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A Flexible and Biodegradable Piezoelectric-Based Wearable
Sensor for Non-Invasive Monitoring of Dynamic Human
Motions and Physiological Signals

Mohsin Ali, Seyed Morteza Hoseyni, Ritu Das, Muhammad Awais, Ipek Basdogan,
and Levent Beker*

Recent progress in flexible sensors and piezoelectric materials has enabled
the development of continuous monitoring systems for human physiological
signals as wearable and implantable medical devices. However, their
non-degradable characteristics also lead to the generation of a significant
amount of non-decomposable electronic waste (e-waste) and necessitate a
secondary surgery for implant removal. Herein, a flexible and biodegradable
piezoelectric material for wearable and implantable devices that addresses the
problem of secondary surgery and e-waste while providing a
high-performance platform for continuous and seamless monitoring of
human physiological signals and tactile stimuli is provided. The novel
composition of bioresorbable poly(l-lactide) and glycine leads to flexible
piezoelectric devices for non-invasive measurement of artery pulse signals in
near-surface arteries and slight movement of the muscle, including the
trachea, esophagus, and movements of joints. The complete degradability of
piezoelectric film in phosphate-buffered saline at 37 °C is also shown. The
developed pressure sensor exhibits high sensitivity of 13.2 mV kPa−1 with a
response time of 10 ms and shows good mechanical stability. This
piezoelectric material has comparable performance to commonly used
non-degradable piezoelectric materials for measuring physiological signals. It
can also be used in temporary implantable medical devices for monitoring
due to its degradable nature.
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1. Introduction

Continuous monitoring of physiological
signals via biomedical devices in daily
life has received significant attention.[1–3]

High-accuracy monitoring of human
physiological signals[4,5] in addition to
the body motions,[6,7] is feasible through
the seamless integration of the device
with the skin or tissue of the hu-
man body. This way, several biomedi-
cal devices have been demonstrated with
various transduction principles, includ-
ing electrostatic, piezoelectric, capacitive,
and piezoresistive effects.[8–10] To this ex-
tent, devices based on the piezoelectric ef-
fect hold a critical promise in advanced
human–machine interface devices com-
pared to other devices owing to the var-
ious advantages, including self-powered
ability, flexible form factor, high sensi-
tivity, and facile fabrication. Various flex-
ible pressure sensors have been stud-
ied to measure the physiological signals
generated by human activities. However,
supplying voltage to operate these de-
vices is a crucial barrier for developing
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energy-efficient wearable sensors.[11,12] Additionally, frequent re-
placement of the power source limits the application of wear-
able and implantable electronics for both in vivo and in vitro
environments.[13] As an alternative, a self-powered pressure sen-
sor has the potential to resolve the issue related to power con-
sumption for future wearable healthcare sensors. In this sense,
pressure sensors based on piezoelectric[14,15] and triboelectric ef-
fects [16–18] can directly produce electricity with external force,
enabling the realization of a self-operating sensor. Triboelectric-
based devices operate based on the triboelectric effect and elec-
trostatic induction. Triboelectric-based devices operate based on
the triboelectric effect and electrostatic induction. Although elec-
trostatic charges produced by the friction (triboelectric effect) are
ideal for force sensing and energy harvesting applications,[19] but
has some downsides including the variation in the force response
because of the delay of charge dissipation in the sensor,[20] are
commonly vulnerable to noise from the motion of the sensor,[21]

and a restriction of miniaturization owing to the obligation of
keeping a physical gap between triboelectric layers. Moreover, the
triboelectric sensor is vulnerable to humidity, limited bio-signal
detection, complex fabrication, and short dynamic range because
of the low sensitivity under increased applied load and abrasion
resistance.[22–24]

Piezoelectric devices made of inorganic piezo materials such
as PZT and BaTiO3 have been demonstrated as efficient health
monitoring devices in various applications.[25–28] However, the
problem with these devices made of piezoceramic materials is
the toxicity of some of the components, especially PZT ceram-
ics. Compared to piezo ceramics, piezoelectric polymers exhibit
good compatibility with the environment and high flexibility.[29]

Piezoelectric polymers have been reported in the manufacturing
of transducers and force/pressure sensors.[30,31] Yuan et al. fabri-
cated a composite piezoelectric material based on poly(vinylidene
fluoride) (PVDF) and ZnO to detect human elbow flexure.[32]

PVDF is the most commonly used flexible and piezoelectric
polymer demonstrating high piezoelectricity compared to other
piezoelectric polymers.[33] However, it is not as suitable as the
eco-friendly material because it contains non-degradable com-
ponents and waste produced by these materials is considered
a threat to our environment.[29] Emerging applications in wear-
able and implantable health monitoring systems require self-
powered biodegradable devices to monitor the physiological state
of the human body.[34,35] Simple and low-temperature process-
ing of naturally-driven biodegradable and biocompatible piezo-
electric materials such as peptide nanotubes, cellulose, collagen,
and amino acids have received significant interest.[36–38] How-
ever, the low stability of natural biodegradable piezo materials[39]

and their irregular arrangements leading to low output voltage
in the film have limited their use in real-time applications. Al-
though biodegradable glycine (Gly) based amino acids have re-
cently been reported with a high piezoelectric coefficient,[40] fab-
ricating functional thin films with controllable piezoelectricity
from these powder-based materials is challenging.

