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ABSTRACT Transient implantable medical devices based on biodegradable electronics can be used for diag-
nostic and therapeutic purposes for a desired duration and undergo biodegradation, unlike their conventional
counterparts. However, powering transient implants through biodegradable power sources remains under-
explored. Here, we report biodegradable piezoelectric transducer fabricated using 0-3 composite film made
of barium titanate nanoparticles and poly (L-lactic-co-glycolic) acid polymer (BT-PLGA). The proposed
BT-PLGA can be utilized in two different powering schemes; ultrasonic powering and energy harvesting
from low frequency acoustic waves. We demonstrated that the power density of the BT-PLGA transducer can
reach up to 10 mW/cm? in ultrasonic powering. The energy harvesting from low frequency acoustic waves
could also readily generate sufficient power for small electronics. The fabricated transducers underwent
complete biodegradation in physiological conditions within 100 days. The development of the biodegradable
piezoelectric transducer potentially provides a reliable power source for transient implants, especially for
deeply seated bioelectronics. The output performance, biocompatibility, and tunable biodegradation of
BT-PLGA transducer demonstrate its potential as a biodegradable power source for transient implantable
devices.

INDEX TERMS Biodegradable materials, implants, piezoelectric transducers, wireless power transmission.

I. INTRODUCTION

Transient electronics refer to the electronic systems that
are devised using bioresorbable or biodegradable materi-
als, which are designed to be dissolved in biofluids after
a desired operation lifetime [1]-[5]. Major benefits from
transient electronics technology include the elimination of the
secondary surgery to remove the implanted devices, reduction
of the electronic waste, and prevention of sensitive data leak-
age [2], [6]. The advancements in transient electronics have
led to the developments of many transient implants; examples
include force sensors to measure physiological pressure [7],
nerve stimulator [8], electrophysiological sensors [3], neu-
ral mapping device [9], and biosensors [10]-[14]. Although
significant advancements in transient electronics technology
with respect to diagnostics and therapeutics have been made,
the development of biodegradable power supply remained a
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missing link as most of these implants depend on reliable
power sources for their functions [15], [16]. In a conven-
tional scenario, batteries can serve this purpose [17], but they
are not usually biocompatible and have to be replaced by
surgery, which partially negates the advantages of transient
devices [18]. Hence, developing transient power sources that
can operate for a stable period of time alongside the implants
is the need of the hour [15].

Naturally, transient power sources for different pow-
ering schemes have been developed. For instance, glu-
cose fuel cells with a stable operation period of about
~100 days and the power density ranging from 2.5 to 8
,bLW/CIn2 were demonstrated [19]. An inductive power trans-
fer using a bioresorbable inductor also successfully operated
a transient neural stimulator [8]. Harvesting energy avail-
able within the body is another attractive alternative. For
example, bioabsorbable triboelectric nanogenerators were
demonstrated with a power density of 2.16 puW/cm?
with an excellent biocompatibility [20], [21]. In addition,
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bioresorbable capacitors, another critical element in power
storage, were demonstrated with a power density in the order
of 1 mW/em? [22], [23].

However, acoustic (ultrasound) powering has remained
under-explored because biodegradable piezoelectric trans-
ducers have not yet been developed, despite the fact that it is
suitable for powering implantable devices due to a long pow-
ering distance and minimal heating of tissues (under the FDA
limit for the imaging applications) [24]-[28]. Additionally,
the powering efficiency using ultrasound, especially in the
case of small deeply seated implants [26], [29], can be greater
than other wireless powering schemes. Thus, biodegradable
piezoelectric transducers operated through acoustic (ultra-
sound) power transfer technology are highly promising for
powering transient implants.

In this work, we demonstrate a biodegradable piezoelectric
transducer that can potentially be utilized to power tran-
sient implants. The transducer is a 0-3 composite film made
of barium titanate (BT) nanoparticles and poly (L-lactic-
co-glycolic) acid (PLGA) polymer. BT is a biocompatible
perovskite piezoelectric material with the d33 coefficient of
~100 pC/N [30]-[32]. PLGA is an FDA approved biodegrad-
able polymer, extensively used in constructing biomedical
implants; hence we chose PLGA as the polymer material
for the piezoelectric composite. We demonstrate that the
BT-PLGA transducer can be used in ultrasonic powering as
well as harvesting energy from low-frequency acoustics. The
maximum power generated by the BT-PLGA transducer was
1 mW, which is more than sufficient to power implantable
devices such as pacemakers ( ~1 to 10 uW) and neurostim-
ulator ( ~10 to 100 uW) [24], [33].

