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applications
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Abstract 

The energy harvesting technology based on piezoelectricity promises to achieve a self-powered mode for portable medical elec-
tronic devices. Piezoelectric materials, as crucial components in electromechanical applications, have extensively been utilized 
in portable medical electronic devices. Especially, degradable piezoelectric biomaterials have received much attention in the 
medical field due to their excellent biocompatibility and biosafety. This mini-review mainly summarizes the types and structural 
characteristics of degradable piezoelectric biomaterials from degradable piezoelectric small-molecule crystals to piezoelectric 
polymers. Afterward, medical applications are briefly introduced, including energy harvester and sensor, actuator and transducer, 
and tissue engineering scaffold. Finally, from a material perspective, some challenges currently faced by degradable piezoelectric 
biomaterials are proposed.
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1. Introduction

The rapid advancement in materials science and electronic tech-
nology has led to portable medical electronic devices transition-
ing toward miniaturization, lightweight, and intelligence.[1–4] 
These devices are increasingly being designed for integration 
with accessories or implanted in vivo for health monitoring and 
disease therapy. However, most of these devices still rely on the 
traditional battery power supply mode, contributing to environ-
mental pollution and escalating user costs.

The human body offers a rich energy source,[5] offering an 
ideal alternative for powering portable medical electronic devic-
es by harnessing energy from bodily activities. Energy harvest-
ing technologies based on triboelectricity and piezoelectricity 
have demonstrated the capability to harvest mechanical energy 
from human activities such as movement,[6–8] breathing,[9,10] and 
heartbeats.[11,12] These technologies pave the way for a self-pow-
ered model for portable medical electronic devices, eliminating 
the dependency on conventional power supplies.[13–16]

Piezoelectric materials, recognized for their unique ability to 
convert mechanical energy into electrical energy and vice versa, 
play a pivotal role in self-powered portable medical electronic de-
vices.[17–20] These materials exhibit an asymmetric crystal structure 

that, when subjected to external forces, allows for the displace-
ment of positive and negative ions within their unit cells. This dis-
placement leads to the generation of electrical charge across the 
material.[21] The Curie brothers discovered this phenomenon in 
quartz and Rochelle salt crystals in 1880, which further explored 
the piezoelectric properties of materials with similar asymmetric 
centers.[22] Over time, various piezoelectric materials have devel-
oped rapidly, ranging from rigid crystals to flexible polymers.[23–25] 
In recent years, piezoelectric materials have exhibited signifi-
cant potential in implant-related medical applications, such as 
self-powered electrical stimulation therapy, energy harvesting, and 
physiological signal sensing.[26–31] These applications impose strin-
gent requirements on the biosafety, biocompatibility, biodegrad-
ability, and even mechanical flexibility of piezoelectric materials.

Piezoelectric biomaterials have garnered significant attention 
in biomedicine due to excellent biocompatibility, biosafety, and 
biodegradability.[32–35] Specially, degradable piezoelectric bioma-
terials are ideal candidates for developing implantable medical 
devices. These materials can be degraded and absorbed in vivo 
after completing their function, avoiding the need for addi-
tional surgical removal and reducing the pain and expense to 
patients. Composed of small-molecule crystals (such as amino 
acids and diphenylalanine [FF]) and polymers (such as proteins, 
polysaccharides, and poly(l-lactic acid) (PLLA)) (Figure 1),[36,37] 
these degradable piezoelectric materials demonstrate promising 
potential for applications in biomechanical energy harvesting, 
physiological signal monitoring, and tissue repair, heralding a 
new era in medical device innovation.