In the case of a synthetically biodegradable piezoelectric poly-
mer, poly(l-lactide acid) (PLLA) has received attention because of
its excellent biocompatibility and biodegradability in biomedical
devices such as FDA-approved implants and biodegradable force
sensors.[41–46] Although PLLA exhibits modest piezoelectricity (5–
15 pC/N) and has a low dielectric constant, it provides energy

conversion efficiency similar to commercial piezoelectric poly-
mer PVDF.[42,47] PLLA-based piezoelectric devices, such as filtra-
tion devices, smart fabric, pressure sensors, and actuators, have
been developed for biomedical applications.[48–50] Curry et al.
thermally stretched bulk PLLA films to generate piezoelectric-
ity. However, problems were observed, like film rigidity and low
reproducibility,[51,52] which makes stretched PLLA film insensi-
tive for sensitive pressure sensors, transducers, and actuators. To
overcome the challenges mentioned above, a flexible, biodegrad-
able piezoelectric film with a stable piezoelectric response and
stretch-free fabrication is needed that can be facilely fabricated
and has a high potential to be implemented in various sensing
applications.

Herein, we present a flexible and biodegradable piezoelec-
tric film based on the novel composition of PLLA/Gly with a
stretch-free fabrication process and controllable piezoelectricity,
for self-powered monitoring of physiological signals. We demon-
strate the ability of the sensor to detect human physiological
signals, such as carotid and radial artery signals, as well as
tactile stimuli, such as wrist and elbow movement, coughing,
and swallowing actions. We also show the biodegradability of
piezoelectric PLLA/Gly film in phosphate-buffered saline (PBS)
at 37 °C. Despite of the several achievements in biodegradable
electronics,[34,53,54] this study introduces an easy-to-fabricate, flex-
ible, highly efficient, and biodegradable piezoelectric material,
which is only made of bioresorbable materials being used for
medical applications. The newly fabricated bioresorbable piezo-
electric material could be a potential candidate for developing
self-powered wearable and implantable sensing devices.

2. Result and Discussion

Figure 1 illustrates the fabrication process of the flexible piezo-
electric film and wearable pressure sensor, the biodegradability
of piezoelectric PLLA/Gly film, and real-time applications of the
fabricated sensor. The development of biodegradable piezoelec-
tric material and the fabrication of flexible sensors are as follows:
first, a PLLA solution mixed with different weight percentages
of Gly was prepared, and the solution was spin coated to get
the piezoelectric thin films (Figure 1a). Subsequently, PLLA/Gly
film was annealed at 80 °C for 30 min, followed by peeling it
off from the glass slide. Then, to enhance the performance of
piezoelectric biodegradable PLLA/Gly film, the content of glycine
in PLLA was optimized (see Table S1, Supporting Information,
methods), followed by choosing the optimal piezo film for fur-
ther device demonstrations. Finally, the prepared piezoelectric
PLLA/Gly film was sandwiched between two aluminum elec-
trodes (top and bottom), and Kapton tape was used to encapsulate
the sensor in order to minimize any errors in data measurement
due to triboelectric effects (Figure 1b). The PLLA polymer and Gly
combined as a result of hydrogen bonding between PLLA and Gly
molecules, disintegrate in PBS solution as can be seen from re-
action scheme (Figure 1c). The prepared piezoelectric PLLA/Gly
film gradually degraded in PBS solution within 5 days at 37 °C
(Figure 1d). The fabricated sensor was demonstrated as a wear-
able device for the detection of human pulse rate (carotid and ra-
dial artery) and other critical physiological signals such as wrist
and elbow movement (bend and release), and swallowing and
coughing actions (Figure 1e).
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Figure 1. a) Schematic demonstration of the fabrication process for biodegradable piezoelectric PLLA/Gly film. A solution of PLLA/Gly spin-coated to
get the desired thickness of the film (≈15 μm), followed by drying at 80 °C for 30 min and peeling off from the glass slide. b) Schematic illustration
of self-powered wearable sensor based on biodegradable piezoelectric film sandwiched between two aluminum electrodes and then encapsulated by
polyimide tape (Kapton) to compactly sandwich the piezo film/Al assembly. c) Disintegration of PLLA/Gly polymer due to hydrolysis when immersed in
PBS solution. d) Schematic illustration of PLLA/Gly piezoelectric film degradation in PBS solution at 37 °C for 5 days. e) Schematic demonstration of
the real-time applications of the flexible piezoelectric sensor in healthcare monitoring. Images of the body parts, along with a laptop, are created with
freepik.com.
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Figure 2. Characterization of crystallinity and polymer chain orientation for PLLA/Gly films. a) 1D XRD results for PLLA/Gly films with different weight%
of glycine. b) 2D XRD photographs depict the orientation of the polymer chain of PLLA films with different glycine content.