Il. RESULTS & DISCUSSIONS
A. DESIGN AND FABRICATION OF BIODEGRADABLE
PIEZOELECTRIC TRANSDUCER
Our proposed scheme of the biodegradable piezoelectric
transducer for transient implants is described in Fig. 1. A tran-
sient implant for various applications (e.g. sensing, actuation,
stimulation, drug delivery, etc.) can potentially be powered
through the biodegradable piezoelectric transducer convert-
ing incoming ultrasound applied from an external transducer
or low-frequency vibrations generated inside of human body
(e.g., blood flow) into electrical power (Fig. 1a). After operat-
ing for the intended lifetime of the device, the entire implant,
including the biodegradable transducer, can undergo com-
plete biodegradation without the implant extraction (Fig. 1b).
The biodegradable piezoelectric active material was a
0-3 composite consists of BT nanoparticles embedded in
a PLGA film. 0-3 composite piezoelectric material refers
to isolated (i.e. the zeroth order connectivity) patches of
piezoelectric materials (e.g. BT nanoparticles) encapsulated
in a polymer network with the third order connectivity [34].
Although the piezoelectric performances of 1-3 or 2-2 com-
posites are superior to those of 0-3 composites [35], the
degradation kinetics of 0-3 composite are expected to be
homogeneous as the embedded BT nanoparticles are released
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FIGURE 1. Concept and design of BT-PLGA transducer: (a) Overall concept
of the proposed work; a 0-3 composite piezoelectric BT-PLGA transducer
can serve as a power source for transient implants, harvesting energy
from acoustic waves. (b) The transducer can undergo biodegradation
after a desired operation duration.

from the PLGA encapsulation during degradation. For elec-
trical connections, molybdenum (Mo), biocompatible and
biodegradable, was used as the electrode material. The final
device was then encapsulated in another layer of PLGA
(Fig. 1b).

As the first step of the device fabrication, BT nanoparticles
were synthesized using the hydrothermal method using tita-
nium dioxide (TiO;) and barium chloride (BaCl,) as precur-
sors. The precursors were dissolved in 10 M NaOH solution
with 1:10 molar ratio of TiO, and BaCl,. The solution was
then transferred into a Teflon-lined autoclave (80% volume of
the autoclave was filled) and treated at 200 °C for 72 h. After
the solution was cooled down to room temperature, the result-
ing particles were washed several times with distilled water
by centrifuging at 6,000 rpm for 20 minutes until neutral
pH was attained. The resulting pellet was dried overnight
in a convection oven at 80 °C. The piezoelectric tetragonal
phase of the BT nanoparticles was confirmed by Raman
spectroscopy (532 nm, 20x objective, 1 mW, Alpha-300a,
WiTec, Germany). The Raman spectrum (Fig. 2a) shows the
characteristic peaks at 306 cm™! (A; mode) and 514 cm™!
(B1 mode), which confirm the presence of Ti*+ ions in the
parent lattice [36]. The scanning electron microscopy (JSM-
7600F, JEOL, Japan) was used to characterize the sizes of
the BT nanoparticles. A representative SEM image (Fig. 2b)
shows the cubic shaped nanoparticles with average dimension
of 200 nm.

