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oelectric properties of materials –
a review with a focus on biological materials

Ratanak Lay,ab Gerrit Sjoerd Deijsabc and Jenny Malmström *ab

Piezoelectricity, a linear electromechanical coupling, is of great interest due to its extensive applications

including energy harvesters, biomedical, sensors, and automobiles. A growing amount of research has

been done to investigate the energy harvesting potential of this phenomenon. Traditional piezoelectric

inorganics show high piezoelectric outputs but are often brittle, inflexible and may contain toxic

compounds such as lead. On the other hand, biological piezoelectric materials are biodegradable,

biocompatible, abundant, low in toxicity and are easy to fabricate. Thus, they are useful for many

applications such as tissue engineering, biomedical and energy harvesting. This paper attempts to explain

the basis of piezoelectricity in biological and non-biological materials and research involved in those

materials as well as applications and limitations of each type of piezoelectric material.
Introduction

In addition to the rapid technological and social development
of our societies, we intensively strive for a healthier life. Both
areas are inherently linked; clean and renewable energy sources
are needed to keep up with our worldwide demand sustainably
and, at the same time, reduce the negative impacts of global
warming and environmental pollution. Alternative renewable
energy sources such as biomass, solar, wind and tidal energy are
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helping in the de-carbonization of the power sector.1–4

Mechanical energy harvesting is one of the front-runners to
sustainably power micro-devices. These devices play a key role
in our daily lives, not only for leisure but also to an increasing
degree for monitoring/adjusting biological systems, including
in vivo processes.5–7 This monitoring will be benecial for
diagnostics, for example, real time heart-beat observation,8 on
time medical interventions9 and ultimately leading to longer
and healthier lives.

Mechanical energy harvesting research is gaining
momentum, even at the nanoscale range.10–14 There is plenty of
‘wasted’ mechanical energy available in the environment wait-
ing to be converted into useful electrical outputs. Daily human
activities show possible energy harvesting examples such as
talking, walking, running, heart pumping, knee bending,
driving vehicles, etc.14–17 A promising way to harvest this wasted
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ambient mechanical energy is by using piezoelectricity. Piezo-
electricity can provide a possible sustainable contribution, as
part of a bigger solution scheme to the sustainability issues. It
can help to minimise the reliance on non-renewable energy
sources and ensure a more efficient use of natural resources.

Piezoelectric research started off by focusing on inorganic
materials such as zinc oxide (ZnO),10 barium titanate (BaTiO3)18

and lead zirconate titanate (PbxZr1�xTiO3, known as PZT),19 but
it later branched out to organic polymer materials such as
polyvinylidene uoride (PVDF) and polymer composites.20 In
2006, Wang et al. reduced the size of a ZnO piezoelectric device
to create a nanogenerator. In this work, nanowires were
deformed by small forces, which induced electrical charge
generation at the lower and upper parts of the nanowires,
conrming the possibility of using piezoelectricity for energy
harvesting.10

Piezoelectricity is not only present in inorganic compounds,
but it also plays a crucial role in biological organisms.21 It has
been reported that piezoelectricity exists in various biological
structures ranging from amino acids to tissues, and some of
them have comparable piezoelectric strength to that of
conventional piezoelectric materials.22 Furthermore, organic
piezoelectric materials such as collagen hold several advantages
over conventional piezoelectric ceramics including biocompat-
ibility, biodegradability, high exibility, low toxicity, and ease of
fabrication.23

Piezoelectricity in biological structures has already been
explored to fabricate energy harvesting nano-generators.24

However, its biggest potential lies within biomedical applica-
tions, due to relatively low energy demands and a need for
biocompatible materials. Currently, batteries power various
implantable devices that need to be replaced at the end of their
lifespan. This requires surgery which can impose risk or
complication to the patient.22 To overcome these limitations, it
would be ideal to take advantage of energy that is wasted during
the natural processes of the body. The origin of bio-
piezoelectricity and its role in the biological structure are
currently not fully understood, this impedes the development of
bio-piezoelectric applications. Large heterogeneity within bio-
logical structures also limits precise control of the polarization's
strength and direction.25 Therefore, understanding the
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mechanisms behind piezoelectricity in biological structures is
key to developing and optimizing their applications further.

This review complements other published reviews on the
topic21,26–29 by providing a careful examination of literature to
gain a better grasp of the underlying mechanism of piezoelec-
tricity with a particular focus on biological materials. It also
attempts to provide a summary of key piezoelectric biological
and traditional materials, their differences, applications and
limitations, as well as a brief overview of the current state of
piezoelectric development. This review provides a resource for
the basic understanding of piezoelectricity to aid further
development of piezoelectric applications in the future.
Fundamentals of piezoelectricity

Piezoelectricity is a linear electromechanical coupling
phenomenon.30 This means that when mechanical stress is
applied to a piezoelectric material, it deforms and generates
electrical charges. The process of converting mechanical stress
to electrical charge is known as the direct effect. In contrast, the
converse effect refers to when an external electrical eld is
applied across a piezoelectric material causing the material to
mechanically deform.30 Piezoelectricity exists in materials with
non-centrosymmetric crystals. Out of the 32 crystal classes, 21
of them of lack a centre of symmetry and are said to be non-
centrosymmetric and thus are piezoelectric.31

Piezoelectricity is quantied by the piezoelectric coefficient
d, which is the ratio between applied stress and charge (eqn (1)),
or between strain and applied electric eld (eqn (2)).

P ¼ Q

A
¼ dX (1)

x ¼ dE (2)

where P is the polarization (C m�2), Q is the charge (C), A is the
area (m2), d is the piezoelectric coefficient (C N�1 for the direct
effect and m V�1 for the converse effect), X is the stress (N m�2),
x is the mechanical strain (unitless) and E is the electric eld (V
m�1).32 As the piezoelectric coefficient is a third-tank tensor, in
the direct piezoelectric effect, eqn (1), the polarisation is
a vector and the stress is a symmetric second-rank vector. In the
converse piezoelectric effect, eqn (2), the electric eld is a vector
while the strain is a symmetric second-rank tensor.33

The piezoelectricity of a material depends on both the
orientation and symmetry of the material's crystal, and it can be
described by third-rank tensors.32 The piezoelectric tensor can
be expressed as a 3 � 6 matrix of component dij, where i
represents the direction at which electrical eld is applied or
produced, and j represents the direction of applied stress or
resulting strain.31 The subscripts 1–3 are used to represent X, Y
and Z directional axes, and subscripts 4–6 are used to describe
the shear planes perpendicular to each of those axes respec-
tively. Since piezoelectricity is a direction-dependent property,
the piezoelectric coefficient d has both magnitude and direc-
tion. The positive/negative sign indicates the direction of the
© 2021 The Author(s). Published by the Royal Society of Chemistry
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resulting strain or induced polarization in respect to their
reference axis.