In previous reports, amino acids have been used as heteroge-
neous nucleating agents to increase the crystallization rate and
the degree of crystallinity of several polymers like PLA.[55–61] In
this way, the amount of Gly as a nucleating agent is optimized to
increase the degree of crystallinity of PLLA. In addition, they do
not affect the biodegradability of PLA. Glycine is a type of amino
acid, and it has extensively been used in drug administration.[62]

Glycine comprises a backbone structure like PLLA with an acidic
COOH group and a primary NH2 group, but with different side
chains. Maria et al. utilized glycine amino acid as a heteroge-
neous nucleating agent to analyze the impact of the isothermal
crystallization behavior of PLA. They found that glycine pos-
sesses a substantial nucleating ability (54.1%).[63] Incorporating
glycine as a nucleating agent is preferred since PLLA and glycine
are comprised of similar chemical structures enabling crystal for-
mation.

The degree of crystallinity and orientation are two main prop-
erties of PLLA polymer that should be improved to induce piezo-
electricity in PLLA.[40,47] The piezoelectricity generated in PLLA
under impact is due to the net polarization occurring due to the
relative alignment of the C=O bond growing out from the PLLA
backbone. To induce net polarization in PLLA, the molecular
chains are required to be aligned in a similar direction forming
an organized crystalline domain. In previous reports, researchers
have used electrospun fibers of PLLA and a thermally drawn
and compression-molded PLLA to develop flexible piezoelectric
films.[64–67] However, there were some major constraints, such
as instability of the electrical signals generated from electro-spun
membranes of PLLA under an applied force.[64] Additionally, out-
put signals are often mixed with the signals produced by the tri-
boelectric effect (electric signals produced by the friction between
electrodes and film).[65]

Therefore, in this work, to obtain piezoelectric PLLA film with-
out stretching or electrospinning PLLA, glycine (amino acid)
is utilized to increase the degree of crystallinity of PLLA. X-
ray diffraction (XRD) and differential scanning calorimetry (see
Figure S2, Supporting Information) analysis was performed to
study the crystallization behavior of PLLA and PLLA/Gly films.
Figure 2a demonstrates the XRD patterns of neat PLLA and
PLLA/Gly films. Neat PLLA (without glycine) shows three

broader peaks (amorphous nature) at 15°, 17°, and 19°, referring
to the [010], [110]/[200], and [203] orientations of 𝛼-crystals, re-
spectively.

Following the addition of glycine, PLLA exhibits three crys-
talline orientations [111], [200], and [110], and glycine crystal
peaks are observed at 29.9° and 35.6°. With the addition of
glycine content (i.e., 5, 10, and 15 wt% as of dry PLLA) in PLLA,
the maximum intensity and sharpness of [200] and [110] peak
were observed in the case of 10 wt% glycine content. This at-
tributes to the transformation of 𝛼- form crystal structure having
a left-handed 103 spiral shape to the 𝛽-form crystal formation
having 31 spiral shape.[68] In other words, the growing crystal
structures are aligned or oriented more in [110] and [200] direc-
tions, turning it into piezoelectric PLLA (𝛽-form). The increase
in the intensity and sharpness of the glycine peak at 29.9° was
also observed for the PLLA/Gly-10 sample. The XRD peak at
29.9° indicates the formation of the 𝛼-glycine phase, which is the
thermodynamically more stable phase of the glycine.[69] Glycine
has three polymorphic phases (𝛼, 𝛽, and 𝛾) under ambient con-
ditions. 𝛼-Glycine is known to have non-piezoelectric properties
because of the centrosymmetric structure without piezoelectric-
ity, while 𝛽-glycine and 𝛾-glycine contain piezoelectric features
owing to the non-centrosymmetric polar structure. Thus, the
primary source of piezoelectricity is from treated PLLA (𝛽-form).
Utilizing XRD data, the degree of crystallinity of PLLA was also
computed based on the ratio of area under the [200] and [110]
peaks to the area under the whole curve (see Figure S3, Support-
ing Information). When the amount of glycine was increased
to 15% by weight in PLLA, the intensity and sharpness of the
peaks decreased, which might be due to the formation of glycine
agglomerates. 2D-XRD analysis was conducted to estimate the
orientation of crystalline structures after the addition of glycine.
Likewise, a specific amount of glycine in PLLA enhances the de-
gree of orientation of crystal domains, as shown in the 2D XRD
image in Figure 2b. 2D-XRD photographs display the orientation
of crystal domains inside PLLA, crystallized with glycine. The
amorphous circle changes to a band as the film contains more
aligned crystals. The less the sign band diverges from the axis,
the more aligned the crystals film will have.[67,70] As can be seen
from the sample with 10 wt% glycine, less signal band diverges
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Figure 3. a–c) SEM images of crystallized PLLA/Gly-10 film at ambient conditions. d) Schematic illustration of crystalline structure comprises crystal
lamellae connected by amorphous regions.

