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Abstract: The past decade has witnessed significant advances in medically implantable and wearable
devices technologies as a promising personal healthcare platform. Organic piezoelectric biomaterials
have attracted widespread attention as the functional materials in the biomedical devices due to
their advantages of excellent biocompatibility and environmental friendliness. Biomedical devices
featuring the biocompatible piezoelectric materials involve energy harvesting devices, sensors, and
scaffolds for cell and tissue engineering. This paper offers a comprehensive review of the principles,
properties, and applications of organic piezoelectric biomaterials. How to tackle issues relating to the
better integration of the organic piezoelectric biomaterials into the biomedical devices is discussed.
Further developments in biocompatible piezoelectric materials can spark a new age in the field of
biomedical technologies.
Keywords: piezoelectric materials; organic materials; biomaterials; energy applications;
biomedical applications

1. Introduction
Piezoelectric materials are a class of solid materials that can accumulate an electric charge in
response to applied mechanical agitation, facilitating the conversion from mechanical energy to
electrical energy and vice versa. Piezoelectricity has been found in both organic and inorganic
materials, where the physical principles of piezoelectricity are varied upon material classification. In
inorganic piezoelectric materials, the piezoelectric effect arises from the rearrangement of ions in the
dielectric materials that possess a lack of inversion symmetry in crystalline structure [1]. In contrast, the
reorientation of molecular dipole mainly induces polarization in organic piezoelectric materials under
applied mechanical stress [2,3]. These materials have taken over the entire market of electromechanical
devices, such as sensors [4–6], actuators [7], energy harvesting [8–10] and storage [11,12]. Recently,
medically implantable and mountable devices have attracted considerable attention [13,14], and are
the newly emerging applications for piezoelectric materials.
Organic piezoelectric biomaterials offer several benefits over inorganic piezoelectric materials,
which include a high biocompatibility, excellent flexibility, environmental friendliness, and a high
level of processability. Ever since the discovery of polarization in asymmetric biological tissue in
1941 [15], many researchers have looked not only to unveil the primary principle underlying the
piezoelectricity of those materials, but also to enhance its physical and chemical properties by designing
a molecular structure, nanostructuring, and adding dopants [2,16]. Although organic piezoelectric
biomaterials exhibit weak piezoelectricity compared to inorganic counterparts, recent research suggests
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that biocompatible piezoelectric materials, which are interfaced with the biological system of human
beings, can serve as the functional materials in the field of medically implantable and mountable
applications when they are well-processed. Organic piezoelectric materials are applicable in broad
range of devices, including nano- to millimeter-scaled devices, so there might be some challenges in
the device fabrication due to local damage and nonlocal elasticity [17,18]. However, our manuscript
will only detail views on organic piezoelectric materials.
The rapid development in organic piezoelectric biomaterials calls for a comprehensive review
that can provide a useful reference for researchers in relevant fields. Herein, we provide a thorough
review of organic piezoelectric biomaterials that are used in energy and biomedical applications. We
review the working principle and properties of the different types of organic piezoelectric biomaterials.
Efforts to improve the piezoelectric performance of each materials are discussed. The applications of
these materials are introduced in terms of energy harvesting, sensor, and cell and tissue regeneration.
Meanwhile, the challenges that need to be addressed for practical application are also presented.
2. Mechanism of Piezoelectricity in Biomaterials
Piezoelectricity in organic biomaterials mainly originated from the reorientation of the molecular
dipole [2,3] while the breaking of structural symmetry in crystal lattices results in piezoelectricity