For inorganic materials, the piezoelectricity is a result of
asymmetrical charge distributions in the crystal under applied
mechanical stress.30 The piezoelectricity of inorganic materials
shows temperature dependent behaviours. Above a critical
temperature known as the Curie temperature, a material dissi-
pates its piezoelectric and ferroelectric properties.34 In other
words, thermal motions can induce changes in the polarization
of the material. On the other hand, piezoelectricity in organic
materials arise mainly from reorientation of permanent
molecular dipoles under an applied stress that results in
alignment of the dipoles in a particular direction that yields
a net polarization.23
Inorganic piezoelectricity

Single crystalline ceramics. Traditionally, piezoelectric
materials were divided in two groups: piezoelectric single crys-
tals and polycrystalline ceramics. In 1880, the Curie brothers
were the rst to identify quartz as a piezo-electric crystal.35 Aer
this initial nding, a noticeable alternative, Rochelle salt (or
potassium sodium tartrate tetrahydrate), was discovered in
1922 and found to exhibit a higher piezoelectric strength than
that of quartz.36 This salt was substituted by the introduction of
ammonium dihydrogen phosphate (ADP) crystals.37 Aer ADP,
synthetic efforts produced the rst BaTiO3 (barium titanate)
piezoelectric crystal.18 Owing to different ferroelectric phases in
titanate, their piezoelectric effect is considerably higher when
compared to quartz.38 In ferroelectric materials, the polariza-
tion magnitude and direction can be altered by an application
of external electric eld (at T < Tc, where Tc is the Curie
temperature).39 The remaining polarization aer electric eld
application removal is called permanent polarization (hyster-
esis), and upon mechanical pressure this permanent polariza-
tion generates the piezoelectric output. Recently, zinc oxide
(ZnO) has received particular interest as a sustainable piezo-
electric material. ZnO produces hexagonal piezoelectric crystals
which have a low dielectric constant and room temperature
ferroelectricity.13,40,41 This metal oxide has a piezoelectric effect
due to an asymmetrical wurtzite crystal structure and large
electromechanical coupling capabilities.42 When ZnO is fabri-
cated in a nano-rod/wire conguration, it has a heightened
sensitivity due to a large surface to volume ratio which makes it
a great material for sensors.43,44 Wang et al. fabricated a ZnO
piezoelectric nanogenerator (NG) based on aligned ZnO nano-
wires.10 Even though the NG output was initially just enough to
run a nanodevice, such as a molecular electronic memory
device,45 ZnO nanogenerators have undergone a lot of devel-
opment, and now show a stunning piezoelectric coefficient of
d33 ¼ 512 pC N�1.46 To achieve such high piezoelectric coeffi-
cient, a wet chemical co-precipitation method was used to dope
ZnO nanorods with neodymium. The nanorods were subse-
quently mixed with polydimethylsiloxane (PDMS) and spin
coated to interface with electrodes. To gain a nger tap (�0.3 N
per tap) output grasp; the undoped ZnO NRs showed �2 V vs.
�31 V Nd–ZnO NRs.46 Although single crystals have been very
© 2021 The Author(s). Published by the Royal Society of Chemistry
inuential piezoelectric materials, they are somewhat over-
shadowed by the performance of polycrystalline ceramics. For
example, the single crystal BaTiO3 has piezoelectric coefficient
d33 of �86 pC N�1,18 while the polycrystalline ceramic BaTiO3

shows �350 pC N�1.47

Polycrystalline ceramics. Polycrystalline ceramics possess
many crystal structures that are randomly orientated and only
become functional aer a polarization step. This oen includes
the application of a high electrical eld to align the material's
dipole moments through a process known as electrical poling.48

The structure of the ceramic material is inuenced by the
synthesis methods, which are generally divided into wet
chemistry methods such as sol–gel, and solid-state synthesis.49

Wet chemistry methods generally have the advantage of more
efficient mixing, producing more homogenous materials and
signicantly lower calcination temperature when compared to
solid-state synthesis. Despite these advantages, solid-state
synthesis is the most commonly used synthesis method due
to its ability to produce ceramics with better piezoelectric
properties and being less complex than wet chemistry
methods.49

Well known piezoelectric ceramics include lead zirconate
titanate (PZT),50–52 barium titanate (BaTiO3)18,47,48,53 and potas-
sium sodium niobate (K0.5Na0.5NbO3, abbreviated as KNN).54–56

The high piezoelectric potential of PZT is what makes it
a particularly attractive energy harvester (d33 ¼ 500–600 pC
N�1).57,58 It also exhibits ferroelectricity as observed by charac-
teristic hysteresis loops. However, the brittle nature of PZT
limits its applications. It is prone to fractures due to a high
Young's modulus of 50 GPa and a tensile strain maximum of
0.2%.59 Practical testing under applied electric elds have
indeed shown a tendency of PZT fatigue cracking in a brittle
process with little or no plastic deformation.60 Owning to the
high strain demand for converting ambient energy, energy
harvesting devices must be both exible and stretchable.
Therefore, piezoceramics, such as PZT, are combined (oen in
a lm conguration) with plastic or elastomeric
substrates.50,52,61 One method utilized printing of PZT onto
a pre-strained PDMS and created buckled PZT nano-thick
ribbons upon release of the strain.61 This buckled PZT showed
an order of magnitude larger strain endurance when compared
to the at non-treated PZT.61 Even though these composite
devices are more durable, other mechanical properties should
also be examined as it is still possible that slipping, cracks and
delamination occurs.62 In addition, one major downfall of PZT
is that it contains lead, which is not only toxic, but also envi-
ronmentally unfavourable.

An alternative lead free piezoceramic is BaTiO3, another
ferroelectric material. The piezoelectric capabilities of BaTiO3

were discovered in the early 1940s and the material was soon
considered as a potential piezoelectric transducer.63 However, it
was initially over-shadowed by PZT which showed better
piezoelectric properties and a higher Tc.64 BaTiO3 came back
into the picture when modications of BaTiO3 with Ca2+ and
Zr4+ enabled an increase of the piezoelectric coefficient to d33 >
500 pC N�1 with amaximum operational temperature of 90 �C.65
RSC Adv., 2021, 11, 30657–30673 | 30659
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Several characteristics, for instance; crystallization,66 calci-
cation,67 sintering,67 changing grain size,68 poling48 and
doping69 can be used to enhance piezoelectric properties.
Recently, one of the key piezo-enhancement factors have been
identied to be morphotropic phase boundaries which are the
transitions in the composition phase diagram, where the crystal
structure changes rapidly and where the electromechanical
properties are maximised.39,70 By carefully exploring such phase
boundaries and optimising materials accordingly by varying
chemical composition or mechanical pressure, it is possible to
enhance the electromechanical coupling further.19,38,54 In one
study of the morphotropic phase boundaries in BaTiO3-based
ceramics, it was found that a high d33 (700 � 30 pC N�1) could
be induced in a specic region while in a broad range it showed
>600 pC N�1.53 Even at the temperature between 10–40 �C, the
optimised BaTiO3 surpassed the performance of popular lead-
based systems.59 These steps make the employment of BaTiO3

for electronics more feasible. One crucial remaining factor that
requires improvement for BaTiO3 is to increase the Curie
temperature (about 130 �C for pure BaTiO3). To increase the
Curie temperature, one recent study combined a ceramic
(BaTiO3 + bismuth ferrite BiFeO3) with bismuth aluminate
BiAlO3 (BA) with a high Tc of 527 �C.70 This study achieved an
increase of the piezoelectric constant from d33 ¼ 97 pC N�1 to
210 pC N�1 and a Tc of 400 �C.

As a result of a high Curie temperature and an impressive
piezoelectric coefficient, KNN is another candidate to replacing
PZT.55 Saito et al. demonstrated a d33 of 416 pC N�1 for KNN in
2004 by discovering a morphotropic phase boundary of the
material and by processing into highly textured polycrystals.54

Optimisations, such as tailoring the phase fraction and chem-
ical modications71–73 have since produced KNN-based mate-
rials with even higher piezoelectric constants. However, KNN-
based materials are also hampered by fatigue deterioration,
an area where there is still a lot to be discovered and optimised
for this material (reviewed by Genenko et al. 2015).74
Organic–inorganic metal halide perovskites (OMHPS)

Perovskites are materials with the crystal structure of calcium
titanate which is known as the perovskite crystal structure.75

They consist of two cation types bonded together by an anion.
Organic–inorganic metal halide perovskites (OMHPs) consist
of; an organic cation (A), a metal cation (B) and a halide anion
(X) with the general formula of ABX3.76

Instead of the high fabrication temperature of ceramics,
a low temperature OMHP fabrication was achieved with TMCM–

MnCl3 (TMCM ¼ trimethylchloromethyl ammonium). With
ferroelectric properties, piezoelectric output of d33¼ 185 pC N�1

and a Tc of 132 �C it is attractive for several applications.77

Further morphotropic phase boundary research resulted in
a superlative OMHP with a d33 of �1540 pC N�1 consisting of
trimethyluoromethyl ammonium (TMFM), TMCM and xCdCl3
(x ¼ different composites).78

Another interesting OMHP capability, namely illumination
dependent piezoelectric response, was found in a methyl-
ammonium lead halide (MAPbI3) in which the piezoelectric
30660 | RSC Adv., 2021, 11, 30657–30673
output varied with different illumination.79 It was suggested
that the illumination enhances the MAPbI3 dielectric constant
and forms a considerable photo-induced piezoelectric
dipole,79,80 which could play a role in energy harvesting by
perovskite solar cells.76 Despite of the high piezoelectric output,
the same ceramic disadvantages apply for OMHP; they show
brittleness, inexible properties when in bulk form. To over-
come these limitations future studies could use thin lm
congurations on exible substrates.
Organic piezoelectricity

Organic molecules such as polymers can exhibit complex dipole
moments giving rise to polymer-based piezoelectricity.81,82

Polymers are excellent materials for piezoelectric devices due to;
low-cost solution processing, low temperature processing, low
toxicity and high chemical stability.83 This review divides
piezoelectric polymers in two classes, namely bulk polymers
(which normally require poling) and polymer composites.