The piezoelectric composite films with four different BT
nanoparticle concentrations of 0, 10, 20, and 30 w/v%
were fabricated into desired dimension of 1 cm x 1 cm.
BT nanoparticle concentrations were controlled by vary-
ing the amount of BT nanoparticles added to a PLGA
(lactic to glycolic mole percentage ratios of 50/50, Sigma
Aldrich, USA) solution in chloroform with a concentration
of 100 mg/ml. To obtain a homogeneous mixture, the solu-
tion was mixed using an ultrasonic homogenizer for 1 hour.
The mixture was then solvent casted into a polytetrafluo-
roethylene (PTFE) mold followed by a vacuum drying step
(room temperature, 3 days). The 0-3 BT-PLGA compos-
ite piezoelectric films was then removed from the mold
(Fig. 3a). Electrical connections were made by attaching
the Mo electrodes (25 wm thick, > 99.9%, Sigma Aldrich,
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FIGURE 2. Characterization of synthesized BT nanoparticles:
Representative (a) Raman spectrum confirming the tetragonal phase of
BT and (b) SEM image of BT nanoparticles.
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FIGURE 3. Schematics of BT-PLGA trasducer fabrication process:
(a) BT-PLGA composite film fabrication process, (b) BT-PLGA device
fabrication, (c) optical photograph of fabricated transducer, and
(d) cross-sectional SEM image of BT-PLGA composite film.

USA) and wires; wires were attached to the Mo electrode
using silver paste. Afterwards, the transducer was encap-
sulated in another layer of PLGA for device passivation
(Fig. 3b). Lastly, the transducer was electrically polled under
the electric field of 200 kV/cm using a high-voltage source
(Bertan 230, Spellman, USA). The fabricated 30 w/v%
BT-PLGA with an active area of 1 cm x 1 cm is shown
in Fig. 3c. The resulting films had thickness of ~ 120 um
(Fig. 3d).

B. BT-PLGA TRANSDUCER FOR ULTRASONIC POWERING

The fabricated BT-PLGA transducers were characterized for
ultrasonic powering. The schematic depiction and the photo
of the experimental setup are shown in Fig. 4(a). An external
transducer (Mida Technology, USA) was attached to one end
of the water tank and was driven in pulsed mode (freq. =
2.3 MHz, number of pulse = 10, repetition freq. = 10 kHz)
via a function generator (AFG1022, Tektronix, USA) and a
power amplifier (240L, ENI, USA). The BT-PLGA trans-
ducer was placed at the opposite end of the water tank about
10 cm from the transducer using a 3D printed fixture; the
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FIGURE 4. Ultrasound powering of BT-PLGA transducer: (a) experimental
setup for ultrasonic powering and the vibration mode of the BT-PLGA
transducer (b-c) pi lectric output voltages of unpolled and polled
PLGA transducerswhen stimulated by pulsed ultrasound generated from
PZT transducer at a frequency of 2.3 MHz and 65 mW/cm? acoustic
power intensity (d-e) piezoelectric output voltages of unpolled and polled
30 w/v% BT-PLGA transducers; the zoomed in views show the pulse train
(f) Dependence of output voltages and BT loading concentrations of
BT-PLGA transducer (0, 10, 20, and 30% w/v), and (g) Dependence of
output voltage and output current of BT-PLGA transducer (30% w/v) on
external load resistances (100  to 1 MQ).

back side of the BT-PLGA transducer was rigidly clamped
to the acrylic support making the vibration mode of the
transducer to be in the thickness mode (Fig. 4a). Using a fiber
optics hydrophone (Precision Acoustics, UK), we measured
the acoustic intensity. The hydrophone was placed in front
of the BT-PLGA transducer to measure the acoustic intensity
at the surface of the transducer; then the hydrophone was
removed prior to the power characterization. The measured
voltage amplitude of the hydrophone (Vj,) was 6.5 mV.
At 2.3 MHz, the hydrophone sensitivity (Sp,) was about
150 mV/MPa. Thus, the peak pressure (ppeai) was then
obtained by dividing the hydrophone output by the sensi-
tivity (equ. 1). The acoustic intensity was calculated based
on the measured peak pressure using equ. 2, which yielded
65 mW/cm?. (I: acoustic intensity, ppeqk: peak pressure [Pa],
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Vip
Ppeak = S_ [MPa] (D
hp
.
1= 2% W /m? @)
2p-c