in traditional inorganic materials [1]. As a piezoelectric biomaterial is deformed under stress, the
molecular chains with a permanent dipole in the material are aligned along one direction, yielding or
changing in net polarization so that it is able to represent the piezoelectric behavior regardless of the
absence of non-centrosymmetry. Therefore, the piezoelectric biomaterials are required to possess the
presence of permanent molecular dipoles, the ability to orient the molecular dipoles, and the ability to
maintain the dipole alignment [19]. The following sections provide detail on piezoelectric mechanisms
and the properties of these materials, including the proteins, peptides, and biopolymers, and the
piezoelectric constants summarized in Table 1.
2.1. Piezoelectric Proteins
It is well known that the collagen, being a main structural protein in the extracellular matrix in the
tissues, mainly causes the piezoelectric effect in bone, but its clear fundamental principle has not yet
been discovered. Several hypotheses have been established to elucidate the origin of piezoelectricity in
the collagen fibril [20], which involve the noncentrosymmetric structure, the existence of polar bonding
at the molecular level, reorientation of the C=O–NH bond in the α-helix structure, and the polarization
of hydrogen bonds in collagen [21–24]. A recent study reveals that the piezoelectric effect in collagen
comes from the reorientation of, and a magnitude change, in the permanent dipoles of individual
charged and polar residues towards the long axis of the collagen fibril [20], as shown in Figure 1a. The
shear piezoelectric constant reported is varied from d14 = 0.2 pC/N to d14 = 2.0 pC/N for collagens
impregnated by bone and tendon [25], respectively.
The M13 bacteriophage is recently emerging as the functional material for multiple applications in
energy harvesting [26–28], chemical sensor [29–31], and tissue regeneration [32,33]. It is a filamentous
bacterial virus with the well-defined dimension of 880 nm in length and 6.6 nm in width, consisting
of single-stranded DNA which is wrapped up with 2700 copies of major proteins (pVIII) and lidded
with five copies of minor proteins (pIII/pVI or pVIII/pIX) on the top or bottom ends, respectively. The
major protein has an ~20◦ tilt angle with respect to the DNA axial direction, and is arranged with
a combined five-fold rotational and two-fold screw symmetry. Each major protein holds a dipole
moment directed toward the DNA axis, leading to permanent polarization in both the axial and radial
direction of the phage (Figure 1b). The piezoelectric constant for radial direction is d33 = ~7.8 pm/V [26],
and the constant for axial direction is improved by up to around three times as high as that of radial
direction [27]. Recently, Lee et al. improved the value for axial direction up to d33 = ~26.4 pm/V by
unidirectionally sticking the M13 bacteriophages [28].
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2.2. Piezoelectric Peptides
Glycine (G) is a zwitterionic amino acid and a good model building block for investigating
the process of polymorphic crystallization [34–36]. At ambient conditions, the crystalline glycines
have three distinct structures, α-, β-, and γ-structures, where the β- and γ-structures have shear
piezoelectricity due to their acentric structures [37–40]. Herein, the piezoelectricity arises from the
displacement of ion in the crystal, as it does in the inorganic materials, and such displacement creates
a dipole in local, and a net polarization in bulk, material, as shown in Figure 1c. The β-structured
glycine has a high shear piezoelectric constant, d16 = ~190 pm/V [41], which is comparable to the
normal piezoelectric constant of barium titanate (BaTiO3 ) [42].
Diphenylalanine (FF) is composed of two phenylalanine (F) amino acids and can be self-assembled
into semi-crystalline peptide nanotubes and microrods, exhibiting multiple advantages including
morphological diversity, functional diversity, high biocompatibility, and a high Young’s modulus [16,43].
The nanostructured diphenylalanines are widely studied piezoelectric materials that have a
non-centrosymmetric hexagonal space group (P61 ) [44]. This crystalline class serves to demonstrate
their diverse physical effects including piezoelectricity, second harmonic generation, optical activity,
pyroelectricity, ferroelectricity, and enantiomorphism [45] (Figure 1d). The peptide nanotubes have