from the axis, which means it has a more aligned structure
than other combinations. Herman’s orientation function (f)
commonly expresses the orientation degree, which symbolizes
the average alignment of the pole relative to some reference
orientation.[71] With the addition of 10 wt% glycine in PLLA, the
dispersion angle decreases while Herman’s orientation function
increases (see methods, Supporting Information). The data
presented in Figure 2a agree with the 2D XRD results. These
results describe an optimal weight percent of glycine (10 wt%) to
obtain a flexible piezoelectric PLLA/Gly-10 film with improved
crystallinity and a promising piezoelectric effect.

Furthermore, the crystallinity of 𝛼-crystals decreases, and the
crystallinity of 𝛽-crystals increases, which could be due to the
interaction between amine bonds in glycine and ester groups
in PLLA. This subsequently improves the orientation of PLLA
chains, ultimately increasing the crystallinity of 𝛽-form.[72] Thus,
the main source of piezoelectricity in PLLA/Gly composite film is
from PLLA. We have analyzed FTIR spectroscopy of neat PLLA
and composite samples to probe the interaction between PLLA
and glycine (see Figure S4, Supporting Information). The inter-
action between PLLA and glycine and the formation of a hydro-
gen bond improves the chain alignment of the samples, pos-
sibly enhancing the piezoelectric properties of the PLLA/Gly
composite.

PLLA is a semicrystalline polymer containing a significant part
of an amorphous network but also comprises several crystal nu-
clei that rapidly grow with the addition of nucleating agents.[73]

The amorphous network of PLLA polymer is highly isotropic and
retains a center of symmetry. In order to change the isotropic na-

ture of polymer chains to be piezoelectric, the center of symme-
try must be eliminated.[74] The addition of a very small amount
of nucleating agent improves the crystallinity, accelerates the
crystallization, and triggers a particular crystalline structure and
morphology.[75,76] Utilizing glycine content as nucleating agent
results in introducing highly oriented new crystal structures.
Figure 3a–c illustrates an SEM examination of the PLLA film sur-
face with 10 wt% glycine content that displays the morphology
of PLLA/Gly-10 composite film. The addition of 10 wt% glycine
largely enhances the nucleation of PLLA by creating more nucle-
ating sites, thus improving its crystallinity. The highly oriented
crystal structures with the linear interface between them show
that these structures nucleated simultaneously (Figure 3a,b). Nu-
merous crystalline regions grown within the amorphous regions
exhibit an organized orientation (Figure 3c). Likewise, an aligned
network of polymer chains is anisotropic, an organized distribu-
tion of crystallites is also anisotropic. The intruding crystal struc-
tures having a nucleus in the center, and spread out dendritically
from the nucleus, as depicted in Figure 3d.[77] The orderly dis-
tribution of crystallite structure comprises crystal lamellae con-
nected by amorphous regions of PLLA (Figure 3c,d).

Vibration and impact tests were conducted to assess the piezo-
electric voltage outputs of the PLLA/Gly films under mechanical
forces/strains, which have also been utilized for characterizing
other piezoelectric materials.[78,79]

The PLLA/Gly film was sandwiched between two aluminum
electrodes and encapsulated in Kapton tape for vibration testing.
The sensor was firmly affixed to the top portion of the aluminum
beam with Kapton tape. Due to the triboelectric effects, Kapton
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Figure 4. Measurement of piezoelectric PLLA/Gly output voltage from vibration and impact modes. a) Output voltage from neat PLLA and PLLA/Gly
with different glycine content under vibration at 41 Hz. Simplified illustration of vibration setup used to get the output voltage (Inset). b) Same impact
force applied to neat PLLA and PLLA/Gly-10. c) Output voltage from neat PLLA and PLLA/Gly-10 (left) subjected to the same force. Simplified schematic
demonstration of impact setup (Inset of (c) [left]). (Right) enlarged view of output voltage.

