator, J. Mater. Chem. A. 6 (2018) 13848-13858, https://doi.org/
10.1039/c8ta04074e.

J. Huang, M. Zhao, Y. Cai, M. Zimniewska, D. Li, Q. Wei, A Dual-Mode Wearable
Sensor Based on Bacterial Cellulose Reinforced Hydrogels for Highly Sensitive
Strain / Pressure Sensing (1-10), Adv. Electron. Mater. 6 (2020) 1900934,
https://doi.org/10.1002/aelm.201900934.

M. Xu, T. Wu, Y. Song, M. Jiang, Z. Shi, C. Xiong, Q. Yang, Achieving high-
performance energy harvesting and self-powered sensing in a flexible cellulose
nanofibril/MoS2/BaTiO3 composite piezoelectric nanogenerator, J. Mater. Chem.
C. 9 (2021) 15552-15565, https://doi.org/10.1039/d1tc03886a.

Y. Guan, M. Bai, Q. Li, W. Li, G. Liu, C. Liu, Y. Chen, Y. Lin, Y. Hui, R. Wei,

A plantar wearable pressure sensor based on hybrid lead zirconate-titanate/
microfibrillated cellulose piezoelectric composite films for human health
monitoring, Lab Chip 22 (2022) 2376-2391, https://doi.org/10.1039/
d21c00051b.

W. Fang, H. Ping, X. Li, X. Liu, F. Wan, B. Tu, H. Xie, P.O. Reilly, H. Wang,

W. Wang, Z. Fu, Oriented Strontium Carbonate Nanocrystals within Collagen
Films for Flexible Piezoelectric Sensors, Adv. Funct. Mater. 31 (2021) 2105806,
https://doi.org/10.1002/adfm.202105806.

T. Su, N. Liu, D. Lei, L. Wang, Z. Ren, Q. Zhang, J. Su, Z. Zhang, Y. Gao, Flexible
MXene/Bacterial Cellulose Film Sound Detector Based on Piezoresistive Sensing
Mechanism, ACS Nano 16 (2022) 8461-8471, https://doi.org/10.1021/
acsnano.2c03155.

M. Chao, L. He, M. Gong, N. Li, X. Li, L. Peng, F. Shi, L. Zhang, P. Wan, Breathable
Ti3C2Tx MXene / Protein Nanocomposites for Ultrasensitive Medical Pressure
Sensor with Degradability in Solvents, ACS Nano 15 (2021) 9746-9758, https://
doi.org/10.1021/acsnano.1c00472.

S. Sreejith, L.M.1. Leo Joseph, S. Kollem, V.T. Vijumon, J. Ajayan, Biodegradable
sensors: A comprehensive review, Meas. J. Int. Meas. Confed. 219 (2023) 113261,
https://doi.org/10.1016/j.measurement.2023.113261.

D. da Silva, M. Kaduri, M. Poley, O. Adir, N. Krinsky, J. Shainsky-Roitman,

A. Schroeder, Biocompatibility, biodegradation and excretion of polylactic acid
(PLA) in medical implants and theranostic systems, Chem. Eng. J. 340 (2018)
9-14, https://doi.org/10.1016/j.cej.2018.01.010.

P.K. Annamalai, A.K. Nanjundan, D.P. Dubal, J. Baek, An Overview of Cellulose-
Based Nanogenerators (1-20), Adv. Mater. Technol. 6 (2021) 2001164, https://
doi.org/10.1002/admt.202001164.

S.N. Pawar, K.J. Edgar, Alginate derivatization: A review of chemistry, properties
and applications, Biomaterials, Biomaterials 33 (2012) 3279-3305, https://doi.
org/10.1016/j.biomaterials.2012.01.007.

M. Yan, S. Jiang, Recent trends in functional characteristics and degradation
methods of alginate, BIO Web Conf. (2023) 01015, https://doi.org/10.1051/
bioconf/20236101015.

S. Bairagi, S. Ghosh, S.W. Ali, A fully sustainable, self - poled, bio - waste based
piezoelectric nanogenerator: electricity generation from pomelo fruit membrane,
Sci. Rep. (2020) 1-13, https://doi.org/10.1038/s41598-020-68751-3.

H.U. Rehman, A.H. Baloch, M.A. Nawaz, Trends in Peptide and Protein, Sciences
6 (2021).

H. Xiang, Z. Li, H. Liu, T. Chen, H. Zhou, W. Huang, Green flexible electronics
based on starch, Nature 6 (2022) 15, https://doi.org/10.1038/541528-022-
00147-x.

Z. Zhu, K. Xia, Z. Xu, H. Lou, H. Zhang, Starch Paper-Based Triboelectric
Nanogenerator for Human Perspiration Sensing, Nanoscale Res. Lett. 13 (365)
(2018) 4-9, https://doi.org/10.1186/s11671-018-2786-9.

D. Elieh, A. Komi, M. Hamblin, Chitin Chitosan: Prod. Appl. Versatile Biomed.
Nanomater. (2016).

A. Pandit, A. Indurkar, C. Deshpande, R. Jain, A systematic review of physical
techniques for chitosan degradation, Carbohydr. Polym. Technol. Appl. 2 (2021)
100033, https://doi.org/10.1016/j.carpta.2021.100033.

A. Loncarevi¢, M. Ivankovi¢, A. Rogina, Lysozyme-Induced Degradation of
Chitosan: The Characterisation of Degraded Chitosan Scaffolds, J. TISSUE
REPAIR Regen. 1 (2017), https://doi.org/10.14302/issn.2640.

A. Oberlintner, M. Baji¢, G. Kalcikova, B. Likozar, Biodegradability study of active
chitosan biopolymer films enriched with Quercus polyphenol extract in different
soil types, Environ. Technol. Innov. 21 (2021) 101318, https://doi.org/10.1016/
j.eti.2020.101318.

S.K. Sharma;, A. Mudhoo, A Handbook of Applied Biopolymer Technology:
Synthesis, Degradation and Applications, RSC Publishing, n.d.

M. Fleck, A.M. Petrosyan, Salts of Amino Acids, n.d.

V. Basavalingappa, S. Bera, B. Xue, J.O. Donnell, S. Guerin, P. Cazade, H. Yuan,
E. Haq, C. Silien, K. Tao, L.J.W. Shimon, S.A.M. Tofail, D. Thompson,

S. Kolusheva, R. Yang, Y. Cao, E. Gazit, Diphenylalanine-Derivative Peptide

32

[73]

[74]

[75]

[76]

[77]

[78]

[79]

[80]

[81]

[82]

[83]

[84]

[85]

[86]

[87]

[88]

[89]

[90]

[91]

[92]

[93]

[94]

[95]

[96]

Nano Energy 123 (2024) 109336

Assemblies with Increased Aromaticity Exhibit Metal-like Rigidity and High
Piezoelectricity, ACS Nano 2020 14 (2020) 7025-7037, https://doi.org/10.1021/
acsnano.0c01654.

J.H. Lee, K. Heo, K. Schulz-scho, J.H. Lee, M.S. Desai, H. Jin, S. Lee,
Diphenylalanine Peptide Nanotube Energy Harvesters, ACS Nano 12 (2018)
8138-8144, https://doi.org/10.1021/acsnano.8b03118.

J. Yang, M. Chen, H. Lee, Z. Xu, Z. Zhou, S. Feng, J.T. Kim, Three-Dimensional
Printing of Self-Assembled Dipeptides, ACS Appl. Mater. Interfaces 13 (2021)
20573-20580, https://doi.org/10.1021/acsami.1c03062.

C. Guo, Y. Luo, R. Zhou, G. Wei, Probing the Self-Assembly Mechanism of
Diphenylalanine-Based Peptide, ACS Nano 6 (2012) 3907-3918, https://doi.org/
10.1021/nn300015g.

LN. Amirrah, Y. Lokanathan, I. Zulkiflee, M.F.M.R. Wee, A. Motta, M.B. Fauzi,
A Comprehensive Review on Collagen Type I Development of Biomaterials for
Tissue Engineering: From Biosynthesis to Bioscaffold (https://doi.org/doi.org/),
Biomedicines (2022) 2307, https://doi.org/10.3390/biomedicines10092307.

E. da R. Zavareze, C.M. Silva, M. Salas-Mellado, C. Prentice-Hernandez,
Functionality Of Bluewing Searobin (Prionotus punctatus) Protein Hydrolysates
Obtained From Different Microbial Proteases, Quim. Nov. 32 (2009) 1739-1743.
Vilasia G. Martins, J. alberto vieira Costa, C. Prentice-Hernandez, Fish Protein
Hydrolyzed Obtained By Chemical And Eenzymatic Processes From Corvina
(Micropogonias furnieri), Quim. Nov. 32 (2009) 61-66, https://doi.org/10.1590/
S0100-40422009000100012.

M.C. Gomez-Guillen, M. Perez-Mateos, J.G. Estaca, E. Lopez-Caballero,

B. Gimenez, P. Montero, Fish gelatin: a renewable material for developing active
biodegradable films, Trends Food Sci. Technol. 20 (2009) 3e16, https://doi.org/
10.1016/j.tifs.2008.10.002.

D.H.G. Reinhard Schrieber, Gelatine Handbook: Theory and Industrial Practice, n.
d. https://doi.org/DO0I:10.1002/9783527610969.

M.Roger A. de la Torre, M.Sharon L. Bachman, M.Andrew A. Wheeler, M.Kevin
N. Bartow, M.J. Stephen Scott, Hemostasis and hemostatic agents in minimally
invasive surgery, Surgery 142 (2007) S39-S45, https://doi.org/10.1016/j.
surg.2007.06.023.

A.J. Kuijpers, G.M. Engbers, J. Krijgsveld, S.J. Zaat, J. Dankert, J. Feijen, Cross-
linking and characterisation of gelatin matrices for biomedical application Cross-
linking and characterisation of gelatin matrices for biomedical applications,

J. Biomater. Sci. Polym. Ed. 11 (2000) 225-243, https://doi.org/10.1163/
156856200743670.

K. Ulubayram, E. Aksu, S.I. Deliloglu, Cytotoxicity evaluation of gelatin sponges
prepared with different cross-linking agents, J. Biomater. Sci., Polym. Ed. (2012)
37-41, https://doi.org/10.1163/156856202320892966.

S. Ullm, A. Kriiger, C. Tondera, T.P. Gebauer, A.T. Neffe, A. Lendlein, F. Jung,
J. Pietzsch, Biocompatibility and inflammatory response in vitro and in vivo to
gelatin- based biomaterials with tailorable elastic properties, Biomaterials (2014)
lel2, https://doi.org/10.1016/j.biomaterials.2014.08.023.