Bulk polymers. Bulk polymers generally require mechanical
stretching and poling to exhibit signicant piezoelectricity. The
applied electrical eld affects the orientation of positive and
negative charges and dipoles and consequently induces piezo-
electricity.81 This class of piezoelectric polymers mainly
includes poly(vinylidene uoride) (PVDF), PVDF copolymers
and polyimides.

Piezoelectricity of PVDF was rst reported in 1948, followed
shortly aer by reports of piezoelectric co-polymers of PVDF.84

PVDF is a polycrystalline (35–70% crystallinity) polymer with
mainly ‘‘head-to-tail’’ arrangement of polymer chains in
a zigzag form in the crystal grains. Consequently, dipoles are
parallel to one another within adjacent chains.85 This dipole
moment is what leads to the piezoelectricity in PVDF. There are
four crystal forms of PVDF: a, b, g and d, with a being the
simplest form to obtain. Unfortunately, only the b form has
a piezoelectricity of �30–40 pC N�1.82 Despite this relatively low
output, the intrinsic properties of PVDF creates an opportunity
to overcome the disadvantages of bulk inorganic piezoelectric
devices. These include: simple synthesis,86 high exibility,87 and
adaptable design.88 Fig. 1A shows the output voltage and the
exibility of a PVDF based thin lm on a cellulose paper
substrate.87 The device exhibited a maximum open circuit
voltage of 1.5 V under periodic bending and releasing of force at
�1 Hz.87

As the b form is the crystal with the most prominent piezo-
electricity, studies are focussing on increasing the amount of
this form. Frequently used improvement methods are: stretch-
ing,89 polar additives87 and electro-spinning.20 One of the most
promising PVDF copolymers explored for piezoelectric proper-
ties is PVDF-co-TrFE (triuoroethylene). This copolymer is
interesting because it demonstrates a higher piezoelectric
power density (312.85 mW cm�3)90 when compared to PVDF
(81.3 mW cm�3).91 The TrFE monomer adds an extra uorine to
the polymer, which induces a higher tendency for b form
formation.92 PVDF-TrFE has been used in energy harvesters by
spin coating,90 electro-spinning93–95 or bar coating91 of the
polymer. The processing and deposition parameters of the
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 PVDF based piezoelectric devices (A) open-circuit voltage of
a flexible PVDF-TrFe thin film energy harvester. Reproduced from ref.
87 with the permission of AIP Publishing. (B) PVDF-TrFE nano-array
formation. Reproduced from ref. 97, with the permission of Springer
Nature. (C) Open-circuit voltage of PVDF/SM-KNN energy harvester.
(D) TEM image of the PVDF/SM-KNN composite. Reproduced from ref.
108, with permission from Elsevier.
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polymer are varied to optimise the b crystal phase formation
and thus increase the piezoelectric output.90 Electrospinning
into nanobers has been found to further increase the piezo-
electric power density output of the polymer.96 During electro-
spinning, a high bias electric eld is applied which leads to
dipole alignment along the major axis direction of the nano-
bers.96,97 Aligning PVDF-TrFE into a nanotube array (Fig. 1B)
has also been shown to induce higher piezoelectric output (d33
¼ �35 pm V�1) when compared to conventional spin coated
lms (d33 ¼ �17.8 pm V�1).97 All in all, PVDF-TrFE is a prom-
ising exible polymeric material, not only for piezoelectric
energy harvesting but also as pressure sensors98 and actuators.99

Amorphous polymers with high glass transition tempera-
tures (Tg > 80 �C) are being studied for their piezoelectric
responses as an alternative for high temperature processes. At
the glass transition temperature, the amorphous polymer shis
from a glassy brittle state (limited molecular motion) to a ex-
ible rubbery state (large scale molecular motion). Amorphous
polymers generally rely on oriented dipole moments for their
piezoelectricity.100 Such orientation is achieved by poling near
the Tg. Examples of amorphous polymers explored for their
piezoelectric properties are co-polymerized pyromellitic dia-
nhydride with p-phenylenediamine81 and co-polymerized
vinylidene cyanide and vinyl acetate.101

Polymer composites. Polymers are oen explored as
composites with other piezoelectric materials such as ceramics,
metal oxides and salts.88,102–105 These composites benet from
an increasing exibility when compared to ceramics, while
retaining relatively high piezoelectric performance.106,107

Generally, higher piezoelectric output is obtained upon
increasing the ceramic content. This content is oen in the
form of nanoller, optimized in terms of concentration and
distribution uniformity. Well known llers are: barium titanate
© 2021 The Author(s). Published by the Royal Society of Chemistry
(BaTiO3), potassium sodium niobate (KNN), metal oxides and
salts.88

As an example of a successful composite, Mota et al. used
rotating-disk electrospinning technique to create composite
PVDF/BaTiO3 thin bre meshes. The bre alignment could be
altered by changing the rotation speed, which was also found to
change the amount of the piezoelectric b phase of the PVDF.106

The composite was also optimised in terms of composition and
the authors achieved a 130 pC N�1 piezoelectric output at a 20/
80 BaTiO3/PVDF composition.106 The authors additionally
demonstrated preliminary evidence of biocompatibility in in
vitro experiments, making this material interesting for use as
implantable energy harvester.

PVDF/potassium sodium niobate (KNN) has also been
successfully used as a piezoelectric composite. In one example,
KNN nanorods were surface functionalised to form a composite
with PVDF. The incorporation of rod-shaped KNN nanomaterial
(Fig. 1D) was found to positively inuence the number of
dipoles aligned during electro-spinning.108 The optimised
material contained 3% KNN and a fabricated nanogenerator of
this was found to generate an output of�21 V (Fig. 1C) and�22
mA (compared to control PVDF: 0.5 V and �1 mA).108
Piezoelectricity in biological materials

It is thought that piezoelectricity of biological materials has
physiological importance. For example, it has been shown that
the piezoelectricity of bone inuences its remodelling and
growth according to Wolff's law, which describes the direct
correlation between bone's structure and the stress that it is
subjected to.109,110 In fact, it has been conrmed experimentally
that under mechanical deformation, bone produces hydroxy-
apatite mineral, conrming that piezoelectricity in bone is
linked to bone growth and remodelling.111 Piezoelectricity in the
lung's elastin has been proposed to have a role in binding
oxygen to haemoglobin during respiration.112 It is also believed
that piezoelectricity plays a role in the nervous system for
sensing external stimulation.113 Proteins such as collagen,
elastin, actin and myosin have been shown to be piezoelec-
tric.112,114–120 Their piezoelectric properties have been attributed
to their constituent amino acids, electrical dipoles and the
packing of the peptide chains.21,109,121 A summary of the reported
piezoelectric coefficients for some protein/amino acid based
biological materials is provided in Table 1.