tape was used to avoid errors in output signals. During the mea-
surements, it was assured that the signals were not generated by
triboelectricity or wire motion. The beam is fixed from one end,
and the other side is attached to the electrodynamic shaker that
controls the desired frequency and force levels (Supporting Infor-
mation). The sensor is exposed to mechanical strains (Figure 4a,
inset) by generating controlled oscillations using the setup. The
impact testing system included a commercial force sensor (PCB)
to measure the impact level, and the same electrodynamic shaker
to produce dynamic forces on the PLLA/Gly-10 sensor (Figure 4c
[left], inset). In both testing procedures, the sensor’s output volt-
age is measured by a data acquisition system (NetdB DAQ12).
Figure 4a shows open-circuit voltage outputs from PLLA films
with different weight percent of glycine when it is subjected to
vibration force at 41 Hz. Although the PLLA films with differ-
ent percentage of glycine responded to the input with different
piezoelectric response.

The neat PLLA film (control sample) produced only noise. The
results show that the sample with 10 wt% of glycine in PLLA
has the maximum signal output, showing the optimal amount of
glycine. For the remaining measurements, the experiments were
conducted only with piezo PLLA/Gly-10 film (10 wt% glycine as
of dry PLLA) since significant piezoelectricity was acquired with

this sample. In addition, this film is uniform and highly flexi-
ble. Thus, for further characterization of the sensor, PLLA/Gly-
10 was chosen as the optimal piezoelectric film. Figure 4b de-
picts that sensor fabricated from neat PLLA and PLLA/Gly-10
film was subjected to the same force level (≈4.5 N). Figure 4c
(left) shows the open-circuit voltage output from the sensor fabri-
cated with the optimal piezo film (PLLA/Gly-10) and neat PLLA.
An input force of ≈4.5 N was applied to a sensor made by us-
ing optimal piezo film that resulted in a generation of peak-to-
peak voltage output of ≈0.42 V, while the sensor made of neat
PLLA resulted in only noise. The voltage output increased lin-
early with increasing applied force (see Figure S5, Supporting
Information).

The piezoelectric output of the sensor increased almost lin-
early from ≈0.03 to ≈0.42 V under applied pressure ranging from
3.2 to 69.5 kPa (see Figure S5, Supporting Information).

The sensitivity, response time, and durability of the piezoelec-
tric pressure sensor were characterized to validate the applica-
bility of the sensor in detecting vital signals. Different known
pressures/forces were applied, ranging from 3.2 to 69.5 kPa,
on the piezoelectric sensor to calibrate output voltage. The dis-
tinct and clear output signals at different pressures permitted
us to construct a calibration curve (Figure 5a). The calibration
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Figure 5. a) A typical calibration curve generated from PLLA/Gly-10 sensor under different input pressures. The piezoelectric sensor displays good
linearity and sensitivity ranging from 3.2 to 69.5 kPa. b) Response time of PLLA/Gly-10. c) Output signals from commercial (PCB piezotronics sensor)
and PLLA/Gly-10 sensor. d) Long-term (mechanical) durability test of the piezoelectric sensor under dynamic loading conditions with impact pressure
of (31.25 kPa) and frequency of 5 Hz. The inset demonstrates an enlarged view of voltage output versus time.

curve could be useful for measuring pressures ranging from 0
to 69 kPa. Biodegradable piezoelectric PLLA/Gly-10 film could
also be assembled with other metal electrodes such as silver,
nickel, and gold for bio-compatible wearable applications. More-
over, biodegradable electrodes such as magnesium and molyb-
denum can also be used to fabricate a completely biodegrad-
able piezoelectric sensor based on PLLA/Gly-10 film. Therefore,
it could be utilized to measure physiological pressures such as
intraocular pressure (0–5.3 kPa)[80] and monitor diaphragmatic
contraction.[70]