B. Kundu, R. Rajkhowa, S.C. Kundu, X. Wang, Silk fibroin biomaterials for tissue
regenerations, Adv. Drug Deliv. Rev. 65 (2013) 457-470, https://doi.org/
10.1016/j.addr.2012.09.043.

L. Koh, Y. Cheng, C. Teng, Y. Khin, X. Loh, S. Tee, M. Low, E. Ye, H. Yu, Y. Zhang,
M. Han, Structures, mechanical properties and applications of silk fibroin
materials, Prog. Polym. Sci. 46 (2015) 86-110, https://doi.org/10.1016/j.
progpolymsci.2015.02.001.

A.E. Thurber, F.G. Omenetto, D.L. Kaplan, In Vivo Bioresponses to Silk Proteins,
Biomaterials (2016) 145-157, https://doi.org/10.1016/j.
biomaterials.2015.08.039.1In.

A. Kumar, M.K. Gupta, H. Singh, PLA based biocomposites for sustainable
products: A review, Adv. Ind. Eng. Polym. Res. 6 (2023) 382-395, https://doi.
org/10.1016/j.aiepr.2023.02.002.

S. Singh, S. Sharma, S.J. Sarma, S.K. Brar, A comprehensive review of castor oil-
derived renewable and sustainable industrial products, Env. Prog. Sustain. Energy
42 (2023) €14008, https://doi.org/10.1002/ep.14008.

T. Robert, S. Friebel, Itaconic acid — a versatile building block for renewable
polyesters with enhanced functionality, Green. Chem. (2016) 2922-2934,
https://doi.org/10.1039/c6gc00605a.

X. Hu, X. Shen, M. Huang, C. Liu, Y. Geng, Biodegradable unsaturated polyesters
containing2, 3-butanediol for engineering applications: Synthesis,
characterization and performances, Polym. (Guildf. ) 84 (2016) 343-354, https://
doi.org/10.1016/j.polymer.2016.01.007.

L.C, J.Y. Jianjun Fang, Qi Yong, Kunxi Zhang, Wentao Sun, Shifeng Yan, Novel
injectable porous poly(y-benzyl-L-glutamate) microspheres for cartilage tissue
engineering: Preparation and evaluation, Mater. Chem. B. (2014), https://doi.
org/10.1039/b000000x.

A. Pizzi, Tannins: Prospectives and Actual Industrial Applications, BBomolecules
9 (2019) 344, https://doi.org/10.3390/biom9080344.

S. Maiti, S.K. Karan, J.K. Kim, B.B. Khatua, Nature Driven Bio-Piezoelectric /
Triboelectric Nanogenerator as Next-Generation Green Energy Harvester for
Smart and Pollution Free Society (1-41), Adv. Energy Mater. 9 (2019) 1803027,
https://doi.org/10.1002/aenm.201803027.

D. Park, J. Hong, D. Choi, D. Kim, W. Hee, S. Yoon, K. Hyun, S. An, Biocompatible
and mechanically-reinforced tribopositive nanofiber mat for wearable and
antifungal human kinetic-energy harvester based on wood-derived natural
product, Nano Energy 96 (2022) 107091, https://doi.org/10.1016/j.
nanoen.2022.107091.

H. Guan, J. Meng, Z. Cheng, X. Wang, Processing Natural Wood into a High-
Performance Flexible Pressure Sensor, ACS Appl. Mater. Interfaces 2020 12
(2020) 46357-46365, https://doi.org/10.1021/acsami.Oc12561.


https://doi.org/10.3390/s23010091
https://doi.org/10.1002/app.48884
https://doi.org/10.1002/adma.201907336
https://doi.org/10.1021/acs.chemmater.9b02812
https://doi.org/10.1039/c8ta04074e
https://doi.org/10.1039/c8ta04074e
https://doi.org/10.1002/aelm.201900934
https://doi.org/10.1039/d1tc03886a
https://doi.org/10.1039/d2lc00051b
https://doi.org/10.1039/d2lc00051b
https://doi.org/10.1002/adfm.202105806
https://doi.org/10.1021/acsnano.2c03155
https://doi.org/10.1021/acsnano.2c03155
https://doi.org/10.1021/acsnano.1c00472
https://doi.org/10.1021/acsnano.1c00472
https://doi.org/10.1016/j.measurement.2023.113261
https://doi.org/10.1016/j.cej.2018.01.010
https://doi.org/10.1002/admt.202001164
https://doi.org/10.1002/admt.202001164
https://doi.org/10.1016/j.biomaterials.2012.01.007
https://doi.org/10.1016/j.biomaterials.2012.01.007
https://doi.org/10.1051/bioconf/20236101015
https://doi.org/10.1051/bioconf/20236101015
https://doi.org/10.1038/s41598-020-68751-3
http://refhub.elsevier.com/S2211-2855(24)00084-3/sbref61
http://refhub.elsevier.com/S2211-2855(24)00084-3/sbref61
https://doi.org/10.1038/s41528-022-00147-x
https://doi.org/10.1038/s41528-022-00147-x
https://doi.org/10.1186/s11671-018-2786-9
http://refhub.elsevier.com/S2211-2855(24)00084-3/sbref64
http://refhub.elsevier.com/S2211-2855(24)00084-3/sbref64
https://doi.org/10.1016/j.carpta.2021.100033
https://doi.org/10.14302/issn.2640
https://doi.org/10.1016/j.eti.2020.101318
https://doi.org/10.1016/j.eti.2020.101318
https://doi.org/10.1021/acsnano.0c01654
https://doi.org/10.1021/acsnano.0c01654
https://doi.org/10.1021/acsnano.8b03118
https://doi.org/10.1021/acsami.1c03062
https://doi.org/10.1021/nn300015g
https://doi.org/10.1021/nn300015g
https://doi.org/10.3390/biomedicines10092307
http://refhub.elsevier.com/S2211-2855(24)00084-3/sbref73
http://refhub.elsevier.com/S2211-2855(24)00084-3/sbref73
http://refhub.elsevier.com/S2211-2855(24)00084-3/sbref73
https://doi.org/10.1590/S0100-40422009000100012
https://doi.org/10.1590/S0100-40422009000100012
https://doi.org/10.1016/j.tifs.2008.10.002
https://doi.org/10.1016/j.tifs.2008.10.002
https://doi.org/10.1016/j.surg.2007.06.023
https://doi.org/10.1016/j.surg.2007.06.023
https://doi.org/10.1163/156856200743670
https://doi.org/10.1163/156856200743670
https://doi.org/10.1163/156856202320892966
https://doi.org/10.1016/j.biomaterials.2014.08.023
https://doi.org/10.1016/j.addr.2012.09.043
https://doi.org/10.1016/j.addr.2012.09.043
https://doi.org/10.1016/j.progpolymsci.2015.02.001
https://doi.org/10.1016/j.progpolymsci.2015.02.001
https://doi.org/10.1016/j.biomaterials.2015.08.039.In
https://doi.org/10.1016/j.biomaterials.2015.08.039.In
https://doi.org/10.1016/j.aiepr.2023.02.002
https://doi.org/10.1016/j.aiepr.2023.02.002
https://doi.org/10.1002/ep.14008
https://doi.org/10.1039/c6gc00605a
https://doi.org/10.1016/j.polymer.2016.01.007
https://doi.org/10.1016/j.polymer.2016.01.007
https://doi.org/10.1039/b000000x
https://doi.org/10.1039/b000000x
https://doi.org/10.3390/biom9080344
https://doi.org/10.1002/aenm.201803027
https://doi.org/10.1016/j.nanoen.2022.107091
https://doi.org/10.1016/j.nanoen.2022.107091
https://doi.org/10.1021/acsami.0c12561

G. de Marzo et al.

[97]

[98]

[99]

[100]

[101]

[102]

[103]

[104]

[105]

[106]

[107]

[108]

[109]

[110]

[111]

[112]

[113]

[114]

[115]

[116]

[117]

[118]

X. Shi, J. Luo, J. Luo, X. Li, K. Han, D. Li, X. Cao, Z.L. Wang, Flexible Wood-Based
Triboelectric Self-Powered Smart Home System, ACS Nano 16 (2022) 3341-3350,
https://doi.org/10.1021/acsnano.1¢11587.

L. Wang, T. Cheng, W. Lian, M. Zhang, B. Lu, B. Dong, K. Tan, C. Liu, C. Shen,
Flexible layered cotton cellulose-based nanofibrous membranes for piezoelectric
energy harvesting and self-powered sensing, Carbohydr. Polym. 275 (2022),
https://doi.org/10.1016/j.carbpol.2021.118740.

D. Sarkar, N. Das, P. Biswas, S. Das, S. Das, N.A. Hoque, R. Basu, Development of
a Sustainable and Biodegradable Sonchus asper Cotton Pappus Based
Piezoelectric Nanogenerator for Instrument Vibration and Human Body Motion
Sensing with Mechanical Energy Harvesting Applications, ACS Omega (2021),
https://doi.org/10.1021 /acsomega.1c03374.

S. Maiti, S. Kumar, J. Lee, A. Kumar, Bio-waste onion skin as an innovative
nature-driven piezoelectric material with high energy conversion e ffi ciency,
Nano Energy 42 (2017) 282-293, https://doi.org/10.1016/j.
nanoen.2017.10.041.

G. Khandelwal, T. Minocha, S. Kumar, A. Chandrasekhar, N. Prashanth,

M. Joseph, S. Chandra, S. Kim, All edible materials derived biocompatible and
biodegradable triboelectric nanogenerator, Nano Energy 65 (2019) 104016,
https://doi.org/10.1016/j.nanoen.2019.104016.

J. Kim, J. Lee, T. Won, A. Rajabi-abhari, M. Mahato, J. Young, H. Lee, I. Oh, Skin-
attachable and biofriendly chitosan-diatom triboelectric nanogenerator, Nano
Energy 75 (2020) 104904, https://doi.org/10.1016/j.nanoen.2020.104904.

J. Kim, J. Lee, H. Lee, 1. Oh, Stretchable and self-healable catechol-chitosan-
diatom hydrogel for triboelectric generator and self-powered tremor sensor
targeting at Parkinson disease, Nano Energy 82 (2021) 105705, https://doi.org/
10.1016/j.nanoen.2020.105705.

J. Wood, J. Wang, E. Minami, M. Asmadi, H. Kawamoto, Effect of delignification
on thermal degradation reactivities of hemicellulose and cellulose in wood cell
walls, J. Wood Sci. (2021), https://doi.org/10.1186/s10086-021-01952-0.