2. Degradable piezoelectric biomaterials

2.1. Degradable piezoelectric small-molecule crystals

Many natural biological small-molecule crystals exhibit piezo-
electricity due to the intrinsic lack of symmetry within their mo-
lecular structures. Amino acids are crucial to various physiolog-
ical functions as the building blocks of proteins. Among the 20 
natural amino acids, 17 display piezoelectric properties at am-
bient temperature.[38] This piezoelectric effect in amino acids is 
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attributed to stress-induced polarization, where dipole moments 
orient from the carboxyl group toward the amino group. Specif-
ically, glycine and dl-alanine exhibit piezoelectric characteristics 
akin to those observed in quartz crystals.[39]

Glycine primarily exists in 3 polycrystalline forms: α, β, and 
γ, each with distinct piezoelectric properties (Figure 2A).[40] The 
α-glycine molecules are organized in an antiparallel conforma-
tion, neutralizing dipole moments and resulting in the absence of 
piezoelectricity. This form is classified within the P21/c space group. 
In contrast, β-glycine and γ-glycine exhibit piezoelectric charac-
teristics and are categorized under the P21 and P32 space groups, 
respectively.[37] Notably, β-glycine possessed an exceptionally high 
shear piezoelectric coefficient d16 with a predicted value of 195 
pm V−1 and a measured value of 178 pm V−1.[41] This pronounced 
effect was attributed to the supramolecular stacking of glycine 
molecules enhancing the alignment of electric dipoles along specif-
ic directions.[38] Nonetheless, it is important to note that β-glycine 
is metastable, tending to spontaneously transition to the stable α 
and γ phases upon exposure to air.[42] While shear piezoelectricity 
is a notable feature in piezoelectric biomaterials, the longitudi-
nal piezoelectric coefficient generally has greater significance and 
practical applicability. γ-Glycine, with its helically oriented dipole 
along the axis, exhibited superior longitudinal piezoelectric co-
efficients d33 of 9.93 pm V−1, underscoring its potential utility.[41] 
In addition, dl-alanine crystallizes in an orthorhombic symmetry 

to form a racemic mixture exhibiting significant piezoelectricity, 
with a d33 (9.1 pm V−1) comparable to γ-glycine (Figure 2B).[43]

Peptides comprised of at least 2 amino acids connected via 
peptide bonds have captured significant interest due to their po-
tent piezoelectricity and the variety of their self-assembly struc-
tures.[44,45] FF peptide, in particular, is the most representative 
piezoelectric peptide (Figure 2C). FF monomers self-assemble 
into various micro-nanostructures, driven by intermolecular forc-
es, including hydrogen bonds, electrostatic interactions, solvent- 
mediated forces, and π–π stacking.[46,47] FF peptide nanotubes 
exhibited substantial shear piezoelectricity d15 (60 ± 10 pm V−1), 
but the d33 of FF nanostructures ranged between 9.9 and 17.9 
pm V−1.[34,36,48] The coassembly of macromolecular groups and 
FF peptides is an effective strategy to enhance piezoelectric prop-
erties. The designed tert-butyloxycarbonyl (Boc)-β,β-diphenyl- 
Ala-OH (Dip)-Dip showed exceptional d33,eff (73.1 ± 13.1 pm 
V−1).[49]

Despite biological small-molecule crystals possessing high 
piezoelectricity and biocompatibility, their intrinsic rigidity 
and brittleness limit compatibility with the flexible modulus of  
tissues. Integrating piezoelectric small-molecule crystals 
with flexible substrates has emerged as an effective strate-
gy to confer flexibility. In this approach, flexible polymers 
serve as substrates and significantly influence crystal growth 
through their functional groups, playing a pivotal role in 

Figure 1. The schematic of degradable piezoelectric biomaterials includes small molecules such as piezoelectric amino acids (glycine, dl-alanine, etc) and 
peptides (diphenylalanine, etc), as well as piezoelectric polymers such as proteins (collagen, silk, etc), polysaccharides (cellulose, chitin, chitosan, etc), and 
synthetic polymers (poly-l-lactic acid, etc).
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enhancing piezoelectricity and modulating the flexibility of 
small-molecule crystals.[50,51]

2.2. Degradable piezoelectric polymers

In addition to degradable biological small-molecule crystals 
mentioned above, a variety of degradable polymers not only 
demonstrate excellent piezoelectricity but also possess inher-
ent flexibility. These polymers are typically semicrystalline and 
exhibit inherent piezoelectric properties due to well-organized 
structures with low symmetry. Chemical compositions do not 
solely determine their piezoelectric attributes; the 3-dimensional 
structural configurations are also essential for piezoelectricity.