Fig. 4(b)-(e) show the representative electrical out-
puts (directly connected to an oscilloscope with an input
impedance of 1 M) of the BT-PLGA transducers with two
different BT nanoparticle concentrations of 0 and 30 w/v%.
The voltage outputs of the PLGA devices (i.e., 0 w/v%)
under ultrasonic waves was within the noise level for both
unpolled and polled devices (Fig. 4(b-c)). On the other hand,
small voltage outputs (V,, < 100 mV) were measured from
unpolled 30 w/v% BT-PLGA transducer; the zoomed view
(indicated by the red dashed box) of the pulse clearly exhib-
ited the sinusoidal outputs under the ultrasonic excitation
(Fig. 4d). This performance of the BT-PLGA was enhanced
by more than a factor of 10 after polling (1 V,,) as shown
in Fig. 4(d). Moreover, a monotonic increase in the out-
put voltages under ultrasonic excitation was observed with
increasing BT concentrations (Fig. 4(f)), indicating that the
BT nanoparticles are responsible for the piezoelectric prop-
erties of the biodegradable BT-PLGA transducer.

To investigate the effective electric power of the BT-PLGA
transducer, the load resistances were varied from 100
to 1 M. As shown in Fig. 4(g), output voltage increased
gradually as the load resistance was increased, whereas the
instantaneous current exhibited the opposite trend. The opti-
mal load resistance was around 1 k2, where a maximum
power of | mW was reached under a mild ultrasonic irradi-
ation (65 mW/cm?). Given that the FDA limit of ultrasonic
intensity for imaging applications is around 720 mW/cm?,
we expect that a power density up to 10 mW/cm? can be
achieved under higher intensity ultrasonic irradiation.

In addition to its function as the receiver for the ultrasonic
powering, we explored the inverse piezoelectric effects of
the BT-PLGA transducer, which can be used for different
applications such as sonocommunication, drug delivery mon-
itoring, and sensing applications. To investigate the ultra-
sound generation from the BT-PLGA transducer (~ 200 um
thick), a continuous sinusoidal signals at different frequen-
cies were applied to the 30 w/v% BT-PLGA transducer via
a function generator and a power amplifier. The generated
ultrasound was measured using a fiber optics hydrophone
about 10 cm away from the transducer. Fig. 5(a) shows an
FFT of the hydrophone response when the BT-PLGA was
driven with 5.2 MHz sinusoidal waves. A clear peak corre-
sponding to the driving frequency of 5.2 MHz is observed
from the hydrophone output, confirming the inverse piezo-
electric effect of the BT-PLGA. We ensured that the output
was not due to another effect, such as the coupling between
the fiber optics system and the RF amplifier, by replac-
ing the BT-PLGA transducer with the PLGA-only sam-
ple. We observed no detectable signal (data not shown)
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FIGURE 5. Piezoelectric ultrasonic transducer: (a) BT-PLGA transducer
emitting ultrasonic waves with resonance frequency of 5.2 MHz when
electrically stimulated using continuous sine wave at 250 mV pp

(b) BT-PLGA transducer showing highest output voltage at its resonant
frequency (5.2 MHz).
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FIGURE 6. Energy harvesting from low frequency acoustic waves:

(a) Experimental setup for energy harvesting, (b) open circuit voltage
(Voc) of BT-PLGA transducers of different BT NPs concentration (0,10, 20,
30% w/v) under the mechanical force (hand tapping); inset: enlarged
image of a single peak-to-peak voltage graph of BT-PLGA transducer
(30% w/v) under compression and relaxation (c) 2D graph depicting
increase in piezoelectric output voltage of BT-PLGA transducer with
increase in BT NPs concentration; inset: optical image of LED lit up using
the piezoelectric potential generated from the device.

confirming that the hydrophone output is due to the generated
ultrasound. To find the resonant frequency of the BT-PLGA
ultrasonic transducer, it was electrically stimulated with con-
tinuous sinusoidal with frequencies ranging from 3 MHz
to 6 MHz (Fig. 5(b)). From the frequency response of the
BT-PLGA ultrasonic transducer, the resonant frequency was
identified to be 5.2 MHz, which appeared to be linked to the
thickness mode of the vibration. The calculated resonance
frequency based on thickness mode (equ. 3) was 5.7 MHz,
which agreed reasonably well with the experimental result
(the speed of sound in PLGA was taken as 2300 m/s [37]).
Fe SOSPLGA 3)
2tprGa
The demonstrated ability of the BT-PLGA transducer to
exhibit both piezoelectric and inverse piezoelectric effect
enables it to be bidirectional transducer, suitable for ultra-
sonic powering as well as for communication of vital bio-
logical information, potentially adding another functionality
to transient diagnostic/therapeutic implants.
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C. LOW FREQUENCY ACOUSTIC WAVE ENERGY
HARVESTING