Z.1li, J. Yin, Y. Yu, Y. Ji, Y. Liu, X. Qi, A biodegradable wearable flexible sensor
based on natural wheat flour polymer for human motion and sweat monitoring,
Ceram. Int. 49 (2023) 22062-22067, https://doi.org/10.1016/].
ceramint.2023.04.032.

W. Jiang, H. Li, Z. Liu, Z. Li, J. Tian, B. Shi, Y. Zou, H. Ouyang, C. Zhao, L. Zhao,
R. Sun, H. Zheng, Y. Fan, Z.L. Wang, Z. Li, Fully Bioabsorbable Natural-Materials-
Based Triboelectric Nanogenerators, 1-10, Adv. Mater. (2018) 1801895, https://
doi.org/10.1002/adma.201801895.

L.R. Marita Pigtowska, Beata Kurc, P.L, P. Fuo, Kinetics and Thermodynamics of
Thermal Degradation of Di ff erent Starches and Estimation the OH Group and H 2
O Content on the Surface by, Polym. (Basel) (2020).

H. Zhang, F. Yin, S. Shang, Y. Li, Z. Qiu, Q. Lin, X. Wei, S. Li, N. Young, G. Shen,
A high-performance, biocompatible, and degradable piezoresistive-triboelectric
hybrid device for cross-scale human activities monitoring and self-powered smart
home system, Nano Energy 102 (2022) 107687, https://doi.org/10.1016/j.
nanoen.2022.107687.

E. Kar, M. Barman, S. Das, A. Das, P. Datta, S. Mukherjee, M. Tavakoli,

N. Mukherjee, N. Bose, Chicken feather fiber-based bio-piezoelectric energy
harvester: an efficient green energy source for flexible electronics, Sustain. Energy
Fuels. 5 (2021) 1857-1866, https://doi.org/10.1039/d0se01433h.

S. Kumar, S. Maiti, S. Paria, A. Maitra, S. Kumar, J. Kon, B. Bhusan, A new insight
towards eggshell membrane as high energy conversion ef fi cient bio-piezoelectric
energy harvester, Mater. Today Energy 9 (2018) 114-125, https://doi.org/
10.1016/j.mtener.2018.05.006.

V. Dharini, S.P. Selvam, J. Jayaramudu, R.S. Emmanuel, Functional properties of
clay nanofillers used in the biopolymer-based composite films for active food
packaging applications - Review, Appl. Clay Sci. 226 (2022) 106555, https://doi.
0rg/10.1016/j.clay.2022.106555.

N. Das, D. Sarkar, M. Saikh, P. Biswas, S. Das, N. Amin, P. Pratim, Piezoelectric
activity assessment of size-dependent naturally acquired mud volcano clay
nanoparticles assisted highly pressure sensitive nanogenerator for green
mechanical energy harvesting and body motion sensing, Nano Energy 102 (2022)
107628, https://doi.org/10.1016/j.nanoen.2022.107628.

Y. Yan, W. Kim, X. Ma, T. Tegafaw, T. Mien, J. Lee, E. Choi, H. Ahn, S. Ha, K. Kim,
J. Kim, H. Kook, J. Oh, D. Shin, Nanogenerators facilitated piezoelectric and
flexoelectric characterizations for bioinspired energy harvesting materials, Nano
Energy 81 (2021) 105607, https://doi.org/10.1016/j.nanoen.2020.105607.

R. Lay, S. Deijs, The intrinsic piezoelectric properties of materials — a review with
a focus on biological materials, J. Malmstr (2021) 30657-30673, https://doi.org/
10.1039/d1ra03557f.

S. Zhukov, X. Ma, H. Von Seggern, G.M. Sessler, O.Ben Dali, M. Kupnik, X. Zhang,
Biodegradable cellular polylactic acid ferroelectrets with strong longitudinal and
transverse piezoelectricity, Appl. Phys. Lett. 117 (2020), https://doi.org/
10.1063/5.0023153.

S. Tuukkanen, J. Toriseva, A. Pammo, J. Virtanen, J. Lahti, Piezoelectric
properties of roll-to-roll fabricated polylactic acid films, Proc. - 2020 IEEE 8th
Electron. Syst. Technol. Conf. ESTC 2020. (2020) 2020-2022, https://doi.org/
10.1109/ESTC48849.2020.9229788.

H.J. Oh, D.K. Kim, Y.C. Choi, S.J. Lim, J.B. Jeong, J.H. Ko, W.G. Hahm, S.W. Kim,
Y. Lee, H. Kim, B.J. Yeang, Fabrication of piezoelectric poly(l-lactic acid)/BaTiO3
fibre by the melt-spinning process, Sci. Rep. 10 (2020) 1-12, https://doi.org/
10.1038/541598-020-73261-3.

X. Wang, Q. Liu, X. Hu, M. You, Q.Q. Zhang, K. Hu, Q.Q. Zhang, Highly
stretchable lactate-based piezoelectric elastomer with high current density and
fast self-healing behaviors, Nano Energy 97 (2022), https://doi.org/10.1016/j.
nanoen.2022.107176.

33

[119]

[120]

[121]

[122]

[123]

[124]

[125]

[126]

[127]

[128]

[129]

[130]

[131]

[132]

[133]

[134]

[135]

[136]

[137]

[138]

[139]

[140]

Nano Energy 123 (2024) 109336

M. Ali, S.M. Hoseyni, R. Das, M. Awais, I. Basdogan, L. Beker, A Flexible and
Biodegradable Piezoelectric-Based Wearable Sensor for Non-Invasive Monitoring
of Dynamic Human Motions and Physiological Signals, 1-12, Adv. Mater.
Technol. (2023) 2300347, https://doi.org/10.1002/admt.202300347.

Y. Xu, L. Jin, X. He, X. Huang, M. Xie, C. Wang, C. Zhang, W. Yang, F. Meng, J. Lu,
Glowing stereocomplex biopolymers are generating power: polylactide / carbon
quantum dot hybrid nano fi bers with high piezoresponse and multicolor
luminescence, J. Mater. Chem. A 7 (2019) 1810-1823, https://doi.org/10.1039/
c8ta08593e.

E.J. Curry, K. Ke, M.T. Chorsi, K.S. Wrobel, A.N. Miller, A. Patel, I. Kim, J. Feng,
L. Yuee, Q. Wuf, C.-L. Kuog, K.W.-H. Lo, C.T. Laurencin, H. Iliesb, P.K. Purohitk,
T.D. Nguyena, Biodegradable Piezoelectric Force Sensor, PNAS 115 (2018),
https://doi.org/10.1073/pnas.1710874115.

B. Li, X. Hu, Q. Zhang, X. Peng, Y. Xiang, biopolymers Improved piezoelectricity
of polylactide using vitamin B 2 for poling-free mechanical and acoustic
nanogenerators, J. Mater. Sci. 56 (2021) 902-912, https://doi.org/10.1007/
510853-020-05283-1.

S. Wang, K. Shi, B. Chai, S. Qiao, Z. Huang, P. Jiang, X. Huang, Core-shell
structured silk Fibroin / PVDF piezoelectric nano fibers for energy harvesting and
self-powered sensing, Nano Mater. Sci. 4 (2022) 126-132, https://doi.org/
10.1016/j.nanoms.2021.07.008.

S.B. Bon, P. Mezzanotte, L. Valentini, P. Fabbri, L. Roselli, V. Palazzi, Self-
adhesive plasticized regenerated silk on poly ( 3-hydroxybutyrate- co -3-
hydroxyvalerate) for bio-piezoelectric force sensor and microwave circuit design,
J. Appl. Polym. Sci. (2021) 1-10, https://doi.org/10.1002/app.49726.

1. Chiesa, C. De Maria, M.R. Ceccarini, L. Mussolin, R. Coletta, A. Morabito,

R. Tonin, M. Calamai, A. Morrone, T. Beccari, L. Valentini, 3D Printing Silk-Based
Bioresorbable Piezoelectric Self-Adhesive Holey Structures for In Vivo Monitoring
on Soft Tissues, ACS Appl. Mater. Interfaces 14 (2022) 19253-19264, https://doi.
org/10.1021/acsami.2c04078.

M. Jung, K. Lee, J. Kang, S. Jeon, Silk-Based Self Powered Pressure Sensor for
Applications in Wearable Device, (n.d.) 14-16.

G. de Marzo, V.M. Mastronardi, L. Algieri, F. Vergari, F. Pisano, L. Fachechi,

S. Marras, L. Natta, B. Spagnolo, V. Brunetti, F. Rizzi, F. Pisanello, M. De Vittorio,
Sustainable, Flexible, and Biocompatible Enhanced Piezoelectric Chitosan Thin
Film for Compliant Piezosensors for Human Health, Adv. Electron. Mater. 9
(2023), https://doi.org/10.1002/aelm.202200069.

N. Bhanu, M.E.H. Sudip, Self - powered low - range pressure sensor using
biopolymer composites, Appl. Phys. A. 128 (2022) 1-9, https://doi.org/10.1007/
s00339-022-05320-7.

J. Lu, S. Hu, W. Li, X. Wang, X. Mo, X. Gong, H. Liu, W. Luo, W. Dong, C. Sima,
Y. Wang, G. Yang, J.-T. Luo, S. Jiang, Z. Shi, G. Zhang, A Biodegradable and
Recyclable Piezoelectric Sensor Based on a Molecular Ferroelectric Embedded in a
Bacterial Cellulose Hydrogel, ACS Nano 16 (2022) 3744-3755, https://doi.org/
10.1021/acsnano.1c07614.

S. Kumar, S. Maiti, A. Kumar, A. Kmar, Designing high energy conversion efficient
bio-inspired vitamin assisted single-structured based self-powered piezoelectric /
wind / acoustic multi- energy harvester with remarkable power density, Nano
Energy 59 (2019) 169-183, https://doi.org/10.1016/j.nanoen.2019.02.031.

J. Li, C. Carlos, H. Zhou, J. Sui, Y. Wang, Z. Silva-pedraza, F. Yang, Y. Dong,

Z. Zhang, T.A. Hacker, B. Liu, Y. Mao, X. Wang, Stretchable piezoelectric
biocrystal thin fi Ims, Nat. Commun. (2023) 1-11, https://doi.org/10.1038/
s41467-023-42184-8.

S. Wy, G. Li, W. Liu, D. Yu, G. Li, X. Liu, Fabrication of polyethyleneimine-paper
composites with improved tribopositivity for triboelectric nanogenerators, Nano
Energy 93 (2022) 106859, https://doi.org/10.1016/j.nanoen.2021.106859.

T. Wang, S. Li, X. Tao, Q. Yan, X. Wang, Y. Chen, F. Huang, H. Li, X. Chen, Z. Bian,
Fully biodegradable water-soluble triboelectric nanogenerator for human
physiological monitoring, Nano Energy 93 (2022) 106787, https://doi.org/
10.1016/j.nanoen.2021.106787.