Due to the inherent piezoelectricity of amino acids, numer-
ous proteins have demonstrated piezoelectric responses, such as 
collagen, silk proteins, viruses, and poly(γ-benzyl-l-glutamate) 
(PBLG).[52] Collagen has been the subject of extensive study 
for its piezoelectric properties since the discovery of the piezo-
electric effect in bone (Figure 3A).[53,54] The prevailing theory  
suggests that the piezoelectric effect in collagen results from the 
accumulation of dipole moments along the peptide chain and the 
hydrogen bonding interactions within the supramolecular struc-
ture.[55] The highest measured d14 in collagen was 12 pm V−1.[56] 
Compared to collagen, silk exhibits a higher d33 (Figure 3B). An 

electrospun-induced, highly oriented, electrically polarized silk 
film achieved a d33 of 38 pm V−1.[57] The M13 phage has also 
attracted considerable attention due to its considerable d33 (13.2 
pm V−1) and scalability.[58] However, concerns regarding its bio-
safety have curtailed its further application in vivo.

Polysaccharides are large biomolecules found extensively 
in animals and plants. They consist of numerous monosac-
charides linked by glycosidic bonds. Cellulose and chitin, as 
representatives of polysaccharides, possess hierarchical fiber  
structures with low symmetry, demonstrating notable piezo-
electric properties.[34] Cellulose possesses alternating highly  
ordered crystalline and amorphous regions, stabilized by 
hydrogen bonds and van der Waals forces (Figure 3C). The 
source of cellulose’s piezoelectricity lies in the orderly dipoles 
formed by the strong hydrogen bonds between the oxygen and 
hydrogen atoms within each unit cell. Theoretical calculations 
indicated that the piezoelectric coefficient of cellulose ranged 
from 4.3 to 36.4 pm V−1.[35] The arrangement of cellulose crys-
tals would be effectively achieved through mechanical stretch-
ing and electric field polarization to enhance its piezoelectric 
properties. Ultrathin-oriented cellulose nanocrystal (CNC) 
films prepared using assisted shear force and electric field ex-
hibited a high d25 of 210 pm V−1.[59] Direct current-assisted  
confinement cell technology further stabilized the vertical 

Figure 2. Schematic diagram of some representative piezoelectric small-molecule crystals. (A) Three crystal structures of the glycine molecule. (B) The crystal 
structures of dl-alanine. (C) The process of forming diphenylalanine from phenylalanine monomers.
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alignment of CNC rods, ensuring that all dipole moments are 
oriented perpendicular to the film surface, thereby yielding 
a more practical d33 of 19.3 ± 2.9 pm V−1.[60] Similarly, chitin 
and its deacetylated derivative chitosan, with structures akin 
to cellulose, demonstrated reported maximum d33 of 9.49 and 
18.4 pm V−1, respectively.[61,62]

Laboratory-synthesized polymers significantly expand the di-
versity and versatility of piezoelectric materials. Adjusting the 
polymer chain orientations to create dipoles can induce piezo-
electricity in synthetic polymers. Modifying groups susceptible 
to hydrolysis or oxidative degradation can also regulate their 
degradability.[35] PLLA is a commonly used degradable synthetic 
piezoelectric polymer. Due to its helical chain structure, PLLA 
has shear piezoelectricity parallel to the z-axis. Its d14 ranged 
from 9 to 19 pm V−1.[35,63] Its piezoelectricity depends on the 
crystallinity and dipole arrangement of the C=O bond of PLLA 
(Figure 3D).[64] The thermal annealing process can control the 
crystallinity of PLLA, and external electric field and mechani-
cal stretching can align the dipoles parallel to each other and 

perpendicular to the molecular chain direction, thus increasing 
its shear piezoelectric properties.[32,65]