achieved a high shear piezoelectric constant up to d15 = ~60 pm/V [46]. In order to improve the
scalability as well as the uniformity of semi-crystalline film, the unidirectionally polarized and aligned
diphenylalanine nanotubes films were fabricated using the meniscus-driven self-assembly process [47],
representing a similar value of d15 = ~45 pm/V to that of the highly crystalline structure. In addition,
Nguyen et al. have devoted to obtaining the normal piezoelectricity (reached up to d33 = ~17.9 pm/V)
of the peptide nanostructures by the vertical alignment of individual microrods [48,49].
2.3. Other Piezoelectric Biopolymers
The poly(vinylidene fluoride) (PVDF) films have shown one of the highest piezoelectric
performances among all piezoelectric polymers found to date [50]. The PVDF has five different
crystalline structures, α-, β-, γ-, δ-, and ε-structures where the β-structured PVDF has a normal
piezoelectricity of d33 = −33 pC/N [51]. A dipole moment is induced perpendicular to the polymer
chain in each unit of PVDF due to the presence of a branched fluorine atom with a large van der
Waals radius together with the electronegativity [52–54]. In the β-phase, the orthorhombic crystal
structure, with aligned fluorine and hydrogen branches parallel to each other, contributes to the
net dipole moment and piezoelectricity [55], whereas the net dipole moment is cancelled out by the
anti-parallel alignment of the dipole in the α-phase hexagonal structure [56], as depicted in Figure 1e.
The nature of the negative piezoelectric effect is related to the redistribution of the electron molecular
orbitals and total charges under an electrical field applied [57]. The copolymer approaches have been
applied to enhance the piezoelectric constant by conjugating with trifuoroethylene (TrFE) [58,59],
hexafluoropropylene (HPF) [60,61], or chlorotrifluoroethylene (CTFE) [62].
The poly(L-lactic acid) (PLLA) is a polymorphic polymer with excellent biodegradability and
biocompatibility. The thermodynamically stable conformation is the α-crystalline structure where
the dipoles introduced by carbonyl groups (C=O) are not aligned along the main polymer chain.
The external stimuli, such as electrospinning (Figure 1f), allows for the dipoles to be unidirectionally
oriented along the stretched direction [63], which is termed the β-crystalline structure, resulting in the
shear piezoelectricity of d14 = 12 pC/N [64,65]. It is worth to note that the β-crystalline PLLA, along
with decent piezoelectricity, requires no polling process due to its helical structure [3], widening the
application area in the biocompatible mobile devices [66].
Natural polymers are gaining more importance owing to their biocompatibility, as recent research
is aiming at the investigation of the utility of piezoelectric materials for body implantable or mountable
devices. The piezoelectricity of silk arises from the combined effects of a high degree of silk
II, β-sheet crystallinity, and a crystalline orientation [67]. The reported piezoelectric constant is
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d14 = −1.5 pC/N [67]. Cellulose, which is the most abundant natural polymer on earth, is also known
toNanomaterials
have a shear
piezoelectricity of d14 = 0.2 pC/N [68].
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(b) Schematic illustration of piezoelectric M13 bacteriophage. Reproduced with permission from [27].
Society, 2016. (b) Schematic illustration of piezoelectric M13 bacteriophage. Reproduced with
Copyright The Royal Society of Chemistry, 2015. (c) Unit cell of β-glycine crystal has two molecules,
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diphenylalanine. Reproduced with permission from [44]. Copyright Wiley–VCH, 2001. (e) Structures of
molecular packing of diphenylalanine. Reproduced with permission from [44]. Copyright Wiley–VCH,
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with permission from [2]. Copyright Wiley–VCH, 2018. (f) Molecular structure of poly(L-lactic acid)
(PVDF). Reproduced with permission from [2]. Copyright Wiley–VCH, 2018. (f) Molecular structure of
(PLLA) chain. Reproduced with permission from [2]. Copyright Wiley–VCH, 2018.
poly(L-lactic acid) (PLLA) chain. Reproduced with permission from [2]. Copyright Wiley–VCH, 2018.
Table 1. Comparison of piezoelectric constants for various organic piezoelectric biomaterials.
Piezoelectric Organic
Biomaterials
Collagen
M13 bacteriophage
Glycine
Diphenylalanine
PVDF
PVDF–TrFE
PVDF–HPF
PVDF–CTFE
PLLA
Silk