Cellulose. The plant kingdom is a rich source of aligned
materials and there has been a long-standing interest in cellu-
lose as a piezoelectric material. This interest stems from the
known, albeit weak, intrinsic piezoelectricity of wood.122,123

While individual cellulose chains have a clear dipole, cellulose
microbrils in plant cell walls are aligned in an anti-parallel
fashion, leading to a cancellation of the macroscopic dipole
moment.124,125 Following the evidence of a large permanent
dipole moment in cellulose nanocrystals126 much effort has
been devoted to extract and to align/order these into materials
with bulk piezoelectricity. Rajala et al.127 produced lms of
cellulose nanobrils and found that even without deliberate
polarisation or alignment, the fabricated piezoelectric sensors
RSC Adv., 2021, 11, 30657–30673 | 30661

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ra03557f


Table 1 Reported piezoelectric coefficients from various biological materials from amino acid crystals and single proteins to tissues and virus

Direction Source Piezoelectric coefficient Measurement techniques

Longitudinal d11 g-Glycine single crystal121 1.7 pm V�1 Piezometer
Longitudinal d22 �1.1 pm V�1

Longitudinal d33 9.93 pm V�1

Shear d16 b-Glycine microcrystals121 178 � 11 pm V�1 Resonance methods
Longitudinal Tetragonal lysozyme aggregated lm109 19.3 pm V�1 PFM
Longitudinal Tetragonal lysozyme aggregated lm115 3.16 pC N�1 Piezometer
Longitudinal Monoclinic lysozyme aggregated lm115 0.94 pC N�1

Longitudinal d31 Rat tail collagen140 �4.84 � 2.96 pm V�1 PFM
Longitudinal d33 0.89 � 0.08 pm V�1

Shear d14 �12.00 � 2.60 pm V�1

Shear d15 6.21 � 2.93 pm V�1

Shear Bone collagen141 0.1–0.3 pm V�1 PFM
Longitudinal and shear Murine lung elastin112 0.1 pm V�1 PFM
Longitudinal Human teeth enamel142 0.30 � 0.04 pC N�1 PFM
Longitudinal Human teeth dentine142 0.51 � 0.05 pC N�1 PFM
Unspecied Human eyes143 23 pC N�1 Rheolograph solid
Longitudinal d33 Wild type M13 bacteriophage

monolayer144
0.30 � 0.03 pm V�1 PFM

Longitudinal d33 4E engineered M13 phage monolayer144 0.70 � 0.05 pm V�1 PFM
Longitudinal d33 Lateral aligned M13 phage lm144 7.8 pm V�1 PFM
Longitudinal d33 Vertically aligned M13 phage lm145 10.4 � 0.5 pm V�1 Quasi-static
Longitudinal d33 Vertically aligned M13 phage lm146 13.2 pm V�1 PFM
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exhibited a sensitivity of lms in the range of 4.7–6.4 pC N�1. To
increase ordering, methods such as mechanical stretching and
electrical-eld polarisation have been trialled.25,128,129 One
particularly interesting approach was tested by Chae et al.130

They reported a method to induce remarkable parallel packing
of bacterial cellulose microbrils during the bacterial culture by
applying directional shear stress via rising bubbles. Cellulose
based electroactive paper (EAPap) has received signicant
attention, with a measured piezoelectric coefficient (d31) as high
as 1425 pm V�1.131 Nanocellulose has also been used in
composite materials with other biological132,133 and standard
piezoelectric polymers.134 Recent reviews cover nanocellulose
production135 and piezoelectricity in more detail,25,136,137 while
this review focusses more on protein-based piezoelectric
materials.

Amino acids crystals. Amino acids are the building blocks of
proteins that serve many important physiological functions in
the body. Thus, piezoelectric properties of amino acids, at the
nanoscale, are fundamental for understanding the piezoelectric
properties of tissues and organs at the macroscale. Out of the 20
natural occurring amino acids, 19 belong to chiral symmetry
groups implying that they crystallize in at least two optical
isomer forms and lack a crystal symmetry, thus piezoelectricity
is their inherent material property.121 In fact, every amino acid
except for methionine has been conrmed to be piezoelectric
experimentally.138,139 The only non-chiral amino acid glycine,
crystallises in three polymorphs: a, b and g-forms.121 The three
forms can interconvert into each other depending on the
conditions, in particular in response to humidity. The glycine
molecules within an a-crystal arrange in anti-parallel confor-
mation and so the resulting crystal is not piezoelectric.147 Only
the b- and g-forms have been found to be piezoelectric.
30662 | RSC Adv., 2021, 11, 30657–30673
However, the b-form has been shown to be metastable and it
has the tendency to convert into the g-form which has been
found to be the most stable form under ambient conditions.147

A common trend in biological materials is that the shear
piezoelectric coefficient is typically higher than the longitudinal
piezoelectric coefficient.109 This is also true for the amino acid
crystals. The high shear piezoelectricity in amino acid crystals
has been attributed to their relatively low elastic modulus as
they tend to be soer when compared to inorganic crystals.109

This is because the piezoelectric strain coefficient is repre-
sented as the ratio between the piezoelectric charge coefficient
and the elastic stiffness coefficient.109 Glycine and hydroxypro-
line crystals have been found to have the highest piezoelectric
coefficients amongst the natural occurring amino acids.28 The
shear piezoelectric coefficient of b-glycine crystals d16 has been
measured to be as high as 178 pm V�1 when measured using
piezometer.121 Such a high shear piezoelectricity was shown to
be a result of efficient packing of glycine molecules within the
crystal, enhancing the strength of electrical dipoles acting along
a certain crystallographic direction.109 On the other hand, the
longitudinal piezoelectric coefficient d22 of b-glycine was re-
ported to be only around �5.7 pm V�1.121 The longitudinal
piezoelectric coefficient d33 of g-glycine is around 10 pm V�1, as
measured by piezometer.121,147,148 In addition, ferroelectricity
has also been demonstrated experimentally for both of the b-
and g-forms at the nanoscale using density functional theory
(DFT), molecular dynamics and PFM.147,148 The ferroelectricity is
higher in the g-form due to more efficient arrangement of the
amide group, which results in accumulation of dipole moment
along the polarisation direction.147 However, the ferroelectricity
starts to decrease at 630 K and disappear completely at 640 K as
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (A) Structure of M13 bacteriophage. (B) Piezoelectricity in the
vertically aligned M13 phage structure. Reproduced from ref. 145, with
the permission of Royal Society of Chemistry. (C) AFM topography
image (top) and PFM amplitude image (bottom) of single collagen fibril.
(D) AFM topography image (left) and PFM amplitude image (right) of
bone. Reproduced from ref. 153, with the permission of American
Chemistry Society.
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the glycine molecule transitions from being ferroelectric to
paraelectric.147

Hydroxy-L-proline has the second highest shear piezoelectric
coefficient d25 among the amino acids of around �28 pC N�1.
And similar to glycine, hydroxy-L-proline is also ferroelectric and
so its piezoelectric coefficient can be strengthened by applying
an external eld to align the polarization domains.109 Amino
acids exhibit structural dependent piezoelectric proper-
ties.21,109,149 By adding –OH groups to proline to generate
hydroxy-L-proline, the piezoelectric coefficient of it increases by
two orders of magnitude.109 Hydroxy-L-proline and threonine
were found to have no piezoelectricity in the longitudinal
direction as single crystals, but when prepared as poly-
crystalline lms, they were demonstrated to have a piezoelectric
coefficient d33 of 1 pC N�1 and 0.1 pC N�1 respectively. It was
proposed that the resultant longitudinal piezoelectricity in
polycrystalline lms is a result of inter-crystalline strain within
the lm which lowers the crystal symmetry of constituting
single crystals making the polycrystals overall piezoelectric. In
this case, the magnitude of the piezoelectricity is the vector
summation of the piezoelectricity of strained randomly
oriented single crystals that make up the lms.149