X. Han, D. Jiang, X. Qu, Y. Bai, Y. Cao, R. Luo, Z. Li, A Stretchable, Self-Healable
Triboelectric Nanogenerator as Electronic Skin for Energy Harvesting and Tactile
Sensing, Mater. (Basel) 14 (7) (2021) 1-10.

Y. Li, S. Chen, H. Yan, H. Jiang, J. Luo, C. Zhang, Y. Pang, Y. Tan, Biodegradable,
transparent, and antibacterial alginate-based triboelectric nanogenerator for
energy harvesting and tactile sensing, Chem. Eng. J. 468 (2023) 143572, https://
doi.org/10.1016/j.cej.2023.143572.

K. Eom, Y.-E. Shin, J.-K. Kim, S.H. Joo, K. Kim, S.K. Kwak, H. Ko, J. Jin, S.J. Kang,
Tailored Poly(vinylidene fl uoride- co -tri fl uoroethylene) Crystal Orientation for
a Triboelectric Nanogenerator through Epitaxial Growth on a Chitin Nano fiber
Film, Nano Lett. 20 (2020) 6651-6659, https://doi.org/10.1021/acs.
nanolett.0c02488.

V. Koval, V. Barbash, M. Dusheyko, V. Lapshuda, O. Yashchenko, A. Naidonov,
Nickel-based piezoresistive sensors obtained on flexible nanocellulose substrate,
in: 2021 IEEE 11th Int. Conf. “Nanomaterials Appl. Prop., IEEE, 2021, pp. 1-5.
L. Liu, Z. Jiao, J. Zhang, Y. Wang, C. Zhang, X. Meng, X. Jiang, S. Niu, Z. Han,
L. Ren, Bioinspired, Superhydrophobic, and Paper-Based Strain Sensors for
Wearable and Underwater Applications, ACS Appl. Mater. Interfaces 13 (2021)
1967-1978, https://doi.org/10.1021/acsami.0c18818.

C. Zheng, Y. Yue, L. Gan, X. Xu, C. Mei, J. Han, Highly Stretchable and Self-
Healing Strain Sensors Based on Nanocellulose-Supported Graphene Dispersed in
Electro-Conductive Hydrogels, Nanomaterials 9 (2019) 937, https://doi.org/
10.3390/nan09070937.

H. Detection, Y. Chen, K. Lu, Y. Song, J. Han, Y. Yue, S.K. Biswas, Q. Wu, H. Xiao,
A Skin-Inspired Stretchable, Self-Healing and Electro- Conductive Hydrogel with
a Synergistic Triple Network for Wearable Strain Sensors Applied in Human-


https://doi.org/10.1021/acsnano.1c11587
https://doi.org/10.1016/j.carbpol.2021.118740
https://doi.org/10.1021/acsomega.1c03374
https://doi.org/10.1016/j.nanoen.2017.10.041
https://doi.org/10.1016/j.nanoen.2017.10.041
https://doi.org/10.1016/j.nanoen.2019.104016
https://doi.org/10.1016/j.nanoen.2020.104904
https://doi.org/10.1016/j.nanoen.2020.105705
https://doi.org/10.1016/j.nanoen.2020.105705
https://doi.org/10.1186/s10086-021-01952-0
https://doi.org/10.1016/j.ceramint.2023.04.032
https://doi.org/10.1016/j.ceramint.2023.04.032
https://doi.org/10.1002/adma.201801895
https://doi.org/10.1002/adma.201801895
http://refhub.elsevier.com/S2211-2855(24)00084-3/sbref102
http://refhub.elsevier.com/S2211-2855(24)00084-3/sbref102
http://refhub.elsevier.com/S2211-2855(24)00084-3/sbref102
https://doi.org/10.1016/j.nanoen.2022.107687
https://doi.org/10.1016/j.nanoen.2022.107687
https://doi.org/10.1039/d0se01433h
https://doi.org/10.1016/j.mtener.2018.05.006
https://doi.org/10.1016/j.mtener.2018.05.006
https://doi.org/10.1016/j.clay.2022.106555
https://doi.org/10.1016/j.clay.2022.106555
https://doi.org/10.1016/j.nanoen.2022.107628
https://doi.org/10.1016/j.nanoen.2020.105607
https://doi.org/10.1039/d1ra03557f
https://doi.org/10.1039/d1ra03557f
https://doi.org/10.1063/5.0023153
https://doi.org/10.1063/5.0023153
https://doi.org/10.1109/ESTC48849.2020.9229788
https://doi.org/10.1109/ESTC48849.2020.9229788
https://doi.org/10.1038/s41598-020-73261-3
https://doi.org/10.1038/s41598-020-73261-3
https://doi.org/10.1016/j.nanoen.2022.107176
https://doi.org/10.1016/j.nanoen.2022.107176
https://doi.org/10.1002/admt.202300347
https://doi.org/10.1039/c8ta08593e
https://doi.org/10.1039/c8ta08593e
https://doi.org/10.1073/pnas.1710874115
https://doi.org/10.1007/s10853-020-05283-1
https://doi.org/10.1007/s10853-020-05283-1
https://doi.org/10.1016/j.nanoms.2021.07.008
https://doi.org/10.1016/j.nanoms.2021.07.008
https://doi.org/10.1002/app.49726
https://doi.org/10.1021/acsami.2c04078
https://doi.org/10.1021/acsami.2c04078
https://doi.org/10.1002/aelm.202200069
https://doi.org/10.1007/s00339-022-05320-7
https://doi.org/10.1007/s00339-022-05320-7
https://doi.org/10.1021/acsnano.1c07614
https://doi.org/10.1021/acsnano.1c07614
https://doi.org/10.1016/j.nanoen.2019.02.031
https://doi.org/10.1038/s41467-023-42184-8
https://doi.org/10.1038/s41467-023-42184-8
https://doi.org/10.1016/j.nanoen.2021.106859
https://doi.org/10.1016/j.nanoen.2021.106787
https://doi.org/10.1016/j.nanoen.2021.106787
http://refhub.elsevier.com/S2211-2855(24)00084-3/sbref128
http://refhub.elsevier.com/S2211-2855(24)00084-3/sbref128
http://refhub.elsevier.com/S2211-2855(24)00084-3/sbref128
https://doi.org/10.1016/j.cej.2023.143572
https://doi.org/10.1016/j.cej.2023.143572
https://doi.org/10.1021/acs.nanolett.0c02488
https://doi.org/10.1021/acs.nanolett.0c02488
http://refhub.elsevier.com/S2211-2855(24)00084-3/sbref131
http://refhub.elsevier.com/S2211-2855(24)00084-3/sbref131
http://refhub.elsevier.com/S2211-2855(24)00084-3/sbref131
https://doi.org/10.1021/acsami.0c18818
https://doi.org/10.3390/nano9070937
https://doi.org/10.3390/nano9070937

G. de Marzo et al.

[141]

[142]

[143]

[144]

[145]

[146]

[147]

[148]

[149]

[150]

[151]

[152]

[153]

[154]

[155]

[156]

[157]

[158]

[159]

[160]

[161]

Motion Detection, Nanomaterials 9 (2019) 1737, https://doi.org/10.3390/
nano9121737.

A.F. Wibowo, J.W. Han, J.H. Kim, A. Prameswati, S.A.N. Entifar, J. Park, J. Lee,
S. Kim, D.C. Lim, Y. Eom, M.W. Moon, M.S. Kim, Y.H. Kim, Universal Stretchable
Conductive Cellulose/PEDOT:PSS Hybrid Films for Low Hysteresis
Multifunctional Stretchable Electronics, ACS Appl. Mater. Interfaces 15 (2023)
18134-18143, https://doi.org/10.1021/acsami.3c01794.

J. Yang, H. Li, J. Cheng, T. He, J. Li, B. Wang, Biopolymers Nanocellulose
intercalation to boost the performance of MXene pressure sensor for human
interactive monitoring, J. Mater. Sci. 56 (2021) 13859-13873, https://doi.org/
10.1007/s10853-021-05909-y.

S. Chen, Y. Song, F. Xu, Flexible and Highly Sensitive Resistive Pressure Sensor
Based on Carbonized Crepe Paper with Corrugated Structure, ACS Appl. Mater.
Interfaces (2018), https://doi.org/10.1021/acsami.8b13535.

J. Huang, D. Li, M. Zhao, H. Ke, A. Mensah, P. Lv, X. Tian, Q. Wei, Flexible
electrically conductive biomass-based aerogels for piezoresistive pressure/strain
sensors, Chem. Eng. J. 373 (2019) 1357-1366, https://doi.org/10.1016/].
cej.2019.05.136.

M. Wang, R. Li, X. Feng, C. Dang, F. Dai, X. Yin, M. He, D. Liu, H. Qi, Cellulose
Nanofiber-Reinforced Ionic Conductors for Multifunctional Sensors and Devices,
ACS Appl. Mater. Interfaces 12 (2020) 27545-27554, https://doi.org/10.1021/
acsami.0c04907.

M. Liu, X. Py, C. Jiang, T. Liu, X. Huang, L. Chen, C. Du, J. Sun, W. Hu, Z.L. Wang,
Large-Area All-Textile Pressure Sensors for Monitoring Human Motion and
Physiological Signals, Adv. Mater. 29 (2017) 1-9, https://doi.org/10.1002/
adma.201703700.

Z. Chen, Y. Hu, H. Zhuo, L. Liu, S. Jing, L. Zhong, X. Peng, R.C. Sun, Compressible,
Elastic, and Pressure-Sensitive Carbon Aerogels Derived from 2D Titanium
Carbide Nanosheets and Bacterial Cellulose for Wearable Sensors, Chem. Mater.
31 (2019) 3301-3312, https://doi.org/10.1021/acs.chemmater.9b00259.

T. Yun, J. Du, X. Ji, Y. Tao, Y. Cheng, Y. Lv, J. Lu, H. Wang, Waterproof and
ultrasensitive paper-based wearable strain / pressure sensor from carbon black /
multilayer graphene / carboxymethyl cellulose composite, Carbohydr. Polym.
313 (2023) 120898, https://doi.org/10.1016/j.carbpol.2023.120898.

L. Tao, K. Zhang, H. Tian, Y. Liu, D. Wang, Y. Chen, Y. Yang, T. Ren, Graphene-
Paper Pressure Sensor for Detecting Human Motions, ACS Nano 11 (2017)
8790-8795, https://doi.org/10.1021/acsnano.7b02826.