Piezoelectric Constant
Normal Piezoelectric
d33 = 7.8–26.4 pm/V
d33 = ~17.9 pm/V
d33 = −3 pC/N
d31 = 23 pC/N
d33 = −25 to −40 pC/N
d31 = 12–25 pC/N
d33 = −24 pC/N
d31 = 30 pC/N
d33 = −140 pC/N
-

Shear Piezoelectric
d14 = 0.2–2.0 pC/N

References

d16 = ~190 pm/V
d15 = 45–60 pm/V

[25]
[26–28]
[41]
[46–49]

-

[51]

-

[52,58,59]

-

[60,61]

d14 = 12 pC/N
d14 = −1.5 pC/N

[62]
[64,65]
[67]
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3. Device Applications

3. Device
3.1.
EnergyApplications
Harvesting
Self-powered
electronics (SPEs) have gained an attraction as an alternative powering technology
3.1. Energy
Harvesting
due to their independence, sustainability, and maintenance-free nature. SPEs are defined as electronics
Self-powered electronics (SPEs) have gained an attraction as an alternative powering technology
that can be operated themselves without feeding from external electrical power. In these electronics,
due to their independence, sustainability, and maintenance-free nature. SPEs are defined as electronics
electrical energy is provided from renewable resources, such as solar, thermal and mechanical
that can be operated themselves without feeding from external electrical power. In these electronics,
energy. Nanogenerators that are converting mechanical to electrical energy have led the SPE field
electrical energy is provided from renewable resources, such as solar, thermal and mechanical
as the nanogenerators possess multiple advantages, including easy fabrication, portability, and high
energy. Nanogenerators that are converting mechanical to electrical energy have led the SPE field as
conversion efficiency, over conventional renewable energy technologies. Ever since the discovery
the nanogenerators possess multiple advantages, including easy fabrication, portability, and high
of the piezoelectric and triboelectric nanogenerators (PENG and TENG, respectively) [69,70], their
conversion efficiency, over conventional renewable energy technologies. Ever since the discovery of
rapid development has shifted the paradigm for mechanical energy harvesting from fast and periodic
the piezoelectric and triboelectric nanogenerators (PENG and TENG, respectively) [69,70], their rapid
energy resources to slow and random energy resources. A number of publications have tried over the
development has shifted the paradigm for mechanical energy harvesting from fast and periodic energy
last decade to develop the various nanogenerators possessing novel device structures and advanced
resources to slow and random energy resources. A number of publications have tried over the last
materials [27,71–76]. Organic piezoelectric biomaterials have taken on an important role as the
decade to develop the various nanogenerators possessing novel device structures and advanced
functional materials for applications in humans, being implantable and mountable nanogenerators
materials [27,71–76]. Organic piezoelectric biomaterials have taken on an important role as the
due to their remarkable biodegradability and biocompatibility.
functional materials for applications in humans, being implantable and mountable nanogenerators
Vivekananthan et al. [77] reported a piezoelectric collagen nanofibril film that is capable of both
due to their remarkable biodegradability and biocompatibility.
converting mechanical energy to electrical energy and functioning as a humidity sensor. A schematic
Vivekananthan et al. [77] reported a piezoelectric collagen nanofibril film that is capable of both
of the device is illustrated in Figure 2a. Collagen-based PENG produced electrical outputs of 250 nA
converting mechanical energy to electrical energy and functioning as a humidity sensor. A schematic
and 45 V. In addition, it served as a humidity sensor that showed a linear response with a good
of the device is illustrated in Figure 2a. Collagen-based PENG produced electrical outputs of 250 nA
sensitivity (0.1287 µA/% RH) in the range of 50−90% room humidity. These results demonstrated a field
and 45 V. In addition, it served as a humidity sensor that showed a linear response with a good
of eco-friendly multifunctional biomaterials, towards the development of noninvasive, implantable,
sensitivity (0.1287 µA/% RH) in the range of 50−90% room humidity. These results demonstrated a field
smart bio-medical systems.
of eco-friendly multifunctional biomaterials, towards the development of noninvasive, implantable,
smart bio-medical systems.
Lee et al. [26] firstly used a self-assembled M13 bacteriophage film for a piezoelectric energy
harvester in 2012. The nanogenerator yields a current of up to 6 nA and a voltage of up to 400 mV.
The M13 bacteriophages are expected to have a high piezoelectric response compared to laterally
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Lee et al. [26] firstly used a self-assembled M13 bacteriophage film for a piezoelectric energy
harvester in 2012. The nanogenerator yields a current of up to 6 nA and a voltage of up to 400 mV. The
M13 bacteriophages are expected to have a high piezoelectric response compared to laterally assembled
phages, due to their high elasticity properties along the axial direction of the DNA [78]. Shin et al. [27]
reported vertically aligned M13 bacteriophage nanopillars using enforced infiltration. The vertically