Proteins. Because of the inherent piezoelectricity of amino
acids, many proteins are also found to exhibit piezoelectric
responses. Collagen is the protein most widely studied for its
piezoelectric properties.150 Type-I collagen is the most abundant
form of collagen, and this form can be found in muscle, skin,
bone and tendon.21,151,152 In fact, collagen I comprises about 25–
30% of the total protein in the human body making it the most
abundant protein.12 The collagen structure is made up of three
twisted polypeptide chains, each made up of repetitive unit of
GPX where G is glycine, P and X are usually proline and other
amino acids such as alanine and hydroxyproline.21 At the ends
of each polypeptide, a carboxyl-terminal and an amino-terminal
are found, resulting in an electrical dipole along the long axis of
the collagen molecule.150 As stress is applied, the collagen
chains reorient themselves causing the dipoles to align along
a certain direction that yields piezoelectricity.23 Although, there
is no established theory on the mechanism of piezoelectricity in
collagen, it is commonly believed that piezoelectricity in
collagen is a result of the strong dipole moment along the
peptide chain axis and supramolecular interactions via
hydrogen bonding.25,150,153 The highest piezoelectric coefficient
measured in collagen corresponds to 12 pm V�1.140 Using DFT,
it has been predicted that the major amino acids in collagen:
glycine, proline, hydroxyproline and alanine are all piezoelec-
tric.109,154 Thus, the piezoelectricity may be related to the vector
summation of the constituent amino acids in a direction. In
fact, when looking at the tripeptide glycine-hydroxyproline-
alanine, the longitudinal piezoelectric coefficient was found to
be 0.88 pC N�1, similar to that of collagen whenmeasured using
PFM.109,140 Fig. 2C shows the PFM amplitude image of single
collagen bril. It appears that the piezoresponse shows periodic
features that may be related to the physical structure of collagen
bril.153

Another widely studied brous protein is elastin. It can be
found in organs such as lung, skin and blood vessel
© 2021 The Author(s). Published by the Royal Society of Chemistry
walls.112,117,118,150 Both piezoelectricity and ferroelectricity has
been conrmed in elastin.112,117,118 The piezoelectric coefficient
of elastin has been found to be 0.1 pm V�1.112,117 While this is
lower than that of collagen, elastin is ferroelectric while as
collagen is not, and thus electrical poling can be used to
enhance elastin piezoelectric strength. Similar to collagen, the
piezoelectricity of elastin originates from its monomers, dipole
moments and supramolecular packing.112

Lysozyme, a major globular protein in egg white and
mammalian secretions has also been found to exhibit piezo-
electricity. The longitudinal piezoelectric coefficient of tetrag-
onal lysozyme monoclinic crystal measured using PFM was
found to be 19.3 pm V�1, a relatively high value for biological
material.116 However, since the lysozyme crystal belongs to the
(422) crystal group, only shear piezoelectricity is permitted
according to the classical theory of piezoelectricity.115 The origin
of the measured longitudinal piezoelectricity was proposed to
be a result of a structural defect that lowers the crystal symmetry
of the crystal resulted from the crystal preparation.116 In addi-
tion, the longitudinal piezoelectric coefficient of a monoclinic
lysozyme crystal lm was found to be only around 0.94 pC/N,
which is much lower than that of a tetragonal crystal.115 And
because only limited number of studies have been performed
on lysozyme, it is difficult to verify the accuracy of the measured
values and whether the measured value was indeed deducted
solely from piezoelectricity.

Tissues/organs. Bone is a natural composite of approxi-
mately 65% hard mineral (hydroxyapatite) and about 35%
protein (mainly collagen) by mass.155 There is a general
consensus that the collagen in bone contributes to most of the
bone's piezoelectricity.141,155,156 There is yet no conclusive
evidence that the apatite crystals present in bone is piezoelec-
tric.155 Various studies have been conducted to investigate the
piezoelectricity in raw, demineralised and decollagenised bones
to investigate each constituent's electromechanical properties
of the bone composite.141,152,156 These studies found that both
RSC Adv., 2021, 11, 30657–30673 | 30663
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raw and demineralised bone exhibited piezoelectricity, but that
the piezoelectric coefficient in the demineralised bone was
higher than that in bone conrming that bone's collagen is
indeed piezoelectric.141,155,157 The PFM amplitude image
(Fig. 2D) shows that the piezoresponse from bone shows similar
periodic structure to that in collagen. It was proposed that the
lower piezoelectric coefficient in bone was due to the fact that
bone is a bio-composite with apatite crystals embedded within
collagen matrix. When bone is subjected to an external electric
eld, the strain produced from the converse effect is distributed
onto both the crystals and collagen resulting in a lower effective
response from the collagen.156 The shear piezoelectric coeffi-
cient in bone quantied by PFM has been found to be within the
range of 0.1–0.3 pm V�1, about two orders of magnitude lower
than that in collagen.140,141,153 The shear piezoelectric coefficient
d14 was found to be the highest coefficient for both bone and
demineralised bone. For decollagenised bone, the piezo-
response measured by PFM from the apatite crystals was
found to be only slightly above the background noise level
making it difficult to differentiate the two signals and conclude
if the apatite crystals contributes to the overall piezoelectricity
of bone or not. On the other hand, XRD and dynamic
measurements all suggest that the apatite crystals in bone may
belong to crystal point groups that are piezoelectric high-
lighting the discrepancy between measurement methods used
and the lack of a standardisedmethod to test for piezoelectricity
in biological materials.155

Similar to bone, teeth are also a bio-composite mainly
comprised of hydroxyapatite nanocrystals and collagen with
similar ratio to that of bone, though the piezoelectricity of teeth
has not been studied as extensively as in bone. Out of the few
studies done on teeth, most assumed that the hydroxyapatite is
not piezoelectric as it belongs to the centrosymmetric spatial
group P63/m.93,152 However, by studying human teeth enamel
and dentine aer removing collagen, Reyes-Gasga and others
have shown that the hydroxyapatite is piezoelectric at both
macroscale and nanoscale, but to a much lesser extent
compared to collagen.142 It is possible that the hydroxyapatite
present in teeth exists in more than one spatial group. It has
been known that hydroxyapatite can also exists in the non-
centrosymmetric P63 and P21 spatial groups and thus are
piezoelectric.142 The other two teeth tissues, cementum and
dentine have been shown to exhibit piezoelectricity across all
the studies done on them but the piezoelectric coefficients vary
quite signicantly between studies.93,142,152 The nanoscale
piezoelectric coefficient for teeth enamel and dentine have been
measured by PFM to be 0.3 pC N�1 and 0.5 pC N�1

respectively.142

Tendon is comprised of highly ordered crystalline collagen.
And just like any collagen-based material, the shear piezoelec-
tric response is higher than that in the longitudinal direction
for both macroscale and nanoscale measurements. In addition,
the piezoelectric coefficients measured at the nanoscale using
PFM have been found to be an order of magnitude higher than
those measured at the macroscale.119,120,140,156 The shear piezo-
electric coefficient d14 of rat tail tendon measured at the
nanoscale was found to be �12 pm V�1, whilst the longitudinal
30664 | RSC Adv., 2021, 11, 30657–30673
piezoelectric coefficient d33 was measured to be 0.89 pm V�1.140

The shear piezoelectric coefficient d15 in bovine Achilles tendon
has been found to be 1 pm V�1, signicantly lower than that in
rat tail tendon, likely due to the structural arrangement of the
collagen bres not being as efficiently packed as in rats.140,158

Sclera and cornea are two other collagen-based tissues in
eyes. Just like other collagen-based tissues, their piezoelectricity
is strongly dependent on the orientation at which pressure is
applied.143,159,160 The piezoelectric coefficient for a middle
circumferentially-cut sclera tissue has been found to be as high
23 pC N�1.143 But when the sclera tissue is cut in the anterior-
posterior position, the piezoelectric coefficient was only
around 7 pC N�1.143 It has also been found that regions with
relatively higher elastic modulus corresponds to lower piezo-
electricity as it is more difficult to deform mechanically stiff
regions.160 In addition, it has been proposed that the water
molecules in collagen help stabilise the structure. Thus, as the
tissue dehydrates, the collagen bres become disoriented which
results in a reduction of piezoelectricity.143,159,160