The correlation between input pressure and voltage output can
be described by two linear regions. Up to the 10 kPa pressure
range, the slope obtained from the linear fit of voltage output is
0.02245 V kPa−1, for example, the sensitivity of 0.02245 V kP−1.
When the magnitude of pressure increases above 10 kPa, a slope
of 0.004 V kPa−1 is obtained from the linear fit of the voltage out-
put, for example, a sensitivity of 0.004 V kP−1. The non-linear
deformation of the PLLA/Gly-10 film as a function of input pres-
sure may display two sensitivities. We computed the longitudinal
piezoelectric charge coefficient d33 (expressed in pC N−1) utiliz-
ing the following relation.[81]

d33 =
𝜀o𝜀r

d

(ΔV
ΔP

)
(1)

where the thickness of the film, dielectric constant, and vac-
uum dielectric constant are represented as d, 𝜖r, and 𝜖o(8.854 ×
10−12 F m−1) respectively. The sensitivity of the sensor is shown
by ΔV/ΔP. The calculation of the dielectric constant is explained
in method section of the Supporting Information. In this case,
the value of 𝜖r was found to be 0.6192 at room temperature. Uti-
lizing these values, the longitudinal piezoelectric charge coeffi-
cient, d33, is estimated as ≈8 pC/N, which is in the range of previ-
ous reports.[43] The response time refers to an increase in output
voltage from the base point to the maximum point in response to
the force applied to the sensor, which was assessed to be ≈10 ms
upon pressure application. Whereas descent time is the recovery
phase where output voltage reaches the base point when force
is removed, which was calculated around ≈26 ms in our case.
The recovery time (≈26 ms) (descent phase of peak) is slightly
longer than the response time (ascent phase of peak), possibly
because the device needs more time to recover from its shape
change. Figure 5b depicts the response time of PLLA/Gly-10, for
example, 10 ms, which is even faster than other pressure sensors
(31–410 ms).[82–84] This could be attributed to the high orientation
of polymer chains and chemical stability of 𝛽-form of PLLA.

The accuracy of our sensor’s signals is compared with a
piezoelectric quartz force sensor (a commercially available PCB
Piezotronics; 208C01). Utilizing the calibration curve plotted for

Adv. Mater. Technol. 2023, 8, 2300347 2300347 (7 of 13) © 2023 The Authors. Advanced Materials Technologies published by Wiley-VCH GmbH
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Table 1. Comparison of performance of different mechanical sensors.

Mechanism Materials Sensitivity Self-powered Response time [ms] Durability Ref.

Piezoresistance Lead titanate (PbTiO3)
nanowires/graphene

9.4 × 10−3

kPa−1

× 5–7 ✓ [85]

Graphene/paper 0.26 kPa−1 × 120 ✓ [86]

Polydimethylsiloxane
(PDMS)/carbon

nanotube

0.34 kPa−1 × — ✓ [87]

Triboelectricity Au nanowires/carbon
nanotubes/PDMS

5.2 mV kPa−1 ✓ — ✓ [88]

Piezoelectricity
and
triboelectricity

PEDOT:PSS/PTFE/PZT 5.7 mV kPa−1 ✓ — ✓ [89]

Piezoelectricity PVDF-ZnO 0.33 V kPa−1 ✓ 16 ✓ [90]

Nylone-11 0.13 mV kPa−1 ✓ — ✓ [91]

Polyacrylonitrile/PVDF — 31 ✓ [82]

Collagen 27 mV N−1 ✓ ≈4.9 ✓ [92]

Chitosan/𝛽-glycine 2.82 ± 0.2 mV
kPa−1

✓ — ✓ [69]

Lithium niobate 28.8 nA kPa−1 ✓ 40 ✓ [93]

Imidazolium perchlorate
(ImClO4)/ bacterial

cellulose (BC)

4.24 mV kPa−1 ✓ — ✓ [94]

PLLA/Gly 13.2 mV kPa−1 ✓ 10 ✓ This work

our sensor, the output voltage transformed to a force value. As
shown in Figure 5c, the obtained signals closely correspond to
the magnitude of applied force measured by the commercial sen-
sor. Further, the sensor’s long-term stability (mechanical dura-
bility) was assessed by applying dynamic pressure (31.25 kPa)
over 4000 cycles at a 5 Hz frequency, as illustrated in Figure 5d.
The voltage output response was relatively stable and displayed
no major instability during periodic loading (see inset of Fig-
ure 5d). In this study, we focused on developing a biodegradable
material-based piezoelectric sensor. We have compared the devel-
oped sensor with already existing sensors and presented them in
Table 1. The developed bioresorbable piezoelectric film exhibits
good sensitivity, response time, and considerable durability (Fig-
ure 5), which is better than most of the sensing devices men-
tioned in Table 1.

Moreover, the bioresorbable piezoelectric film possesses high
sensitivity (13.2 mV kPa−1) when compared to other biore-
sorbable piezoelectric materials.