M. Khalifa, G. Wuzella, H. Lammer, A.R. Mahendran, Smart paper from graphene
coated cellulose for high-performance humidity and piezoresistive force sensor,
Synth. Met. 266 (2020) 116420, https://doi.org/10.1016/j.
synthmet.2020.116420.

J. Zhai, Y. Zhang, C. Cui, A. Li, W. Wang, R. Guo, W. Qin, E. Ren, H. Xiao,

M. Zhou, Flexible Waterborne Polyurethane/Cellulose Nanocrystal Composite
Aerogels by Integrating Graphene and Carbon Nanotubes for a Highly Sensitive
Pressure Sensor, ACS Sustain. Chem. Eng. 9 (2021) 14029-14039, https://doi.
org/10.1021/acssuschemeng.1c03068.

L. Gao, C. Zhu, L. Li, C. Zhang, J. Liu, H. Yu, W. Huang, All Paper-Based Flexible
and Wearable Piezoresistive Pressure Sensor, ACS Appl. Mater. Interfaces 11
(2019) 25034-25042, https://doi.org/10.1021/acsami.9b07465.

S. Pyo, J. Lee, W. Kim, E. Jo, J. Kim, Multi-Layered, Hierarchical Fabric-Based
Tactile Sensors with High Sensitivity and Linearity in Ultrawide Pressure Range,
Adv. Funct. Mater. 29 (2019) 1-9, https://doi.org/10.1002/adfm.201902484.
Y. Long, P. He, R. Xu, T. Hayasaka, Z. Shao, J. Zhong, L. Lin, Molybdenum-
carbide-graphene composites for paper-based strain and acoustic pressure
sensors, Carbon N. Y. 157 (2020) 594-601, https://doi.org/10.1016/j.
carbon.2019.10.083.

C. Liu, R. Zhang, Y. Wang, J. Qu, J. Huang, M. Mo, N. Qing, L. Tang, Tough, anti-
drying and thermoplastic hydrogels consisting of biofriendly resources for a wide
linear range and fast response strain sensor, J. Mater. Chem. A. 11 (2023)
2002-2013, https://doi.org/10.1039/d2ta06822b.

H. Qiao, P. Qi, X. Zhang, L. Wang, Y. Tan, Z. Luan, Y. Xia, Y. Li, K. Sui, Multiple
Weak H - Bonds Lead to Highly Sensitive, Stretchable, Self- Adhesive, and Self-
Healing Ionic Sensors, ACS Appl. Mater. Interfaces 11 (2019) 7755-7763, https://
doi.org/10.1021/acsami.8b20380.

H. Yang, S. Ji, I. Chaturvedi, H. Xia, T. Wang, G. Chen, L. Pan, C. Wan, D. Qi, Y.
S. Ong, X. Chen, Adhesive Biocomposite Electrodes on Sweaty Skin for Long-Term
Continuous Electrophysiological Monitoring, ACS Mater. Lett. 2 (2020) 478-484,
https://doi.org/10.1021/acsmaterialslett.0c00085.

M.B. Abadi, R. Weissing, M. Wilhelm, Y. Demidov, J. Auer, S. Ghazanfari,

B. Anasori, S. Mathur, H. Maleki, Nacre-Mimetic, Mechanically Flexible, and
Electrically Conductive Silk Fibroin-MXene Composite Foams as Piezoresistive
Pressure Sensors, ACS Appl. Mater. Interfaces 13 (2021) 34996-35007, https://
doi.org/10.1021/acsami.1c09675.

A. Reizabal, S. Gongalves, N. Pereira, C.M. Costa, L. Pérez, J.L. Vilas-Vilela,

S. Lanceros-Mendez, Optically transparent silk fibroin/silver nanowire
composites for piezoresistive sensing and object recognitions, J. Mater. Chem. C.
8 (2020) 13053-13062, https://doi.org/10.1039/d0tc03428b.

Z. Zhao, B. Li, L. Xu, Y. Qiao, F. Wang, Q. Xia, Z. Lu, A Sandwich-Structured
Piezoresistive Sensor with and Packaging Layers, 1-13, Polym. (Basel) 10 (2018)
575, https://doi.org/10.3390/polym10060575.

C. Liu, Y. Sun, P. Liu, F. Ma, S. Wu, J. Li, S. Li, R. Hu, Z. Wang, Y. Wang, G. Liu,
K. Xing, H. Tian, H. Huang, X. Guo, C. Ge, X. Yang, Y. Huang, Fabrication and
characterization of highly sensitive flexible strain sensor based on biodegradable
gelatin nanocomposites and double strain layered structures with crack for
gesture recognition, Int. J. Biol. Macromol. 231 (2023) 123568, https://doi.org/
10.1016/j.ijpiomac.2023.123568.

34

[162]

[163]

[164]

[165]

[166]

[167]

[168]

[169]

[170]

[171]

[172]

[173]

[174]

[175]

[176]

[177]

[178]

[179]

[180]

[181]

[182]

[183]

Nano Energy 123 (2024) 109336

W. Zhang, Z. Pan, J. Ma, L. Wei, Z. Chen, J. Wang, Degradable Cross-Linked
Collagen Fiber/MXene Composite Aerogels as a High-Performing Sensitive
Pressure Sensor, ACS Sustain. Chem. Eng. 10 (2022) 1408-1418, https://doi.org/
10.1021/acssuschemeng.1c05757.

Y. Zhang, Y. Dai, F. Xia, X. Zhang, Gelatin / polyacrylamide ionic conductive
hydrogel with skin temperature-triggered adhesion for human motion sensing and
body heat harvesting, Nano Energy 104 (2022) 107977, https://doi.org/
10.1016/j.nanoen.2022.107977.

R. Scaffaro, A. Maio, G. Lo Re, A. Parisi, A. Busacca, Advanced piezoresistive
sensor achieved by amphiphilic nanointerfaces of graphene oxide and
biodegradable polymer blends, Compos. Sci. Technol. 156 (2018) 166-176,
https://doi.org/10.1016/j.compscitech.2018.01.008.

Q. Yan, W. Xie, M. Zhou, H. Fu, Piezoresistive sensor based on a biopolyol-
reinforced polyurethane sponge coated with silver nanoparticles and carbon
nanotubes / cellulose, J. Mater. Chem. C. 8 (2020) 16603-16614, https://doi.
0rg/10.1039/d0tc04141f.

S. Zhang, K. Sun, H. Liu, X. Chen, Y. Zheng, X. Shi, Enhanced piezoresistive
performance of conductive WPU / CNT composite foam through incorporating
brittle cellulose nanocrystal, Chem. Eng. J. 387 (2020) 124045, https://doi.org/
10.1016/j.cej.2020.124045.

T. Zhao, T. Li, L. Chen, L. Yuan, X. Li, J. Zhang, Highly Sensitive Flexible
Piezoresistive Pressure Sensor Developed Using Biomimetically Textured Porous
Materials, ACS Appl. Mater. Interfaces 11 (2019) 29466-29473, https://doi.org/
10.1021/acsami.9b09265.

L. Yang, H. Wang, W. Yuan, Y. Li, P. Gao, N. Tiwari, X. Chen, Z. Wang, G. Niu,
H. Cheng, Wearable Pressure Sensors Based on MXene/Tissue Papers for Wireless
Human Health Monitoring, ACS Appl. Mater. Interfaces 13 (2021) 60531-60543,
https://doi.org/10.1021/acsami.1¢22001.

A.J. Cheng, L. Wu, Z. Sha, W. Chang, D. Chu, C.H. Wang, S. Peng, Recent
Advances of Capacitive Sensors: Materials, Microstructure Designs, Applications,
and Opportunities (1-34), Adv. Mater. Technol. 8 (2023) 2201959, https://doi.
org/10.1002/admt.202201959.

S. Kanaparthi, S. Badhulika, Chemical Low cost, flexible and biodegradable touch
sensor fabricated by solvent-free processing of graphite on cellulose paper, Sens.
Actuators B. Chem. 242 (2017) 857-864, https://doi.org/10.1016/j.
snb.2016.09.172.

M. Asad, U. Khalid, M. Ali, A. Manzoor, S. Wan, H. Bum, B. Lee, K. Hyun, Highly
sensitive biodegradable pressure sensor based on nanofibrous dielectric, Sens.
Actuators A. Phys. 294 (2019) 140-147, https://doi.org/10.1016/j.
sna.2019.05.021.

H. Qin, R.E. Owyeung, S.R. Sonkusale, M.J. Panzer, Highly stretchable and
nonvolatile gelatin-supported deep eutectic solvent gel electrolyte-based ionic
skins for strain and pressure sensing, J. Mater. Chem. C. 7 (2019) 601-608,
https://doi.org/10.1039/c8tc05918g.

Z. Peng, S. Zheng, X. Zhang, J. Yang, S. Wu, C. Ding, L. Lei, L. Chen, G. Feng,
Flexible Wearable Pressure Sensor Based on Collagen Fiber Material,
Micromachines 13 (2022) 1.

F. Guan, Y. Xie, H. Wu, Y. Meng, Y. Shi, M. Gao, Z. Zhang, S. Chen, Y. Chen,
H. Wang, Q. Pei, Silver Nanowire — Bacterial Cellulose Composite Fiber-Based
Sensor for Highly Sensitive Detection of Pressure and Proximity, ACS Nano 14
(2020) 15428-15439, https://doi.org/10.1021/acsnano.0c06063.

J. Wei, J. Xie, P. Zhang, Z. Zou, H. Ping, W. Wang, H. Xie, J.Z. Shen, L. Lei, Z. Fu,
Bioinspired 3D printable, self-healable, and stretchable hydrogels with multiple
conductivities for skin-like wearable strain sensors, ACS Appl. Mater. Interfaces
13 (2021) 2952-2960, https://doi.org/10.1021/acsami.0c19512.

X. Jing, P. Feng, Z. Chen, Z. Xie, H. Li, X. Peng, H. Mi, Y. Liu, Highly Stretchable,
Self-Healable, Freezing-Tolerant, and Transparent Polyacrylic Acid/Nanochitin
Composite Hydrogel for Self-Powered Multifunctional Sensors, ACS Sustain.
Chem. Eng. 9 (2021) 9209-9220, https://doi.org/10.1021/
acssuschemeng.1c00949.

D. Wen, X. Liu, H. Deng, D. Sun, H. Qian, J. Brugger, Printed silk- fi broin-based
triboelectric nanogenerators for multi-functional wearable sensing, Nano Energy
66 (2019) 104123, https://doi.org/10.1016/j.nanoen.2019.104123.