Various parts of sh such as swim bladders and scales have
been experimentally demonstrated to be piezoelectric.12,113,161

The sh swim bladder's source of piezoelectricity was attributed
to be the self-aligned and ordered collagen nanobrils.12,161 The
same was said for the Catla catla sh scale.12,161 But the piezo-
electricity in green carp scale was said to be from the hydroxy-
apatite crystals present in the sh scale. Interestingly, both of
the Catla catla sh swim bladder and scale were found to be
ferroelectric as suggested by the characteristic shape of the
hysteresis loop.161 However, ferroelectricity was not demon-
strated in collagen in other experiments.150 This suggest that
piezoelectricity in both tissues may potentially also arise from
other proteins in addition to collagen. Furthermore, the piezo-
electric coefficient for both swim bladder and scale from the
Catla catla sh were found to be higher than that of isolated
collagen nanobril. The enhanced piezoelectric coefficient was
attributed to be a result of cooperative electromechanical
interaction between the highly ordered packed and oriented
collagen nano-brils under applied mechanical stress in both
tissues.12,161

Piezoelectricity is not unique to animal tissues; it also exists
in plants. For example, the longitudinal piezoelectric coefficient
of electrically poled aloe vera lms has been found to be �6.3
pm V�1, higher than that in collagen.162 The proteins and
polysaccharides in Aloe vera plants were said to be responsible
for the plant's overall piezoelectricity.162 Orange peel, a bio-
waste that contains cellulose, polysaccharides, proteins and
avonoids has also been found to be piezoelectric.163 However,
piezoelectricity in plants has not been as extensively investi-
gated as in animals. Thus, further research is required to
investigate the mechanisms and behaviours of plant
piezoelectricity.

Virus. Virus particles are enveloped by proteins and oen
display a high degree of order and symmetry. Essentially, they
provide a self-assembly of proteins, just as collagen bers do –

but using different proteins and producing different shapes.
The M13 bacteriophage is an example of a virus that has been
found to exhibit piezoelectric properties. It is a long rod shaped
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (A) Self-powered PVDF thin film based blood pressure sensor.
(B) Circumferential and axial stress on aorta wall. Reproduced from ref.
166, with permission from Elsevier. (C) Schematic design of ZnO/PVDF
based pressure and temperature sensor. (D) Top graph: mechanical
impact of droplet onto sensor with unknown temperature. Bottom
graph: corresponding resistance and recovery time upon impact of
different temperature droplets. Reproduced from ref. 173, with
permission from Springer Nature.
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virus covered with �2700 copies of major coat proteins (pVIII).
Five copies of minor coat proteins (pIII and pIX) can also be
found at either end of the rod (Fig. 2A).144,145 The major coat
proteins have been suggested to be responsible for the piezo-
electricity of the M13 bacteriophage. These proteins have an a-
helical structure with a permanent dipole pointing from the
amino- to the carboxyl-terminal. When a mechanical stress is
applied to the phage, the electrical dipoles align, which results
in spontaneous polarisation (Fig. 2B). The phage exhibits
piezoelectricity in both axial and radial directions; though the
piezoelectric strength is stronger in the axial direction.144–146

Similar to other biological materials mentioned, the piezoelec-
tricity in the phage shows structural dependency.145,146 To
investigate this, the M13 bacteriophage has been assembled
into lms in both lateral and vertical directions. In addition,
negatively charged glutamate were also inserted into the genetic
sequence of the major coat proteins to modulate their piezo-
electricity.144–146 As a result, the self-assembled genetically
engineered vertical phage lm's piezoelectric coefficient was
measured to be between 10.4 to 13.2 pm V�1 depending on the
preparation technique.145,146 The higher value was achieved by
better mechanical scaffolding from chemical cross-linking and
better adhesion of the rod to the substrate.146 On the other
hand, the lateral aligned lm had a piezoelectric coefficient of
7.8 pm V�1, lower than that in the vertical aligned phage lm.
And it is likely because the polarisation in the axial direction is
stronger than that in the radial direction.144
Applications of piezoelectric materials

This section focusses on examples of different piezoelectric
materials being used in applications. As the amount of papers
on piezoelectric applications is immense,164 a handful of
applications have been selected to represent the eld.

Inorganic and non-biological organic materials. Currently,
piezoelectric materials are being used in a wide range of elds
including automobiles, architectures, biomedical, electronics
and military.165 First off, piezoelectric materials are incorpo-
rated in the animal body to generate energy and to monitor
physiological conditions. Excellent incorporation examples
come from using piezoelectric material to harvest energy from
the natural relaxing and contracting movements of heart, dia-
phragm and lung.9 More specically, a PZT based piezoelectric
energy harvester was placed on the epicardial sites of bovine
and ovine hearts. When this harvester was combined with
rectiers and micro-batteries, it produced enough output to
power a non-stop cardiac pacemaker.9 Li et al. demonstrated
a non-lead (ZnO) piezoelectric device which similarly uses heart
movements to produce electric outputs.8 Another incorporated
device by Cheng et al. used a PVDF thin lm to produce a self-
powered sensor for blood pressure monitoring (Fig. 3A). This
self-powered sensor was wrapped around a porcine ascending
aorta and could harvest biomechanical energy (Fig. 3B).166 The
generated pulsating output voltage was shown to be highly
linear and sensitive to blood pressure, as to be expected from
piezoelectricity. This device reduces the gap for implementing
© 2021 The Author(s). Published by the Royal Society of Chemistry
a continuous and real-time monitoring system for patients,
especially those with hypertension.166

Traffic-induced vibrations are another source of ‘wasted’
mechanical energy of interest for piezoelectric energy harvest-
ing applications. Transportation infrastructures have been
modied to hold piezoelectric devices and use the deformations
and vibrations from moving vehicles to harvest energy.167,168

Examples of road infrastructures that have implemented such
energy harvesting include railway,169 road pavement167 and walk
pavement.170 Even though these projects are still in the experi-
mental phase, piezoelectricity is becoming more commonly
utilized in the transportation infrastructures. Interestingly,
piezoelectric devices are also experimentally used as trans-
ducers to monitor damage in materials, for example, the steel
rods in reinforced concrete.171 To achieve that, an ultrasonic
transducer (emission) and a piezoelectric PZT transducer
(receiver) were xed to each end of the steel rod. The rod
damage can then be assessed by analysing the change in
ultrasonic amplitude, since the amplitude of the ultrasonic
wave decreases gradually with the rod damage.172

Another example of interesting piezoelectric applications is
temperature and pressure sensing. Lee et al. demonstrated
a temperature/pressure sensor using a composite ZnO/PVDF
lm (Fig. 3C). To detect the pressure, the change in piezo-
resistance of the material was measured. This piezo electrical
resistance occurs upon application of mechanical stress
(Fig. 3D). To detect the temperature, the recovery time of the
piezo-resistance was measured and linked to temperature
(Fig. 3D).173 The device was capable of detecting pressure
differences of as little as 10 Pa within a measurement range of
10–140 Pa. Temperature could be measured in the range 20–
120 �C.173
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Finally, it is worthwhile to highlight sensory applications
using piezoelectricity in robotics. The robotic eld desires to
mimic the exibility and tactile capabilities of biological skin
with electronic skin (e-skin). To even be considered for use as an
e-skin, the material must be highly exible and be superior in
its ability to adapt to shape. An example of e-skin was made of
electrospun PVDF, doped with graphene oxide and BaTiO3

nanoparticles.174 In this case the authors demonstrated the
ability to accurately identify the shape of a hand touching the e-
skin and the motion of human joints which might aid in the
development of ‘smart’ prostheses.174