Direct monitoring of physiological signals, including arterial
pulse (radial and carotid) and muscle movement utilizing a piezo-
electric sensor, has great potential in identifying human health
information. Figure 6a displays a photograph of a piezoelectric
sensor conformally affixed to the human wrist with a transpar-
ent adhesive thin film (3M Tegaderm) for detecting radial pulse
rate. Stable deformation of the device results in effectively re-
sponding to the movement of blood vessels due to the good flex-
ibility of the sensor (Movie S1, Supporting Information), as de-
picted in the inset of Figure 6a. A healthy male under 30 with
no skin wounds, no allergic reactions, or ailments was consid-
ered for demonstrations. Approximately 72 beats per minute and
an average voltage (Vpp) of 700 mV (with amplification, see ex-

perimental details (Supporting Information)) were generated by
radial artery pulse. Important physiological and biomedical in-
formation, including blood pressure and arterial stiffness, can be
inferred from the characteristic peaks of peripheral artery wave-
forms exhibited by an enlarged view of the pulse signal (inset of
Figure 6b). In the normal state, peaks P1 and P2 indicate the sum
of traveling and reflected waves (from the hand) and waves re-
flecting from the lower body deducted by the end-diastolic pres-
sure, respectively. The difference in time of peaks P1 and P2 is
denoted as ΔTDVP, and the ratio of P2 to P1 is termed as radial
artery augmentation index (AIr), which strongly correlates with
arterial stiffness.[95] The average values measured for ΔTDVP and
AIr were 0.15 and 1.05 s, respectively, which are compatible and
correspond to a person under 30, as stated by Nichols.[96] We then
conformally attached the piezoelectric sensor to the human neck
for non-invasive monitoring of other human physiological activ-
ities (Movie S2, Supporting Information), such as carotid artery
pulse (Figure 6c). The voltage output (Vpp) generated from the
carotid artery pulse (top panel, with amplification) was 400 mV,
as demonstrated in Figure 6d. Using MATLAB, we applied low
and bandpass filters to refine the data obtained for radial and
carotid artery pulse using an oscilloscope (Rohde and Schwarz
RTE 1034). More than 50 Hz of noise produced from the sur-
rounding environments was refined using a low and band pass
filter.

The device was then attached around the throat to detect the
movement of muscles while coughing and drinking (Figure 6e;
Movies S3 and S4, Supporting Information). The piezoelectric
sensor shows high sensitivity to the movement of the esophagus
muscle (the food pipe), allowing it to distinguish between sig-
nals produced by the esophagus during the vibration of the vocal

Adv. Mater. Technol. 2023, 8, 2300347 2300347 (8 of 13) © 2023 The Authors. Advanced Materials Technologies published by Wiley-VCH GmbH
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cord (coughing) (Figure 6f) and while drinking action (see Fig-
ure S6, Supporting Information). It could effectively detect the
glottis’ opening and closing physiological features during swal-
lowing (Figure 6e).[97] Thus, the wearable sensor could be use-
ful in examining breath for the early detection of sudden infant
death syndrome.[98] Moreover, the sensor also showed high ac-
curacy in detecting vocal cord vibration during the repetitive ac-
tion of coughing. Thus, the wearable sensor can also be used to
examine a patient’s chronic obstructive pulmonary disease and
damaged vocal cords, including chronic bronchitis and asthma,
by evaluating the output signals of coughing action.[97]

In addition, we attached the wearable piezoelectric sensor to
the human wrist and elbow (Figure 6g–i; Movies S5 and S6, Sup-
porting Information). Bending and releasing actions of both the
wrist and the elbow led to the generation of clear voltage output
signals due to the shear deformation of the piezoelectric film.
Repetitive bending of the wrist and elbow produces a piezoelec-
tric potential within the device, which generates a positive peak.
A peak with negative amplitude appears upon release due to the
reverse piezo potential (Figure 6h–j). This demonstration shows
the tactile sensing capabilities of the wearable sensor during hu-
man activities. The wearable sensor could also power bioelec-
tronics by harvesting small-scale mechanical energies. The power
density and current output of the sensor are measured as a func-
tion of different resistances (RL) ranging from 100 KΩ to 10 MΩ
(under 6Hz frequency) (see Figure S7, Supporting Information).

2.1. Biodegradation of PLLA/Gly-10 Film

In this study, we used non-degradable materials for encapsula-
tion and electrodes to assess the piezoelectricity of biodegradable
PLLA/Gly film due to the durability, flexibility, and easy fabri-
cation method. Owing to the biodegradable nature of both the
materials (PLLA and glycine) utilized in this study, it is impor-
tant to estimate the rate of degradation of the PLLA/Gly film.
The bioresorption of PLLA mainly depends on temperature and
pH.[99] Chen et al.[100] reported that PLLA exhibits slow degrada-
tion in PBS (pH = 7.4) at room temperature, dropping only 5%
of its initial weight after 6 weeks. They also demonstrated that
the incorporation of other monomers into PLLA matrix signifi-
cantly increased the degradation rate (lost more than 20% of ini-
tial weight). In this regard, degradation behavior of piezoelectric
PLLA/Gly film was studied by submerging it in a PBS solution
at 37 °C, as shown in Figure 7. Because of the slow bioresorption
rate of PLLA in PBS with 7.4 pH, an accelerated degradation test
was carried out at a pH of 12. The accelerated bioresorption test
depicts the full dissolution of PLLA/Gly film in 5 days (Movie
S7, Supporting Information). We investigated that the degrada-
tion rate of PLLA/Gly film in PBS (pH = 12), is higher than the
degradation rate of PLLA in PBS (pH = 7.4).[100] It can also be
stated that the bioresorption rate of PLLA/Gly film enhanced sig-