H. Sun, Y. Zhao, C. Wang, K. Zhou, C. Yan, G. Zheng, J. Huang, K. Dai, C. Liu,
C. Shen, Ultra-Stretchable, durable and conductive hydrogel with hybrid double
network as high performance strain sensor and stretchable triboelectric
nanogenerator, Nano Energy 76 (2020) 105035, https://doi.org/10.1016/j.
nanoen.2020.105035.

M. Wu, X. Wang, Y. Xia, Y. Zhu, S. Zhu, C. Jia, W. Guo, Q. Li, Stretchable freezing-
tolerant triboelectric nanogenerator and strain sensor based on transparent, long-
term stable, and highly conductive gelatin-based organohydrogel, Nano Energy
95 (2022) 106967, https://doi.org/10.1016/j.nanoen.2022.106967.

X. Qian, A. Lu, Transparent, Robust, Nondrying, and Antifreezing Cellulose
Organohydrogels for Energy Harvesting and Sensing Applications, ACS Appl.
Polym. Mater. 3 (2021) 3747-3754, https://doi.org/10.1021/acsapm.1c00239.
N. Gogurla, B. Roy, S. Kim, Self-powered artificial skin made of engineered silk
protein hydrogel, Nano Energy 77 (2020) 105242, https://doi.org/10.1016/j.
nanoen.2020.105242.

N. Rao, S. Selvarajan, A. Chandrasekhar, B. Saravanakumar, J. Hyun, S. Kim,
Piezoelectric BaTiO 3 / alginate spherical composite beads for energy harvesting
and self-powered wearable fl exion sensor, Compos. Sci. Technol. 142 (2017)
65-78, https://doi.org/10.1016/j.compscitech.2017.02.001.

K. Shi, X. Huang, B. Sun, Z. Wu, J. He, P. Jiang, Cellulose / BaTiO 3 aerogel paper
based fl exible piezoelectric nanogenerators and the electric coupling with
triboelectricity, Nano Energy 57 (2019) 450-458, https://doi.org/10.1016/j.
nanoen.2018.12.076.


https://doi.org/10.3390/nano9121737
https://doi.org/10.3390/nano9121737
https://doi.org/10.1021/acsami.3c01794
https://doi.org/10.1007/s10853-021-05909-y
https://doi.org/10.1007/s10853-021-05909-y
https://doi.org/10.1021/acsami.8b13535
https://doi.org/10.1016/j.cej.2019.05.136
https://doi.org/10.1016/j.cej.2019.05.136
https://doi.org/10.1021/acsami.0c04907
https://doi.org/10.1021/acsami.0c04907
https://doi.org/10.1002/adma.201703700
https://doi.org/10.1002/adma.201703700
https://doi.org/10.1021/acs.chemmater.9b00259
https://doi.org/10.1016/j.carbpol.2023.120898
https://doi.org/10.1021/acsnano.7b02826
https://doi.org/10.1016/j.synthmet.2020.116420
https://doi.org/10.1016/j.synthmet.2020.116420
https://doi.org/10.1021/acssuschemeng.1c03068
https://doi.org/10.1021/acssuschemeng.1c03068
https://doi.org/10.1021/acsami.9b07465
https://doi.org/10.1002/adfm.201902484
https://doi.org/10.1016/j.carbon.2019.10.083
https://doi.org/10.1016/j.carbon.2019.10.083
https://doi.org/10.1039/d2ta06822b
https://doi.org/10.1021/acsami.8b20380
https://doi.org/10.1021/acsami.8b20380
https://doi.org/10.1021/acsmaterialslett.0c00085
https://doi.org/10.1021/acsami.1c09675
https://doi.org/10.1021/acsami.1c09675
https://doi.org/10.1039/d0tc03428b
https://doi.org/10.3390/polym10060575
https://doi.org/10.1016/j.ijbiomac.2023.123568
https://doi.org/10.1016/j.ijbiomac.2023.123568
https://doi.org/10.1021/acssuschemeng.1c05757
https://doi.org/10.1021/acssuschemeng.1c05757
https://doi.org/10.1016/j.nanoen.2022.107977
https://doi.org/10.1016/j.nanoen.2022.107977
https://doi.org/10.1016/j.compscitech.2018.01.008
https://doi.org/10.1039/d0tc04141f
https://doi.org/10.1039/d0tc04141f
https://doi.org/10.1016/j.cej.2020.124045
https://doi.org/10.1016/j.cej.2020.124045
https://doi.org/10.1021/acsami.9b09265
https://doi.org/10.1021/acsami.9b09265
https://doi.org/10.1021/acsami.1c22001
https://doi.org/10.1002/admt.202201959
https://doi.org/10.1002/admt.202201959
https://doi.org/10.1016/j.snb.2016.09.172
https://doi.org/10.1016/j.snb.2016.09.172
https://doi.org/10.1016/j.sna.2019.05.021
https://doi.org/10.1016/j.sna.2019.05.021
https://doi.org/10.1039/c8tc05918g
http://refhub.elsevier.com/S2211-2855(24)00084-3/sbref167
http://refhub.elsevier.com/S2211-2855(24)00084-3/sbref167
http://refhub.elsevier.com/S2211-2855(24)00084-3/sbref167
https://doi.org/10.1021/acsnano.0c06063
https://doi.org/10.1021/acsami.0c19512
https://doi.org/10.1021/acssuschemeng.1c00949
https://doi.org/10.1021/acssuschemeng.1c00949
https://doi.org/10.1016/j.nanoen.2019.104123
https://doi.org/10.1016/j.nanoen.2020.105035
https://doi.org/10.1016/j.nanoen.2020.105035
https://doi.org/10.1016/j.nanoen.2022.106967
https://doi.org/10.1021/acsapm.1c00239
https://doi.org/10.1016/j.nanoen.2020.105242
https://doi.org/10.1016/j.nanoen.2020.105242
https://doi.org/10.1016/j.compscitech.2017.02.001
https://doi.org/10.1016/j.nanoen.2018.12.076
https://doi.org/10.1016/j.nanoen.2018.12.076

G. de Marzo et al.

[184]

[185]

[186]

[187]

[188]

[189]

[190]

[191]

[192]

[193]

[194]

[195]

[196]

[197]

[198]

[199]

[200]

[201]

[202]

[203]

[204]

[205]

[206]

S. Pongampai, T. Charoonsuk, N. Pinpru, P. Pulphol, Triboelectric-piezoelectric
hybrid nanogenerator based on BaTiO 3 -Nanorods / Chitosan enhanced output
performance with self-charge-pumping system, Compos. Part B. 208 (2021)
108602, https://doi.org/10.1016/j.compositesb.2020.108602.

Y. Guo, X. Zhang, Y. Wang, W. Gong, Q. Zhang, H. Wang, All- fiber hybrid
piezoelectric-enhanced triboelectric nanogenerator for wearable gesture
monitoring, Nano Energy 48 (2018) 152-160, https://doi.org/10.1016/j.
nanoen.2018.03.033.

Q.M. Saqib, M.U. Khan, J. Bae, Inner egg shell membrane based bio-compatible
capacitive and piezoelectric function dominant self-powered pressure sensor
array for smart electronic applications f, RSC Adv. (2020) 29214-29227, https://
doi.org/10.1039/d0ra02949a.

S. Selvarajan, A. Kim, S.H. Song, Biodegradable piezoelectric transducer for
powering transient implants, IEEE Access 8 (2020) 68219-68225, https://doi.
org/10.1109/ACCESS.2020.2985993.

Z. Hanani, 1. Izanzar, S. Merselmiz, T. El Assimi, D. Mezzane, M. Amjoud,

H. Ursic, U. Prah, J. Ghanbaja, I. Saadoune, M. Lahcini, M. Spreitzer, D. Vengust,
M. El Marssi, Z. Kutnjak, I.A. Luk’yanchuk, M. Goune, A flexible self-poled
piezocomposite nanogenerator based on H2(Zr0.1Ti0.9)307 nanowires and
polylactic acid biopolymer, Sustain. Energy Fuels. 6 (2022) 1983-1991, https://
doi.org/10.1039/d2se00234e.

P. Wu, P. Chen, C. Xu, Q. Wang, F. Zhang, K. Yang, W. Jiang, J. Feng, Z. Luo,
Ultrasound-driven in vivo electrical stimulation based on biodegradable
piezoelectric nanogenerators for enhancing and monitoring the nerve tissue
repair, Nano Energy 102 (2022) 107707, https://doi.org/10.1016/j.
nanoen.2022.107707.

X. Wang, Q. Zhang, H. Zhu, F. Wu, Y. Qiao, K. Jia, A highly efficient piezoelectric
elastomer with a green product cycle from fabrication to degradation, J. Mater.
Sci. 58 (2023) 4840-4852, https://doi.org/10.1007/s10853-023-08349-y.

S. Badatya, D.K. Bharti, A.K. Srivastava, M.K. Gupta, Solution processed high
performance piezoelectric eggshell membrane — PVDF layer composite
nanogenerator via tuning the interfacial polarization, J. Alloy. Compd. 863
(2021) 158406, https://doi.org/10.1016/j.jallcom.2020.158406.

V. Vivekananthan, N.R. Alluri, Y. Purusothaman, A. Chandrasekhar, S. Selvarajan,
S. Kim, Biocompatible Collagen Nano fibrils: An Approach for Sustainable Energy
Harvesting and Battery-Free Humidity Sensor Applications, ACS Appl. Mater.
Interfaces 10 (2018) 18650-18656, https://doi.org/10.1021/acsami.8b02915.
D. Shao, C. Wang, W. Li, L. Lu, J. Lu, Natural ginkgo tree leaves as piezo-energy
harvesters, J. Mater. Chem. C. (2022) 15016-15027, https://doi.org/10.1039/
d2tc03058f.

Y. Ba, J. Bao, R. Song, C. Zhu, X. Zhang, Printing Paper-Like Piezoelectric Energy
Harvesters Based On Natural Cellulose Nanofibrils, 2019 20th Int. Conf. Solid-
State Sensors, Actuators Microsystems Eurosensors XXXIII (TRANSDUCERS
EUROSENSORS XXXIII). 1 (2019) 1451-1454. (https://doi.org/10.11
09/TRANSDUCERS.2019.8808223).

W. Li, C. Wang, D. Shao, L. Lu, J. Cao, X. Wang, J. Lu, W. Yang, Red carbon dot
directed biocrystalline alignment for piezoelectric energy harvesting, Nanoscale
14 (2022) 9031-9044, https://doi.org/10.1039/d2nr01457b.

Z. Tao, H. Yuan, S. Ding, Y. Wang, W. Hu, R. Yang, Diphenylalanine-based
degradable piezoelectric nanogenerators enabled by polylactic acid polymer-
assisted transfer, Nano Energy 88 (2021) 106229, https://doi.org/10.1016/j.
nanoen.2021.106229.