2.3. Degradability of piezoelectric biomaterials

Since amino acids and peptides are water soluble and degrade 
into alkaline molecules in an aqueous environment, they can be 
reabsorbed as nutrients in vivo.[66,67] Polymers are made up of 
the copolymerization of many small chemical units. Their rela-
tively complex degradation process necessitates breaking long 
chains into smaller molecules. This process is usually sluggish 
under natural conditions, but it can be accelerated with the as-
sistance of enzymes, fungi, and other catalysts. For instance, 
silk and collagen necessitate enzyme catalysis under physiologi-
cal conditions to degrade into amino acids the human body can 
absorb.[67] Cellulose cannot be directly degraded and absorbed 
in the human body and can only be broken down into carbon 
dioxide and water by microorganisms and fungal enzymes.[68,69] 
Chitin can be hydrolyzed by lysozyme in the human body.[70] 

Figure 3. Schematic diagram of some representative degradable piezoelectric polymers. (A) The collagen fiber is formed from 3 polypeptide chains. (B) Two 
crystal structures of silk. (C) The cellulose fiber is composed of I-type crystals. (D) Synthetic polymer poly-l-lactic acid.
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Similarly, PLLA degrades slowly in aqueous solutions, but mi-
croorganisms can speed up its degradation into carbon dioxide 
and water.[71] Since these piezoelectric polymers are semicrys-
talline, their degradation in aqueous solutions occurs in 2 stag-
es. First, water penetrates the amorphous region, breaking the 
polymer chains with the aid of a catalyst. Then, degradation 
spreads from the amorphous region to the crystalline region 
until complete decomposition into small molecular compounds 
occurs.

3. Medical applications

3.1. Energy harvester and sensor

Piezoelectric materials are the core component of piezoelectric 
nanogenerators (PENGs). Specifically, degradable piezoelectric 
materials provide new opportunities for self-powered transient 
implantable bioelectronics and sensors (Figure 4). The degrad-
able PENGs not only facilitate converting energy from human 
movements into power for wearable and implantable electronics  
but also ensure their degradation and absorption postutiliza-
tion, thereby circumventing the need for secondary processing. 
Su et al notably enhanced the crystallinity and piezoelectric 
constant of self-assembled FF films by applying a 7-kV voltage. 

Under an exerted force of 90 N, fabricated PENG demon-
strated a open-circuit voltage (Voc) of 3.4 V, an short-circuit 
current (Isc) of 235 nA, and a power density of 9.98 W m−3, 
surpassing several nanogenerators predicated on degradable 
biomaterials.[72] The output power of PENG based on degrad-
able piezoelectric materials is typically in the nanowatt range, 
which is lower than that of other energy harvesting devices, 
but its unique degradable properties remain highly appealing in 
bioelectronic devices.

In addition to energy harvesting, the sensing prioritizes signal 
correlation over the magnitude of energy output. Force sensors 
employing degradable piezoelectric materials manifest superior 
suitability for in vivo detection of physiological signals. Cur-
ry et al constructed an implantable pressure sensor based on 
PLLA. This sensor comprised a PLLA piezoelectric material, a 
molybdenum electrode, and a polylactic acid (PLA) packaging 
layer. This PLLA film pressure sensor, upon implantation within 
the abdominal cavity of mice, was capable of monitoring di-
aphragm contraction pressure.[73] Furthermore, Yang et al de-
veloped a glycine-polyvinyl alcohol (PVA) heterostructure film 
characterized by a sandwich structure wherein the crystalline 
glycine layer self-assembles and aligns autonomously between 
2 PVA films. This configuration significantly amplified its mac-
roscopic piezoelectric properties, achieving a piezoelectric 

Figure 4. The applications of piezoelectric materials for medical devices: fabricated piezoelectric nanogenerators based on biodegradable piezoelectric bio-
materials for energy harvesting and sensing; as actuator and transducer for cleaning thrombi; as a tissue engineering scaffold for tissue repair such as bone 
regeneration, nerve repair, and wound healing.
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coefficient (d33) of 5.3 pm V−1. The PENG with glycine-PVA film 
was implanted under the skin of the thigh and chest areas, pro-
ducing Vpp signals of >150 mV and peak-peak voltage (Vpp) of 
>20 mV, respectively.[50] However, the existing literature mainly 
focuses on degradable pressure sensors designed for movement 
and respiration monitoring, with limited studies addressing the 
monitoring of small physiological signals such as heartbeat, 
pulse, and blood flow.[73–75]