Biological piezoelectric materials. Similar to other piezo-
electric materials, piezoelectricity in biological materials have
also been exploited, or shown to have potential, in various
applications. However, due to the high heterogeneity in bio-
logical structures and lack of understanding of the mechanism
in bio-piezoelectricity, biological piezoelectric materials have
not been exploited as extensively as inorganic piezoelectric
materials. Despite that, bio-piezoelectricity has already been
used to produce nano-generators, supercapacitors, sensors,
optical devices and tissue regeneration scaffolds.23,175 When
compared to inorganic materials, bio-piezoelectric materials
hold several advantages including biocompatibility, biode-
gradability, high exibility and relatively simple processing
routes which do not require initial toxic compounds.23,176 Many
biological materials are also able to degrade or decompose into
basic molecules such as water or carbon dioxide in physiolog-
ical conditions without triggering intense immunogenic
responses, a crucial requirement for biomedical applications.165

Furthermore, biomaterials such as sh scale, onion skin cells
and eggshell membranes are cost-effective and sustainable
sources of piezoelectricity as they are consumed in large
quantity and they are currently considered as bio-wastes.12 By
using those bio-wastes, it will also help in reducing the amount
of wastes that go into landlls.

Due to their biocompatibility and biodegradability, bio-
piezoelectric materials have particular potential as functional
Fig. 4 (A) Schematic of M13 bacteriophage based energy generator
and generated voltage outputs. Reproduced from ref. 145, with
permission from Royal Society of Chemistry. (B) Schematic of self-
powered collagen-based humidity sensor. Reproduced from ref. 182,
with permission from ACS publication. (C) Output voltage for eggshell
membrane based energy generator. Reproduced from ref. 178, with
permission from Elsevier.
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materials for biomedical and green energy niches.23 Various bio-
based nano-generators have been fabricated to utilise to the
direct piezoelectric effect to generate electricity.12,162,177,178 Those
nano-generators (Fig. 4A–C) exploit the piezoelectricity in
abundant biological materials or bio-waste, such as onion skin
cell,14 eggshell membrane,178 orange peel,163 aloe vera gel,162 sh
swim bladder,179 sh scale,12 bacteriophage and so on.144,146

Nanogenerators offer several benets over conventional energy
conversion techniques including ease of fabrication, high
portability, high conversion efficiency and high sustainability.23

Nanogenerators can be used to harvest mechanical energy from
various forms such as nger pressing, sound, walking and other
simple motions that would be otherwise wasted as heat.

Fish scale is one example of a material with energy harvest-
ing potential. Ghosh andMandal demonstrated that up to 4 V of
voltage could be produced under compressive stress of
0.17 MPa using a bio-piezoelectric nanogenerator fabricated
from sh scale, which is rich in type-I collagen.12 Egg shell
membrane, another collagen-rich biomaterial, has been used to
fabricate a nanogenerator (Fig. 4C) which was able to produce
up to 26.4 V per unit under 81.6 kPa of compressive stress.
When connected in series and parallel, ve units produced
a total of 131 V, enough to power more than 90 green LEDs.178

In addition to being successfully used to fabricate nano-
generators, collagen and collagen-based materials have been
experimentally demonstrated that they can be used for various
other biomedical and tissue engineering applications. Fish-skin
collagen and gelatine were used to produce biosensors in the
form of e-skin to monitor physiological signals that may provide
information regarding medical conditions.180,181 Interestingly,
those sensors could be powered by nano-generator produced
from the same materials proving their ability to function as self-
powered devices.180–182 Collagen also has the potential for tissue
engineering applications as tissue scaffold and wound-healing
dressing.183 It has been known that bio-piezoelectricity relates
to growth and remodelling in tissues such as bone, hence it
would be benecial to exploit the piezoelectricity in materials
such as collagen to develop tissue scaffolds that help promote
a self-healing environment for wounds.180,181 Furthermore,
collagen applications extend beyond biomedical applications
and have been used to produce sensors measuring physical
properties such as humidity and strain.182,184

As for the M13 bacteriophage, it has been used to fabricate
nano-generator,144,146 sensor,185 and tissue engineering scaf-
folds.186,187 The phage is particularly versatile owing to its well-
dened structure, narrow size distribution and the ability to
modify the phage's properties with genetic and chemical
modications.144,145 Most importantly, the phage can be mass
produced simply by infecting bacteria in culture where the
phage co-opt the bacteria's metabolism releasing millions of its
copies overnight.144 The ability to modify the phage's properties
and ease of production might make the phage a more feasible
option than the other materials mentioned.

One of the main challenges for bio-piezoelectric applications
is that piezoelectric coefficients of biological materials are
relatively low when compared to their inorganic counterparts.23

They can be modied or processed to enhance their
© 2021 The Author(s). Published by the Royal Society of Chemistry
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piezoelectric strength for more energy intensive applications.
For example, collagen has a relatively low longitudinal piezo-
electric coefficient. However, it has been shown that cross-
linking with EDC-NHS allows for the collagen bres to self-
assemble into a bundle more efficiently, with enhanced piezo-
electricity in the longitudinal direction as a result.151 Electro-
spinning of chitin nano-bre is another example of how
processing can be used to improve material properties. In this
case, the electrospinning was found to increase the crystallinity,
and thereby the piezoelectric strength by 400%.188 Alternatively,
bio-piezoelectric materials can also be combined with conven-
tional piezoelectric materials such as PVDF to enhance their
piezoelectricity.163 Gaur et al. combined the bio-waste orange
peel with PVDF and produced a hybrid nanogenerator that was
able to produce an output voltage of 90 V, three times higher
than that of pure orange peel alone.163

Discussion/limitations

While piezoelectric materials are used in numerous applica-
tions already, there are still some challenges le to solve. The
high piezoelectric output of lead-based piezoceramics (e.g. PZT)
have made these materials a benchmark. However, it is
important to note that even the best piezoelectric materials
provide very low energy density compared to energy harvesting
technology such as solar and wind. Therefore, the applications
where piezoelectric energy harvesting is suitable are those
where not much power is needed, and where other types are not
practical. One such example is to power implanted medical
devices with sensor capabilities. The most efficient, lead-based
piezoceramics are also problematic environmentally, and have
in fact been banned in many applications.189,190 Therefore,
much of the research and optimisation of PZT based devices
have been applied to non-lead ceramics. Consequently, several
non-lead piezoceramics such as ZnO, BaTiO3 and KNN have
gained momentum. However, as bulk materials they do not
surpass PZT output. With complex modications, non-lead
ceramics can be competitive and occasionally even surpass
lead-based ceramics.56,66–69

For both lead and non-lead ceramics, the achieved output in
volts is not the limiting factor; however, the current output is.
Widespread application of piezoelectric energy harvesters is
restricted due to this low current output. While volts transcends
into the 100 V region, the reported current output is generally in
the nano–micro amperages range.67,88,90,107 Consequently,
enhancing this current output remains one of the toughest
challenges. One possible solution to this problem is to manu-
facture piezoelectric devices in a multi-stacking design on
a exible substrate to use it as a bending energy harvester.191,192

In addition, time should be spent on creating a load and source
impedance that are corresponding to each other. This imped-
ance matching will aid in minimizing the losses of the energy
harvesting.192,193

It could be argued that non-lead modied piezoceramics, in
terms of piezoelectric output, are ready to be the benchmark in
the electronics world. But while some of these materials have
sufficient output, their inherent nature of being brittle and
© 2021 The Author(s). Published by the Royal Society of Chemistry
fragile still holds them back for certain applications. Especially
biomedical applications need exibility and stretchable energy
harvesters due to energy conversion from so tissues. The
energy harvester should not only be completely adaptable to
target organs or skin but also not restrict tissues in their normal
function.166 In other words, no excessive strain should be
created.