K. Jenkins, S. Kelly, V. Nguyen, Y. Wu, R. Yang, Piezoelectric diphenylalanine
peptide for greatly improved fl exible nanogenerators, Nano Energy 51 (2018)
317-323, https://doi.org/10.1016/j.nanoen.2018.06.061.

C. Sohn, H. Kim, J. Han, K. Lee, A. Sutka, K. Jeong, Generating electricity from
molecular bonding-correlated piezoresponse of biodegradable silk nanofibers,
Nano Energy 103 (2022), https://doi.org/10.1016/j.nanoen.2022.107844.

K. Maity, S. Garain, K. Henkel, D. Mandal, Natural Sugar-Assisted, Chemically
Reinforced, Highly Durable Piezoorganic Nanogenerator with Superior Power
Density for Self- Powered Wearable Electronics, ACS Appl. Mater. Interfaces 10
(2018) 44018-44032, https://doi.org/10.1021/acsami.8b15320.

J. Lee, J.H. Lee, J. Xiao, M.S. Desai, X. Zhang, S. Lee, Vertical Self-Assembly of
Polarized Phage Nanostructure for Energy Harvesting, Nano Lett. 19 (2019)
2661-2667, https://doi.org/10.1021/acs.nanolett.9b00569.

L. Zu, D. Liu, J. Shao, Y. Liu, S. Shu, C. Li, X. Shi, B. Chen, Z.L. Wang, A Self-
Powered Early Warning Glove with Integrated Elastic-Arched Triboelectric
Nanogenerator and Flexible Printed Circuit for Real-Time Safety Protection, Adv.
Mater. Technol. 7 (2022) 1-9, https://doi.org/10.1002/admt.202100787.

X. Wang, Z. Feng, Y. Xia, G. Zhang, L. Wang, L. Chen, Y. Wu, J. Yang, Z.L. Wang,
Flexible pressure sensor for high-precision measurement of epidermal arterial
pulse, Nano Energy 102 (2022) 107710, https://doi.org/10.1016/j.
nanoen.2022.107710.

Y. Zeng, H. Xiang, N. Zheng, X. Cao, N. Wang, Z.L. Wang, Flexible triboelectric
nanogenerator for human motion tracking and gesture recognition, Nano Energy
91 (2022) 106601, https://doi.org/10.1016/j.nanoen.2021.106601.

H. Kou, H. Wang, R. Cheng, Y. Liao, X. Shi, J. Luo, D. Li, Z.L. Wang, Smart Pillow
Based on Flexible and Breathable Triboelectric Nanogenerator Arrays for Head
Movement Monitoring during Sleep, ACS Appl. Mater. Interfaces 14 (2022)
23998-24007, https://doi.org/10.1021/acsami.2c03056.

X. Luo, L. Zhu, Y.C. Wang, J. Li, J. Nie, Z.L. Wang, A Flexible Multifunctional
Triboelectric Nanogenerator Based on MXene/PVA Hydrogel, Adv. Funct. Mater.
31 (2021) 1-9, https://doi.org/10.1002/adfm.202104928.

K. Wang, Y. Zhang, X. Luo, L. Zhu, Z.L. Wang, Active Deformable and Flexible
Triboelectric Nanogenerator Based on Super-Light Clay, ACS Appl. Electron.
Mater. 4 (2022) 4764-4771, https://doi.org/10.1021/acsaelm.2c00985.

35

[207]

[208]

[209]

[210]

[211]

[212]

[213]

[214]

[215]

[216]

[217]

[218]

[219]

[220]

[221]

[222]

[223]

[224]

[225]

[226]

[227]

[228]

Nano Energy 123 (2024) 109336

Z. Zhang, Q. Yan, Z. Liu, X. Zhao, Z. Wang, J. Sun, Z.L. Wang, R. Wang, L. Li,
Flexible MXene composed triboelectric nanogenerator via facile vacuum-assistant
filtration method for self-powered biomechanical sensing, Nano Energy 88 (2021)
106257, https://doi.org/10.1016/j.nanoen.2021.106257.

N. Zheng, J. Xue, Y. Jie, X. Cao, Z.L. Wang, Wearable and humidity-resistant
biomaterials-based triboelectric nanogenerator for high entropy energy
harvesting and self-powered sensing, Nano Res 15 (2022) 6213-6219.

Q. Wang, B. Xu, J. Huang, D. Tan, Natural Silkworm Cocoon-Based Hierarchically
Architected Composite Triboelectric Nanogenerators for Biomechanical Energy
Harvesting, ACS Appl. Mater. Interfaces 15 (2023) 9182-9192, https://doi.org/
10.1021/acsami.2c19233.

B. Dudem, S. Adonijah, R.D.I.G. Dharmasena, S.R.P. Silva, J. Su, Natural silk-
composite enabled versatile robust triboelectric nanogenerators for smart
applications, Nano Energy 83 (2021) 105819, https://doi.org/10.1016/j.
nanoen.2021.105819.

Z. Xu, W. Qiu, X. Fan, Y. Shi, H. Gong, J. Huang, A. Patil, X. Li, S. Wang, H. Lin,
C. Hou, J. Zhao, X. Guo, Y. Yang, H. Lin, L. Huang, X.Y. Liu, W. Guo, Stretchable,
Stable, and Degradable Silk Fibroin Enabled by Mesoscopic Doping for Finger
Motion Triggered Color/Transmittance Adjustment, ACS Nano 15 (2021)
12429-12437, https://doi.org/10.1021/acsnano.1c05257.

N. Gogurla, S. Kim, Self-powered and imperceptible electronic tattoos based on
silk protein nanofiber and carbon nanotubes for human — machine interfaces,
2100801 (1-9), Adv. Energy Mater. (2021) 2100801, https://doi.org/10.1002/
aenm.202100801.

B. Dudem, R.D.I.G. Dharmasena, S. Adonijah, J. Woo, H. Patnam, A. Reddy, S.R.
P. Silva, J. Su, Exploring the theoretical and experimental optimization of high-
performance triboelectric nanogenerators using microarchitectured silk cocoon
films, Nano Energy 74 (2020) 104882, https://doi.org/10.1016/j.
nanoen.2020.104882.

Z. Zheng, D. Yu, B. Wang, Y. Guo, Ultrahigh sensitive, eco-friendly, transparent
triboelectric nanogenerator for monitoring human motion and vehicle movement,
Chem. Eng. J. 446 (2022) 3-9, https://doi.org/10.1016/j.cej.2022.137393.

Z. Bai, Y. Xu, Z. Zhang, J. Zhu, C. Gao, Y. Zhang, H. Jia, Highly flexible, porous
electroactive biocomposite as attractive tribopositive material for advancing
high-performance triboelectric nanogenerator, Nano Energy 75 (2020) 104884,
https://doi.org/10.1016/j.nanoen.2020.104884.

Z. Bai, Y. Xu, J. Li, J. Zhu, C. Gao, Y. Zhang, J. Wang, J. Guo, An Eco-friendly
Porous Nanocomposite Fabric-Based Triboelectric Nanogenerator for E ffi cient
Energy Harvesting and Motion Sensing, ACS Appl. Mater. Interfaces 12 (2020)
4288042890, https://doi.org/10.1021/acsami.0c12709.

A. Rajabi-abhari, J. Kim, J. Lee, R. Tabassian, M. Mahato, H.J. Youn, H. Lee, I. Oh,
Diatom Bio-Silica and Cellulose Nanofibril for Bio-Triboelectric Nanogenerators
and Self-Powered Breath Monitoring Masks, ACS Appl. Mater. Interfaces 13
(2021) 219-232, https://doi.org/10.1021/acsami.0c18227.

L. Fachechi, L. Blasi, V.M. Mastronardi, M. De Vittorio, S. Member, M.T. Todaro,
Effective and Accurate Approach for Measuring Key Parameters in Triboelectric
Nanogenerators, IEEE Trans. Instrum. Meas. 72 (2023) 1-8, https://doi.org/
10.1109/TIM.2023.3328701.

R. Wang, S. Gao, Z. Yang, Y. Li, W. Chen, B. Wu, Engineered and Laser-Processed
Chitosan Biopolymers for Sustainable and Biodegradable Triboelectric Power
Generation (1-8), Adv. Mater. 30 (2018) 1706267, https://doi.org/10.1002/
adma.201706267.

L. Zhang, Y. Liao, Y. Wang, S. Zhang, W. Yang, X. Pan, Z.L. Wang, Cellulose II
Aerogel-Based Triboelectric Nanogenerator (1-9), Adv. Funct. Mater. 30 (2020)
2001763, https://doi.org/10.1002/adfm.202001763.

X. Peng, K. Dong, C. Ye, Y. Jiang, S. Zhai, R. Cheng, D. Liu, X. Gao, J. Wang, Z.
L. Wang, A breathable, biodegradable, antibacterial, and self-powered electronic
skin based on all-nanofiber triboelectric nanogenerators (https://doi.org/doi:),
Sci. Adv. 6 (2020), https://doi.org/10.1126/sciadv.aba9624.

Q. Sun, L. Wang, X. Yue, L. Zhang, G. Ren, D. Li, H. Wang, Y. Han, L. Xiao, G. Lu,
H. Yu, W. Huang, Fully sustainable and high-performance fish gelatin-based
triboelectric nanogenerator for wearable movement sensing and human-machine
interaction, Nano Energy 89 (2021) 106329, https://doi.org/10.1016/j.
nanoen.2021.106329.

J. Zhang, S. Hu, Z. Shi, Y. Wang, Y. Lei, J. Han, Y. Xiong, J. Sun, L. Zheng, Q. Sun,
G. Yang, Z. Lin, Eco-friendly and recyclable all cellulose triboelectric
nanogenerator and self-powered interactive interface, Nano Energy 89 (2021)
106354, https://doi.org/10.1016/j.nanoen.2021.106354.

C. Chen, P. Lee, Y. Tsao, Z. Lin, Utilization of self-powered electrochemical
systems: Metallic nanoparticle synthesis and lactate detection, Nano Energy 42
(2017) 241-248, https://doi.org/10.1016/j.nanoen.2017.10.064.

Z. Leng, P. Zhu, X. Wang, Y. Wang, P. Li, W. Huang, B. Li, R. Jin, N. Han, J. Wu,
Y. Mao, Sebum-Membrane-Inspired Protein-Based Bioprotonic Hydrogel for
Artificial Skin and Human-Machine Merging Interface, 1-11, Adv. Funct. Mater.
(2023) 2211056, https://doi.org/10.1002/adfm.202211056.