3.2. Actuator and transducer

Utilizing the inverse piezoelectric effect, intelligent medical 
tweezers crafted from PLLA fibers could generate vibrations by 
applying a voltage at a specific frequency, effectively cleaning 
thrombi in blood vessels.[76] In addition, Nguyen et al adopt-
ed an electrospinning process to create highly oriented glycine- 
polycaprolactone (PCL) nanofibers. This composite exhibited 
an exceptionally effective piezoelectric coefficient (d33) of 19 
pm V−1. The fabricated ultrasound transducer generated sig-
nificant levels of ultrasound to open the blood–brain barrier, 
facilitating the auxiliary delivery of paclitaxel for treating mice 
with an orthotopic glioblastoma tumor model. The survival 
rate of animals receiving glycine-PCL device-based ultrasound- 
mediated paclitaxel treatment was nearly double that of animals 
receiving ultrasound treatment from a current state-of-the-art 

implantable ultrasound transducer.[77] These intelligent actua-
tors and transducers fabricated from degradable piezoelectric 
materials have demonstrated significant practical value in the 
biomedical field.

3.3. Tissue engineering scaffold

Electricity plays a crucial role in the functionality of biolog-
ical tissues, with many human body components exhibiting 
piezoelectricity.[53,54] Early studies on the piezoelectricity of 
bone revealed that it primarily stems from collagen, contrib-
uting to bone regeneration.[78] This discovery has spurred  
further research into using piezoelectric materials in tissue en-
gineering.[79,80] Degradable piezoelectric materials, particularly, 
have garnered attention for their excellent biocompatibility and 
degradability, making them an attractive option for tissue en-
gineering applications. These materials have been used in cre-
ating electroactive scaffolds for bone regeneration,[81,82] nerve 
repair,[83–86] and electroactive dressings for wound healing.[87,88] 
The electricity generated by the deformation of implanted 
piezoelectric material regulates the physiological electrical en-
vironment of cells, causing a series of changes in cells, such as 
migration, proliferation, differentiation, activation of ion chan-
nels, and activation of signaling pathways, and ultimately pro-
motes tissue repair.

Figure 5. Challenges of degradable piezoelectric biomaterials for medical applications: material and tissue modulus adaptation issues; the low and impractical 
piezoelectric coefficient issues; the contradiction between degradability and durability and stability.
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4. Challenges

Although degradable piezoelectric biomaterials hold promising 
application prospects in implantable transient medical electron-
ics, some challenges persist (Figure 5).

 (1) A primary issue resides in the mismatch between the mod-
ulus of current degradable piezoelectric biomaterials and  
biological tissues. Specifically, degradable piezoelectric small- 
molecule crystals demonstrate inherent rigidity, character-
ized by a modulus exceeding gigapascals, while degradable 
piezoelectric polymers possess moduli within the megapascal 
range, surpassing that of human skin tissue. Concurrently, 
achieving high piezoelectricity necessitates materials featur-
ing extensive crystalline regions, whereas the attainment of 
flexibility demands materials with a preponderance of amor-
phous regions. Thus, striking an equilibrium among piezo-
electricity, flexibility, and application requisites emerges as a 
paramount concern in developing future self-powered im-
plantable medical and wearable electronic devices.

 (2) Furthermore, the piezoelectric coefficient of degradable 
piezoelectric biomaterials significantly underperforms com-
pared to inorganic piezoelectric materials. More efficient  
methods are needed to manipulate dipoles/polarizations 
within biomaterials to realize enhanced piezoelectric 
properties. Moreover, many degradable piezoelectric bio-
materials exhibit exceptionally high shear piezoelectric 
coefficients, starkly contrasting the often low or negli-
gible longitudinal/transverse piezoelectric coefficients  
(Table 1). Because out-of-plane stress represents the most 
prevalent mechanical stimulus, device designs require 
specific configurations to transduce such stress into shear 
stress, thereby amplifying device complexity and dimin-
ishing practical utility.