In addition to the ultrasonic powering through the BT-PLGA
transducer, we investigate the possibility of energy harvesting
from low frequency acoustics generated within the body.
While the low frequency acoustics may not be as intense as
the externally applied ultrasound, they are more abundantly
available from the human motions or ambient sounds, and
thus can power the implant without the need of the external
transducer [24], [38], [39]. Hence, we explore the energy
harvesting from the low acoustic waves with BT-PLGA trans-
ducers as another mode of powering scheme.

The experimental setup is illustrated in Fig. 6(a). The
setup was identical to that of ultrasonic powering, except the
external transducer was now replaced by the hand tapping to
generate low frequency vibrations. Hand tapping was applied
at one end of the water tank about 10 cm away from the
BT-PLGA transducer. A similar trend of increasing peak-
to-peak V,. was observed for low frequency acoustics har-
vesting as the output voltage monotonically increased with
the increasing BT concentrations. Fig. 6(b) shows the time
trace of the measured output voltage under low frequency
waves generated by hand tapping. Although some voltage
outputs were observed from the PLGA film (V, of 0.6 V),
likely due to the capacitive effect, they were small compared
to the voltage output of 30 w/v% BT-PLGA (Vp, of 9V).
We attribute the large voltage output of the BT-PLGA trans-
ducer to the large pressure generated by the hand tapping. The
force generated by the tapping with a finger was in the order
of 10N; assuming a contact area between a finger and the wall
to be around 1 cm x 1 cm, the acoustic pressure of the low
frequency waves were estimated to be in the order of 100 kPa.
The low frequency acoustic pressure is more than an order of
magnitude greater than the ultrasound used in ultrasonic pow-
ering (we note that this large acoustic pressure will rarely be
generated naturally inside the body, but was used for demon-
stration purpose only). An enlarged image of single peak-to-
peak voltage graph of BT-PLGA 30 % w/v transducer under
compression and relaxation due to low frequency acoustics is
given as inset in Fig. 6(b). The average V,,, generated from
transducers with different BT concentrations are summarized
in Fig. 6(c). Similar to the case of ultrasonic powering, both
the concentration effect and the polling effect on the trans-
ducer output characteristics indicate that the piezoelectric
effect is responsible for the energy harvesting. To demon-
strate the feasibility of the powering small implants from
low frequency acoustic waves, the BT-PLGA transducer was
connected to a rectifier (GBJ25G, GeneSiC Semiconductor,
USA) to convert the alternating electric current (AC) signal to
direct current (DC). Four green LEDs (WP710A10LZGCK,
Kingbright) were then connected in parallel to the output of
the rectifier. Using the harvested energy from low frequency
vibrations, the LEDs were readily powered on as shown in
the inset of Fig. 6(c). Since the BT-PLGA is rigidly clamped
to a support, the vibration mode of the transducer is also
expected to be in the thickness mode along the direction of
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FIGURE 7. Capacitor charging performance of BT-PLGA: (a) The capacitor
charging performance of BT-PLGA transducer with ultrasonic powering.
Each red vertical dashed line indicates the arrival of the ultrasonic pulse.
(inset: 30 w/v% BT-PLGA transducer is connected to a full-bridge rectifer
connected to a 100 nF capacitor). (b) The capacitor charging performance
of BT-PLGA transducer under low frequency acoustics generated from
hand tapping.

the polarization, similar to the case of ultrasonic powering
(Fig. 4a).