A possible solution for both exible and stretchable energy
harvesters may be found in biological piezoelectric materials.
Piezoelectricity in biological materials have many potential
applications in electromechanical, bio-medical and other areas.
Even though these materials are exible and stretchable, several
factors still limit the development of biological piezoelectric
applications. The main limiting factors are the lack of under-
standing of bio-piezoelectricity and a large discrepancy between
experimental results from a pool of limited number of con-
ducted experiments. The discrepancy between experimental
could be a result from the lack of standardised testing method
for bio-piezoelectricity which underpin development of bio-
piezoelectricity.111 The understanding of the inherent properties
and mechanism of piezoelectricity in each material is vital to
reach an optimised device.

Various studies have quantied piezoelectric coefficients for
biological materials at structural levels ranging from the amino
acid level to tissue or organ level. Compared to traditional
piezoelectric ceramics, piezoelectric coefficients for each bio-
logical material span over a much wider range, sometimes over
several orders of magnitude.21,25,165 Since piezoelectricity is
a material intrinsic property, the piezoelectric coefficient of
a material measured at a condition should be consistent.25 A
large discrepancy in the measured values from biological
materials in particular raises a question of whether the reported
piezoelectric coefficients originate solely from the piezoelectric
properties of each material. Piezoelectricity is not the sole
intrinsic electromechanical coupling process in a material.
Electrostriction and exoelectricity are the two other electro-
mechanical coupling process that may interference with the
measurements.25,150 Piezoelectricity couples mechanical and
electrical domains of a material in a linear manner. Like
piezoelectricity, electrostriction in a dielectric material is the
deformation under an applied electric eld. However, unlike
piezoelectricity, electrostriction is a quadratic electromechan-
ical coupling and it can occur without having the permanent
dipoles aligning across all domains.25,150 Flexoelectricity is the
polarisation induced in a dielectric material by a strain
gradient. Unlike piezoelectricity, exoelectricity is a size-
dependent phenomenon and it is less prominent in a bulk
material as it is relatively harder to induce a strain gradient in
a large material.25,150 In addition, extrinsic factors such as ion
migration and electrostatic interactions may also affect the
measurements especially for hydrated samples.25,150 Since the
direct and converse piezoelectric effects are thermodynamically
equivalent, they can be measured to conrm if the measured
value indeed truly corresponds to the piezoelectricity of the
material.26 However, due to technical limits, especially in nano-
materials, this may not always be possible. The converse effect
can be, and has been, quantied at the nano-level using PFM,
RSC Adv., 2021, 11, 30657–30673 | 30667
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but it is challenging to quantify the direct effect at such scale as
the detection sensitivity of currently existing instruments are
not high enough to detect the low output signals from biological
materials.25 In addition, noise signals, such as Johnson noise
and contact electrication, can sometimes be as large or greater
than the signals from the piezoelectricity themselves.25,165 This
has been exemplied from measurements on hydroxyapatite
crystals in bone. Although XRD and dynamic measurements
both suggest that the crystals are piezoelectric, as they belong to
a non-centrosymmetric crystal group, PFM results are incon-
clusive as the measured signals were barely above the back-
ground noise.155 It is therefore extremely important that the
right sample preparation method and measurement technique
are used to identify the electromechanical phenomenon so that
the correct mechanism can be correctly identied for the
development of its application.

Another available option to overcome the exibility disad-
vantage of ceramics is using exible piezoelectric polymers
(oen PVDF and its co-polymers) or creating composites of
ceramics (oen in nanoparticle form) and polymers. Optimi-
sation and sometimes complex fabrication steps are needed to
create a decent balance between mechanical characteristics and
electrical output.106–108,194 Even though PVDF and its co-polymers
are great options to increase exibility of the composites, effort
also needed to be directed towards increasing the b phase
quantity in PVDF. Numerous studies have combined PVDF with
a nanoller non-lead piezoelectric ceramic.104–107 However, as
shown by Bairagi et al., the hydrophobicity of PVDF does not
always match with the polarity of chosen ceramics.108 Future
studies should take the compatibility of PVDF or other polymers
into account and optimize it to their chosen ceramic. While on
the subject of PVDF compatibility, some piezoelectric devises
use hydrophilic and rigid electrodes, for instance, Cu, Ag or Au
based.82,89 Comparatively hydrophilic electrodes may suffer
from surface contact issues, which affects the total energy har-
vesting capabilities. Rigid electrodes also suffer from mechan-
ical issues, such as easy crack formation upon deformation and
eventually breakage.74

The substrate supporting the piezoelectric material or lm,
also must be taken into consideration. In particular, in terms of
exibility. Common substrates, such as Pt/Si, Pt/Ti/SiO2/Si and
Pt/TiO2/SiO2/Si are not exible and are prone to cracks and
breakage. Techniques that uses exible polymers or fabrics as
a sort of substrate are less prone to inexibility problems.106,195

An alternative exible substrate is a hybrid paper containing for
example conducting polymers, multi-walled carbon nanotubes
or ionic liquids for conductivity and the migration of ions.196

Flexible polyethylene terephthalate (PET) sheets107 have also
been used for PVDF piezoelectric devices.

Another challenge lies in matching of the piezoelectric
device with energy storage devices. For example, in energy
harvesting from organs, the output pulses will be in sync with
the pulsing organ. Consequently, energy storage is oen
needed. All the components of the total device should be
investigated for long-term mechanical and chemical stability
(protection against rust or oxidation). Not only in vitro but
especially in vivo.
30668 | RSC Adv., 2021, 11, 30657–30673
In vivo experiments are crucial for piezoelectric clinical
applications and should not only focus on stability but
predominately on biological safety, including implantation
safety. As surgery is always a challenge for the body (anaes-
thesia, incisions, suturing and risk of infection) it is essential
that a piezoelectric device and its components do not interfere
with the normal functioning of the body. This can, for example,
be investigated with inammatory response or cytotoxicity tests
etc.197 Many clinical applications would also benet from link-
ing a piezoelectric device with a wireless signal transmitting
system such as telemetry.7 There are numerous examples of
biological systems that are desirable to monitor real time. For
instance, hypertensive patients would benet a lot of a self-
powered piezoelectric blood pressure sensor166 combined with
a telemeter which transmits the signal to monitoring
equipment.

Since piezoelectricity in a material is strongly affected by the
material's structure, piezoelectricity at the nanoscale does not
necessarily translate into piezoelectricity at the microscale. In
principle, the alignment of polar domains leads to stronger
piezoelectricity. Thermodynamically however, a random
arrangement is favourable, which leads to randomly oriented
polar domains being more common in nature.25,31 It is also
important to note, that same material may be strongly piezo-
electric at the nanoscale, but not at the microscale. This would
be the case if the polarisation domains are randomly oriented at
the micrometre length scale, leading to a reduction or cancel-
lation of net polarisation.25 Most piezoelectric ceramics are
ferroelectric, thus electrical poling can be used to align polar-
isation domain direction to enhance the strength of the polar-
isation. Most biological materials however are not ferroelectric,
and electrical poling is not applicable. Methods like mechanical
stretching have the potential to induce alignment in biological
materials and to help strengthen the piezoelectric coefficient.
However, stretching may also introduce non-uniform strain
into the material, which makes extrinsic factors such as elec-
trostatic interactions more prominent.25,165

In contrast to piezoelectricity, electrostatic induction or
electromagnetics are known alternatives to piezoelectricity.198

Unfortunately, these methods have a disadvantage of requiring
an external input. This limits the architectural boundaries of
future devices. Real competition comes from triboelectric
devices that also can be combined into a hybrid piezo-
triboelectric device.199,200 In triboelectric a static electrical
charge is generated due to friction of two materials. Certain
piezo- and triboelectric devices share similar advantages such
as exibility, stretch-ability, relatively simple design and
a general high energy output.3,81,96,201 Despite piezoelectric
limitations, the potency of piezoelectric materials reaches great
heights. It will not only be more profoundly available in our
daily applications but also for monitoring health.
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C. Santa Cruz, F. Batallán, B. Frick and E. López
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