 (3) The stability and durability of biodegradable piezoelectric 
materials have attracted significant attention. Numerous 
polymorphs with strong piezoelectricity are metastable, 
and electromechanical coupling devices are subjected to 
numerous strain cycles in practical scenarios, potentially 

Table 1

Summary of piezoelectric biomaterials.

Type Materials Highest piezoelectric coefficient Medical applications 

Amino acids β-glycine d
16

 = 178 pm V−1[41] Pressure sensor[89]

Face masks for filtration[90]

Bone regeneration[91]

Motions and physiological signals 
monitoring[50,74,92–94]

Ultrasonic transducer[77]

Energy harvesting[43,95,96]

d
22

 = 4.7 pm V−1[41]]

d
33

 = 19 pm V−1[77]

γ-glycine d
11

 = 1.7 pm V−1[41]

d
16

 = 6 pm V−1[41]

d
22

 = −1.1 pm V−1[41]

d
33

 = 10 pm V−1[97]

dl-alanine d
33

 = 9.1 pm V−1[43]

Acetylated tryptophan d
ik
 = 47 pm V−1[95]

Valine d
16

 = 7.72 pm V−1[98]

d
22

 = 12.37 pm V−1[98]

d
34

 = 5.32 pm V−1[98]

Peptides Self-assembly and coassembly FF d
14

 = −10 pm V−1[99] Energy harvesting[100–103]

d
15

 = 80 pm V−1[99]

d
16

 = 13.8 pm V−1[104]

d
33

 = 73.1 pm V−1[49]

d
ef
 = 35.5 pm V−1[102]

Hyp–Phe–Phe d
16

 = 27.3 pm V−1[103]

d
35

 = 27.3 pm V−1[103]

d
36

 = 17.1 pm V−1[103]

Ala–Hyp–Gly d
25

 = 25 pm V−1[105]

Oligopeptide d
33

 = 9.8 pm V−1[45]

Proteins Collagen d
14

 = −12.00 pm V−1[56] Ultrasonic transducer[106]

Energy harvesting[57,107]

Motions and physiological signals monitoring[108,109]

Biting force monitoring[110]

d
15

 = 6.21 pm V−1[56]

d
31

 = -4.84 pm V−1[56]

d
33

 = 2.6 pm V−1[111]

Silk d
14

 = 1.5 pm V−1[112]

d
33

 = 56.7 pm V−1[113]

Viruses d
33

 = 13.2 pm V−1[107]

PBLG d
33

 = 27 pm V−1[114]

Polysaccharides Cellulose d
25

 = 210 pm V−1[59] Physiological signal monitoring[115]

Energy harvesting[116]

Scaffolds for collagen formation of osteoblasts[117]

Cardiorespiratory monitoring[118]

Motion sensing[119]

d
31

 = 27 pm V−1[120]

d
33

 = 19.3 ± 2.9 pm V−1[60]

Chitosan d
33

 = 18.4 pm V−1[61]

Chitin d
33

 = 3.98 pm V−1[121]

Synthesized polymers PLLA d
14

 = 19 pm V−1[63] Bone regeneration[81,122–124]

Wound healing[87,125]

Ultrasonic transducer[63,126]

Enhancing cell adhesion[127]

Face masks for filtration[75,128]

Motion sensing[31]

Nerve repair[83,86,129]

Ala, alanine; FF, diphenylalanine; Gly, glycine; Hyp, hydroxyproline; PBLG, poly(γ-benzyl-L-glutamate); Phe, phenylalanine; PLLA, poly(L-lactic acid).
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impairing the piezoelectric properties of materials exhib-
iting relatively low stability. Addressing this challenge 
mandates innovative approaches in material and device 
structural design.

 (4) Although extensive research has been dedicated to apply-
ing degradable piezoelectric materials in bone regenera-
tion, wound repair, and nerve repair, their involvement 
in tumor diagnosis, treatment, and drug delivery remains 
scarce. The comparative maturity of research on other 
piezoelectric materials in these fields suggests a potential 
avenue for broadening the applicability of degradable 
piezoelectric materials, thereby enhancing their utility and 
impact in these critical fields.
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