aligned M13 bacteriophage-based nanogenerator exhibits electrical outputs that are up to about 2.6-fold
greater than those of the laterally assembled, bacteriophages-based nanogenerator. There was still a
limitation on the ability to control the directionality of individual M13 bacteriophage, but Lee et al. [28]
addressed this issue using genetic engineering techniques (Figure 2b–d). The resulting structure-based
PENG produced up to 2.8 V of potential, 120 nA of current, and 236 nW of power from 17 N of force.
The apparent versatility of the M13 bacteriophage suggests that the piezoelectric M13 bacteriophages
can serve as functional nanomaterials for numerous electronic and optoelectronic applications.
Piezoelectric peptide nanostructures have also been implemented into the PENGs. Nguyen
et al. [49] fabricated the vertical FF microrod arrays by applying an electric field, and then the arrays
were integrated into the PENGs, representing an open-circuit voltage of 1.4 V and a power density of 3.3
nW. The performance voltage of the FF-based PENG was improved up to 2.2 V in tandem with a TENG
comprising the polyethylene terephthalate and Kapton films as triboelectrically active materials [79].
Recently, Lee et al. [47] developed large-scale, unidirectionally polarized, aligned FF nanotubes and
fabricated peptide-based PENGs. They used the meniscus-driven self-assembly process to fabricate
horizontally aligned FF nanotubes. The fabricated FF nanotubes-based PENGs can generate voltage,
current, and power of up to 2.8 V, 37.4 nA, and 8.2 nW, respectively. Hence, the FF nanostructures will
act as a compatible energy source for biomedical applications in the future.
The PVDF and its copolymers have been adopted for flexible PENGs due to their inherent
flexibility, high processability, and mechanical rigidity [80–82]. Chang et al. [83] developed a method to
directly fabricate the PVDF nanofibers with a β-crystalline structure using the near-field electrospinning
process, which provides a peak current of 3 nA and a peak voltage of 30 mV after integration into the
PENG. A hybrid nanogenerator, demonstrated by Hansen et al. [84], is made of a piezoelectric PVDF
nanofibers-based PENG and a flexible biofuel cell, and was used for powering a single nanowire-based
ultraviolet sensor to build an SPEs. As shown in Figure 2e,f, Ishida et al. [85] demonstrated a
self-powered pedometer, which consisted of a PVDF sheet, a 2 V organic circuit, and a flexible printed
circuit board. This work suggested that the PVDF sheet can not only harvest the mechanical energy
from footsteps but also serve as a footstep sensor. Sun et al. [86] and Xue et al. [87] envisioned a
PVDF nanostructures-based PENG to harvest energy from human respiration. Persano et al. [88]
demonstrated the textile-based PENG, featuring the highly aligned electrospun fibers of the PVDF–TrFE,
exhibiting superior flexibility and mechanical robustness.
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3.2. Sensors
The organic biomaterials have been studied as the platform materials for biomedical pressure-sensing
applications due to their high flexibility and high sensitivity to small force. The aligned PVDF–TrFE
nanofibers on polyimide substrate were employed to build a flexible and lightweight pressure
sensor [88]. This pressure sensor can measure small pressures down to ~0.1 Pa over the course
of cyclic bending. The wearable piezoelectric PVDF sensor can serve as a healthcare monitoring
device to monitor respiration signals, human gestures, and vocal cord vibrations, as demonstrated
by Liu et al. [89] (Figure 3a–c). Bodkhe et al. [90] developed a pressure sensor comprised of 10%
of barium titanate nanoparticle and β-crystalline phase PVDF ball mill nanocomposites using 3D
printing techniques, which generated a voltage of 4 V upon gentle finger taps. The composite films of
PVDF and graphene oxide developed by Park et al. [91] were used as multifunctional electronic skins
to monitor multiple stimuli, including static/dynamic pressure and temperature, exhibiting a high
sensitivity for monitoring simultaneous artery pulse pressures and temperature (Figure 3d,e). Recently,
biodegradable and implantable sensors have gained great interest in medical applications where
there is a demand for short-term functionality because biodegradable sensors are not required for the
medical surgery of removal. Curry et al. [92] fabricated the piezoelectric pressure sensor featuring
all the biodegradable materials of piezoelectric PLLA, molybdenum electrodes, and polylactic acid
encapsulators. This device was capable of measuring a wide range of pressure, from 0 to 18 kPa. More
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interestingly, the sensor was completely degraded over a period of 56 days at an elevated temperature
of 74 ◦ C, indicating that this biodegradable sensor holds promise for clinical implementation. A number
of publications has utilized the nature-driven piezoelectric materials to develop human physiological
monitoring
and 9,
electronic
skins
[93–96].
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The electromechanical actuation under high voltage helped osteogenic differentiation, whereas the
the