nificantly due to the incorporation of glycine in PLLA matrix. This
may be attributed to the hydrolysis of ester group as well as imine
groups resulted in the degradation of PLLA/Gly which caused
extra mass lose, while hydrolysis of the ester-bond backbone re-
sulted in the degradation of PLLA.[101]

3. Conclusion

In conclusion, we have successfully fabricated a wearable self-
powered piezoelectric sensor based on a novel biodegradable
piezoelectric material (PLLA/Gly-10) prepared by a simple and ef-
ficient method. The PLLA/Gly-10 thin film (≈15 μm) obtained by
a spin coating process was sandwiched between two aluminum
electrodes, followed by encapsulation with Kapton tape. The sen-
sor demonstrated a sensitivity of (≈0.01322 kPa−1), 10 ms re-
sponse time, and good long-term stability over 4000 impact cy-
cles. The wearable sensor also responded to vibrations gener-
ated at 41 Hz. The sensor was conformally affixed to the hu-
man epidermis and monitored the radial/carotid artery pulse,
human motion activities, and muscle movements. The acquired
results suggest that PLLA/Gly-10 composite is a new promis-
ing biodegradable piezoelectric material for sensing applications.
Compared with the sensor assembled with photolithography, the
simple fabrication method makes the sensor more favorable.
However, the fabrication method can be explored further to im-
prove the piezoelectric properties. Furthermore, the biodegrad-
able nature of the film makes the sensor a good alternative
environment-friendly application, especially in healthcare appli-
cations where the maintenance of hygiene conditions is critical.
Because of the biodegradability of piezoelectric PLLA/Gly film,
it could be utilized to fabricate fully biodegradable/implantable
biomedical devices for monitoring important bio-physiological
pressures inside the body, allowing the development of new
types of tissues and organs. In addition, the piezoelectricity of
PLLA/Gly might be useful for generating voltage from biological
deformations to offer an important electrical simulation for the
regeneration/repair of tissue, for example, wound healing.

4. Experimental Section
Dynamic Pushing Stage System: The vibration and impact tests were

carried out by utilizing an electromechanical shaker (DP-V016, Data
Physics Corporation) and function generator (3352A1, Agilent), which can
modulate force and frequency rate.

Measurement of Electrical Characteristics: The output performance of
the wearable piezoelectric sensor was conducted utilizing a data acqui-
sition system (NetdB DAQ12) and a 4-channel oscilloscope (Rohde and
Schwarz, RTE 1034). Two males under the age of 30 were considered for
the real time monitoring of non-invasive physiological signals. The sub-
jects read and signed the informed consent. Informed written consent
from both the participants was obtained prior to the research.

Figure 6. a) Image of piezoelectric sensor conformally affixed to human wrist through a biocompatible adhesive (3M Tegaderm). The inset displays the
wearable sensor consistent with the movement of the blood vessel. b) Signals detected by the PLLA/Gly-10 sensor from radial artery pulse, demonstrating
different heart rates and produced voltage output under normal conditions. The inset shows enlarged voltage signals by the radial artery pulse, indicating
pulse pressure (P1) and late systolic augmentation (P2). c) Image of piezoelectric sensor conformally affixed to the carotid artery position. d) The signals
generated in response to the pressure produced by the carotid artery. e) Photograph of the piezoelectric sensor attached around the throat for monitoring
strain instigated by muscle movement for the vibration of vocal cord (coughing (f)). Detected muscle movement in terms of voltage output. Photograph
of the wearable piezoelectric sensor mounted on g) wrist and i) elbow joints. Detected joint motion in terms of voltage output h) wrist and j) elbow.

Adv. Mater. Technol. 2023, 8, 2300347 2300347 (10 of 13) © 2023 The Authors. Advanced Materials Technologies published by Wiley-VCH GmbH
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Figure 7. Optical images showing the biodegradability of piezoelectric PLLA/Gly film in PBS solution with time. The piezoelectric film completely de-
graded in PBS solution at 37 °C after 5 days.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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