Since the harvested electrical energy is often stored in a
capacitor, the transducer’s ability to charge a capacitor is
also critical in powering implants. Thus, we demonstrate the
charging performance of the BT-PLGA transducer using two
acoustic sources; ultrasound and low frequency acoustics.
The BT-PLGA transducer was tested using the previously
described setup (Fig. 4a and Fig. 6a) with one modification;
the output of the transducer was connected to a full bridge
rectifier and a 100 nF capacitor (Fig. 7a inset). The charge
accumulation in the capacitor was monitored under ultrasonic
irradiation (Fig. 7a) and low frequency vibration generated
from hand tapping (Fig. 7b). The red vertical lines indicate the
timings of the ultrasonic pulses and the low-frequency acous-
tics generated from hand tapping arriving at the BT-PLGA
transducer surface. It can be seen that the voltage across the
capacitor increases after each pulse whether it is from the
ultrasound or low frequency vibrations (Fig. 7), confirming
the charging capability of BT-PLGA.

D. DEGRADATION PROCESS OF BT-PLGA TRANSDUCERS

Lastly, we examine the degradation of the biodegradable
BT-PLGA transducer. To simulate the physiological condi-
tions, PBS (pH of 7.4) was used as the degradation medium.
The degradation process of BT-PLGA composite material
appeared to be bulk erosion, by comparing Fig. 8a and
Fig. 8b, which was consistent with the well-known bulk
degradation behavior of PLGA [40]. The bulk erosion behav-
ior of BT-PLGA is due to the fact that, in 0-3 composite,
PLGA provides the structural integrity of the device; hence,
the degradation of PLGA will naturally cause the embedded
nanoparticles to be released from the film, similar to the drug
delivery devices using biodegradable polymers [40]. There-
fore, the degradation time and the degradation process (i.e.
surface vs. bulk) of the 0-3 piezoelectric composite follows
that of a PLGA film. The time scale of degradation was about
100 days; the structural integrity of the device was lost at
~50 days and a complete degradation of the whole device
occurred at ~100 days as shown in Fig. 8 (a)-(c). The time
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FIGURE 8. Degradation (0.1M PBS, pH = 7.4, and 37°C) of (a-c) BT-PLGA
device (d-f) and MO electrode over a period of ~100 days.

scale for the complete degradation of Mo electrodes were
similar at 37 ° (Fig. 8(d)-(f)). However, the degradation of the
Mo sheets attached to the transducer appears to be slower than
that in the case of standalone. This difference is attributed to
the fact that one side of the electrode is protected from the
environment by BT-PLGA composite. We expect that both
BT-PLGA and Mo electrodes can be degraded at the same
rate by reducing the thickness of the Mo electrode (we used
~ 25 pum Mo electrode for this experiment).

Further, the functional period of the device is expected
to be controlled through two parameters. Firstly, PLGA is
known to have different degradation kinetics depending on
the ratio between the lactic acid and glycolic acid [41]; thus,
the functional period of the device can be controlled by mod-
ifying the composition of the biodegradable polymer, since
the degradation kinetics of BT-PLGA follows that of PLGA.
In addition, the total degradation time and the operation
period both depend on the overall dimension of the device
such as the thickness of the electrodes and encapsulating
films.

Ill. CONCLUSION

In summary, we developed and demonstrated a biodegradable
piezoelectric transducer, which can potentially be utilized to
power transient implants. The 0-3 composite of BT-PLGA
based transducer is capable of generating upto 1 mW/cm?
from ultrasonic powering and energy harvesting from low
frequency acoustic waves. The traducer can also function as
an ultrasonic transmitter for various applications. The entire
device is biodegradable within 100 days; the degradation time
can be tuned by modulating the composition of PLGA and
thickness of Mo electrodes. To the best of our knowledge,
this is the first demonstration of a biodegradable piezoelectric
transducer that can possibly address the powering needs of the
small deeply seated transient implants. Currently, however,
the clearance of BT nanoparticles remains a concern; while
BT is known to be biocompatible, the cytotoxicity of nanopar-
ticles at relatively high concentration can be a possible issue.
In addition, despite the large maximum power harvesting
demonstrated in this work, the energy density is relatively
modest. Despite these limitations, for a deeply seated small
implants, even a device with an active area of ] mm x 1 mm

68224

can harvest upto 100 W under intense ultrasonic irradiation,
enough to operate a low power IC circuitry.
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