actuation under low voltage aided chondrogenic differentiation (Figure 4a). Muscle cell adhesion and
proliferation were improved due to the fact that the negatively charged β-phase PVDF fibers helped
to elongate the muscle cells along the aligned fibers [99]. Hoop et al. [100] demonstrated that wireless
stimulations helped to induce the potential in piezoelectric β-phase PVDF, improving the neurite
generation in PC12 cells using the ultrasonic technique (Figure 4b–d). Similarly, the PVDF–TrFE fibril
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property of those materials has been presented, and engineering and scientific endeavors to enhance
these properties have also been reported. In summary, from current research, organic piezoelectric
biomaterials have been likely to impact three major fields across many disciplines. First, they can serve
as the functional materials for the power supply of implantable and mountable self-powered electronics
because of their sensitivity to mechanical agitation and remarkable biocompatibility. Second, they
have been utilized as platform materials for pressure sensing in biomedical applications, which is
likely largely due to their high flexibility and high sensitivity to small forces in tandem with their
biodegradability. Lastly, in cases where piezoelectric materials were integrated as the scaffolds for cell
and tissue regeneration, those materials act as a tissue stimulator to promote the differentiation of the
desired cells. An industry based on organic piezoelectric biomaterials is anticipated due to their variety
of applications, but further improvements are required to smoothly implement them into practical
biomedical devices.
We need to address several issues for the better integration of organic piezoelectric biomaterials
into biomedical devices. Here are a few: (1) the fundamental physics of piezoelectricity in biomaterials.
Even though researchers have focused on uncovering biological piezoelectricity, plenty of work remains
to be done to exploit their electromechanical behavior in terms of unit cell properties. Such studies
are in progress using not only single crystals of biomaterials but also calculations based on the first
principle. (2) A relatively low piezoelectric constant compared to piezoelectric inorganic materials. The
output performances in the applications of energy harvesting and sensors are related to the piezoelectric
constant. The constant of biomaterials has been found to be much smaller than that of the state-of-the-art
piezoelectric inorganic materials (d33 = 593 pC/N and d31 = −274 pC/N [21]), which has to be improved
to achieve maximized performance. This is possible by creating proper nanostructures, aligning
biomaterials, or fabricating a multilayer structure. (3) Biodegradability of the controlled manner.
For biodegradable sensor and scaffold applications, the organic piezoelectric biomaterials must be
decomposed within the desired time frame. The degradation rate of these materials can be engineered
by different experimental treatments, such as temperature, stretching ratio, or poling electrical fields.
Although researchers are still facing challenging issues, the promising physical properties of organic
piezoelectric biomaterials have suggested feasible biomedical applications in energy harvesting, sensor,
and tissue regeneration. We truly believe that organic piezoelectric biomaterials will continue their
rapid growth in the next decade.
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