Y. Jao, P. Yang, C. Chiu, Y. Lin, S. Chen, A textile-based triboelectric
nanogenerator with humidity-resistant output characteristic and its applications
in self-powered healthcare sensors, Nano Energy 50 (2018) 513-520, https://doi.
org/10.1016/j.nanoen.2018.05.071.

X. He, H. Zou, Z. Geng, X. Wang, W. Ding, F. Hu, Y. Zi, C. Xu, S.L. Zhang, H. Yu,
M. Xu, W. Zhang, C. Lu, Z.L. Wang, A Hierarchically Nanostructured Cellulose
Fiber-Based Triboelectric Nanogenerator for Self-Powered Healthcare Products
(1-8), Adv. Funct. Mater. 28 (2018) 1805540, https://doi.org/10.1002/
adfm.201805540.

J. Huang, Y. Hao, M. Zhao, W. Li, F. Huang, Q. Wei, All-Fiber-Structured
Triboelectric Nanogenerator via One-Pot Electrospinning for Self-Powered


https://doi.org/10.1016/j.compositesb.2020.108602
https://doi.org/10.1016/j.nanoen.2018.03.033
https://doi.org/10.1016/j.nanoen.2018.03.033
https://doi.org/10.1039/d0ra02949a
https://doi.org/10.1039/d0ra02949a
https://doi.org/10.1109/ACCESS.2020.2985993
https://doi.org/10.1109/ACCESS.2020.2985993
https://doi.org/10.1039/d2se00234e
https://doi.org/10.1039/d2se00234e
https://doi.org/10.1016/j.nanoen.2022.107707
https://doi.org/10.1016/j.nanoen.2022.107707
https://doi.org/10.1007/s10853-023-08349-y
https://doi.org/10.1016/j.jallcom.2020.158406
https://doi.org/10.1021/acsami.8b02915
https://doi.org/10.1039/d2tc03058f
https://doi.org/10.1039/d2tc03058f
https://doi.org/10.1109/TRANSDUCERS.2019.8808223
https://doi.org/10.1109/TRANSDUCERS.2019.8808223
https://doi.org/10.1039/d2nr01457b
https://doi.org/10.1016/j.nanoen.2021.106229
https://doi.org/10.1016/j.nanoen.2021.106229
https://doi.org/10.1016/j.nanoen.2018.06.061
https://doi.org/10.1016/j.nanoen.2022.107844
https://doi.org/10.1021/acsami.8b15320
https://doi.org/10.1021/acs.nanolett.9b00569
https://doi.org/10.1002/admt.202100787
https://doi.org/10.1016/j.nanoen.2022.107710
https://doi.org/10.1016/j.nanoen.2022.107710
https://doi.org/10.1016/j.nanoen.2021.106601
https://doi.org/10.1021/acsami.2c03056
https://doi.org/10.1002/adfm.202104928
https://doi.org/10.1021/acsaelm.2c00985
https://doi.org/10.1016/j.nanoen.2021.106257
http://refhub.elsevier.com/S2211-2855(24)00084-3/sbref201
http://refhub.elsevier.com/S2211-2855(24)00084-3/sbref201
http://refhub.elsevier.com/S2211-2855(24)00084-3/sbref201
https://doi.org/10.1021/acsami.2c19233
https://doi.org/10.1021/acsami.2c19233
https://doi.org/10.1016/j.nanoen.2021.105819
https://doi.org/10.1016/j.nanoen.2021.105819
https://doi.org/10.1021/acsnano.1c05257
https://doi.org/10.1002/aenm.202100801
https://doi.org/10.1002/aenm.202100801
https://doi.org/10.1016/j.nanoen.2020.104882
https://doi.org/10.1016/j.nanoen.2020.104882
https://doi.org/10.1016/j.cej.2022.137393
https://doi.org/10.1016/j.nanoen.2020.104884
https://doi.org/10.1021/acsami.0c12709
https://doi.org/10.1021/acsami.0c18227
https://doi.org/10.1109/TIM.2023.3328701
https://doi.org/10.1109/TIM.2023.3328701
https://doi.org/10.1002/adma.201706267
https://doi.org/10.1002/adma.201706267
https://doi.org/10.1002/adfm.202001763
https://doi.org/10.1126/sciadv.aba9624
https://doi.org/10.1016/j.nanoen.2021.106329
https://doi.org/10.1016/j.nanoen.2021.106329
https://doi.org/10.1016/j.nanoen.2021.106354
https://doi.org/10.1016/j.nanoen.2017.10.064
https://doi.org/10.1002/adfm.202211056
https://doi.org/10.1016/j.nanoen.2018.05.071
https://doi.org/10.1016/j.nanoen.2018.05.071
https://doi.org/10.1002/adfm.201805540
https://doi.org/10.1002/adfm.201805540

G. de Marzo et al.

[229]

[230]

[231]

[232]

[233]

[234]

Wearable Sensors, ACS Appl. Mater. Interfaces 13 (2021) 24774-24784, https://
doi.org/10.1021/acsami.1c03894.

Q. Zheng, Y. Zou, Y. Zhang, Z. Liu, B. Shi, X. Wang, Y. Jin, H. Ouyang, Z. Li, Z.
L. Wang, Biodegradable triboelectric nanogenerator as a life-time designed
implantable power source, 2016, Sci. Adv. 2 (2) (2016) 1-10.

Z. Li, H. Feng, Q. Zheng, H. Li, C. Zhao, H. Ouyang, Photothermally tunable
biodegradation of implantable triboelectric nanogenerators for tissue repairing,
Nano Energy 54 (2018) 390-399, https://doi.org/10.1016/j.
nanoen.2018.10.020.

Y. Zhang, Z. Zhou, Z. Fan, S. Zhang, F. Zheng, K. Liu, Y. Zhang, Z. Shi, L. Chen,
X. Li, Y. Mao, F. Wang, Self-Powered Multifunctional Transient Bioelectronics,
1-10, Small (2018) 1802050, https://doi.org/10.1002/smll.201802050.

Y. Kim, Recent Progress in Pressure Sensors for Wearable Electronics: From
Design to Applications, Appl. Sci. (2020).

Y. Li, W. Chen, L. Lu, Wearable and Biodegradable Sensors for Human Health
Monitoring, 2021, ACS Appl. Bio Mater. 4 (2021) 122-139, https://doi.org/
10.1021/acsabm.0c00859.

Z. Morsada, M. Hossain, M.T. Islam, A. Mobin, S. Saha, Recent progress in
biodegradable and bioresorbable materials: From passive implants to active

36

[235]

[236]

[237]

[238]

[239]

Nano Energy 123 (2024) 109336

electronics, Appl. Mater. Today 25 (2021) 101257, https://doi.org/10.1016/j.
apmt.2021.101257.

H. Pan, T. Lee, Recent Progress in Development of Wearable Pressure Sensors
Derived from Biological Materials (1-17), Adv. Helathcare Mater. 10 (2021)
2100460, https://doi.org/10.1002/adhm.202100460.

N. Bokka, V. Selamneni, V. Adepu, S. Jajjara, P. Sahatiya, Water soluble flexible
and wearable electronic devices: a review, Flex. Print. Electron. 6 (2021) 043006
(Flexible).

S. Pradhan, A.K. Brooks, V.K. Yadavalli, Materials Today Bio Nature-derived
materials for the fabrication of functional biodevices, Mater. Today Bio 7 (2020)
100065, https://doi.org/10.1016/j.mtbio.2020.100065.

Z. Hanani, I. Izanzar, M. Amjoud, D. Mezzane, M. Lahcini, H. Ur, Lead-free
nanocomposite piezoelectric nanogenerator film for biomechanical energy
harvesting, Nano Energy 81 (2021), https://doi.org/10.1016/j.
nanoen.2020.105661.

S. Pongampai, T. Charoonsuk, N. Pinpru, R. Muanghlua, W. Vittayakorn,

N. Vittayakorn, High Performance Flexible Tribo/Piezoelectric Nanogenerators
based on BaTiO3/Chitosan Composites, Integr. Ferroelectr. Volume 223 (2021)
137-151.


https://doi.org/10.1021/acsami.1c03894
https://doi.org/10.1021/acsami.1c03894
http://refhub.elsevier.com/S2211-2855(24)00084-3/sbref222
http://refhub.elsevier.com/S2211-2855(24)00084-3/sbref222
http://refhub.elsevier.com/S2211-2855(24)00084-3/sbref222
https://doi.org/10.1016/j.nanoen.2018.10.020
https://doi.org/10.1016/j.nanoen.2018.10.020
https://doi.org/10.1002/smll.201802050
http://refhub.elsevier.com/S2211-2855(24)00084-3/sbref225
http://refhub.elsevier.com/S2211-2855(24)00084-3/sbref225
https://doi.org/10.1021/acsabm.0c00859
https://doi.org/10.1021/acsabm.0c00859
https://doi.org/10.1016/j.apmt.2021.101257
https://doi.org/10.1016/j.apmt.2021.101257
https://doi.org/10.1002/adhm.202100460
http://refhub.elsevier.com/S2211-2855(24)00084-3/sbref229
http://refhub.elsevier.com/S2211-2855(24)00084-3/sbref229
http://refhub.elsevier.com/S2211-2855(24)00084-3/sbref229
https://doi.org/10.1016/j.mtbio.2020.100065
https://doi.org/10.1016/j.nanoen.2020.105661
https://doi.org/10.1016/j.nanoen.2020.105661
http://refhub.elsevier.com/S2211-2855(24)00084-3/sbref232
http://refhub.elsevier.com/S2211-2855(24)00084-3/sbref232
http://refhub.elsevier.com/S2211-2855(24)00084-3/sbref232
http://refhub.elsevier.com/S2211-2855(24)00084-3/sbref232

	Sustainable electronic biomaterials for body-compliant devices: Challenges and perspectives for wearable bio-mechanical sen ...
	1 Introduction
	2 Nature-derived materials
	2.1 Polysaccharides
	2.2 Proteins and peptides
	2.3 Synthetic polymers
	2.4 Combined materials

	3 Sensors
	3.1 Piezoelectric sensors
	3.2 Triboelectric sensors
	3.3 Piezoresistive sensors
	3.4 Piezocapacitive sensors
	3.5 Hybrid sensors

	4 Body energy harvesters
	4.1 Piezoelectric body energy harvesters
	4.2 Triboelectric body energy harvesters

	5 Implantable sensing and energy harvesting systems
	6 Comparative analysis
	6.1 Sensors
	6.2 Body energy harvesters

	7 Conclusions: challenges and perspectives
	CRediT authorship contribution statement
	Declaration of Competing Interest
	Data availability
	Acknowledgement
	Appendix A Table sensors
	Appendix B Table nanogeneratos
	References


