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Ultrasound-Induced Wireless Energy Harvesting for 
Potential Retinal Electrical Stimulation Application

Laiming Jiang, Yang Yang,* Ruimin Chen, Gengxi Lu, Runze Li, Jie Xing, K. Kirk Shung, 
Mark S. Humayun, Jianguo Zhu,* Yong Chen,* and Qifa Zhou*

Retinal electrical stimulation for people with neurodegenerative diseases 
has shown to be feasible for direct excitation of neurons as a means of 
restoring vision. In this work, a new electrical stimulation strategy is pro-
posed using ultrasound-driven wireless energy harvesting technology to 
convert acoustic energy to electricity through the piezoelectric effect. The 
design, fabrication, and performance of a millimeter-scale flexible ultra-
sound patch that utilizes an environment-friendly lead-free piezocomposite 
are described. A modified dice-and-fill technique is used to manufacture the 
microstructure of the piezocomposite and to generate improved electrical 
and acoustic properties. The as-developed device can be attached on a 
complex surface and be driven by ultrasound to produce adjustable elec-
trical outputs, reaching a maximum output power of 45 mW cm−2. Potential 
applications for charging energy storage devices and powering commercial 
electronics using the device are demonstrated. The considerable current  
signals (e.g., current >72 µA and current density >9.2 nA µm−2) that are 
higher than the average thresholds of retinal stimulation are also obtained 
in the ex vivo experiment of an implanted environment, showing great 
potential to be integrated on implanted biomedical devices for electrical 
stimulation application.

DOI: 10.1002/adfm.201902522

A visual prosthesis system comprises an 
external or implantable imaging system 
that acquires and processes the image. 
Power and data are transferred to the 
implant by an external unit. The implant 
receives power and delivers the data to 
the nerve through the microelectrodes.[5,6] 
Thus, a power transfer system that is 
capable of providing sufficient energy for 
neural stimulation within security limits 
is needed that also ensure the device’s 
portability, biocompatibility, and longevity. 
Wireless power technology is therefore 
of great interest as it plays a vital role in 
eliminating the invasiveness and discom-
fort caused by batteries or wires in most 
implantable medical devices.[7,8] Recently, 
wireless devices capable of achieving 
untethered transfer, as well as mm-scale 
integrated circuits for neuro-stimulation 
have been developed.[9] Nevertheless, most 
wireless power systems employ electro-
magnetic energy coupling, which turns 
out to be extremely inefficient in mm 
(or micro)-scale systems due to the mis-

match between the radio wavelength (≈cm) and aperture of 
mm-scale receivers.[10,11] New approaches are required for the 
further miniaturization of wireless electronic platforms that are 
capable of effectively interfacing with small nerve bundles.

Here we propose a new electrical stimulation strategy of 
using the ultrasound-induced energy for wirelessly powering 
mm-scale implants. Our strategy begins by designing a delicate 
architecture assembled from an ultrasound transmitter and an 

Biomedical Applications

1. Introduction

Visual prostheses to produce a sense of image by electrically 
exciting neurons in the visual system have shown incred-
ible promise, enabling those blind to perceive visual signals 
from the devastating outer retinal diseases,[1–3] such as reti-
nitis pigmentosa where the photoreceptors are damaged but 
the remaining inner retinal circuitry remains mostly intact.[4] 
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ultrasound receiver, which allows us to manipulate the conver-
sion of electroacoustics by the piezoelectric effect,[12] thereby 
achieving the control of the electrical stimulation energy. In con-
trast to electromagnetic coupling, ultrasound for power transfer 
possesses several major advantages. First, the acoustic velocity 
(c) is five orders of magnitude lower than that of radio in tissue, 
resulting in much smaller wavelengths (c = λf ) at similar fre-
quencies (   f    ). The velocity difference allows the energy to be  
focused to a millimeter spot size, yielding an excellent spatial 
resolution.[13,14] Second, the attenuation of acoustic energy in 
tissue is much less than that of electromagnetic radiation.[11,15] 
This not only results in a higher traveling depth for a given 
power but also significantly reduces unnecessary power losses 
due to scattering or absorption of tissue. Third, ultrasound is 
safer in most cases.[16] Ultrasound technology has long been 
applied for medical diagnosis and therapeutics.[17–19] According 
to the Food and Drug Administration (FDA), a limited ultra-
sound intensity of 720 mW·cm−2 is permissible into the 
human body for diagnostic applications,[20] which is two orders 
of magnitude higher than the safety threshold (1–10 mW·cm−2) 
of radio waves.[21] Therefore, the wireless energy transfer tech-
nology that is ultrasonically driven is a promising strategy. 
For example, Seo and Johnson et al. have reported an ultra-
sonic neural dust system for peripheral nerve stimulation 
and recording, which performs downlink communication and 
readout through ultrasonic power and control.[11,22] However, 
their design presents a rigid structure that employs toxic lead-
based piezoelectric materials as a core element. These draw-
backs represent a common obstacle for the development of 
advanced bio-implants that can combine excellent soft mechan-
ical performance with environmental friendliness to ensure the 
harmlessness to the human body in long-term implantation.

In this work, we prepare an anisotropic 1-3 type lead-free 
piezocomposite that is integrated into an mm-scale flexible 
format with a flexible electrode for external contact and a sili-
cone elastomer for encapsulation.[23] The as-developed lead-free 
piezoelectric ultrasonic energy harvester (LF-PUEH) is capable 
of being implanted into eyeballs to sense the transmitted ultra-
sonic signals from a few centimeters away and to convert them 
into usable electrical signals. Achieving improved acoustic and 
electrical properties and similar mechanical properties to the 
tissue, the flexible ultrasound patch not only achieves a high 
piezoelectric potential under ultrasonic drive but also simulta-
neously possess environmental friendliness and high flexibility 
to ensure a safe and intimate contact with the time-varying 
tissue surface. Systematic studies including frequency char-
acteristics, input conditions, load optimization, and implant 
mimic are implemented to evaluate its output characteris-
tics and to demonstrate its use in potential applications. The 
study paves the way for a future generation of an eco-friendly 
implantable electric stimulation device, thus moving the ultra-
sound-driven energy transfer technology towards real-world 
applications.[24,25]

2. Results and Discussion

The as-developed LF-PUEH device hybridizes high-perfor-
mance microscale piezocomposite with flexible structural 

components. The schematic of the device is presented in 
Figure 1a. As the core component of an ultrasonic energy har-
vester (UEH) device, the anisotropic 1-3 piezocomposite that 
combines the desirable performance of two different phases 
possesses better electromechanical coupling than the isotropic 
piezoelectric materials in ultrasonic energy transfer applica-
tions.[12,26] The idea has proven to be effective in developing 
1-3 type piezocomposite composed of piezoelectric array and 
piezoelectric inactive polymer.[27,28] Currently, lead-based 
piezoelectric materials represented by lead zirconate titanate 
ceramics and the related lead-based perovskites are dominant 
in the piezoceramic market because of their good piezoelectric 
properties. Nevertheless, due to the biohazard regarding the 
current lead-based piezoelectric materials and express provi-
sions of Restriction of Hazardous Substances,[29] the atten-
tion has been shifted to lead-free alternatives, especially on 
potassium-sodium niobate-based piezoelectrics.[30–33] In this 
work, a new 1-3 piezocomposite comprising a system of high 
piezoelectricity lead-free ceramic [(K0.48Na0.52)(Nb0.95Sb0.05)- 
O3-(Bi0.4La0.1)(Na0.4Li0.1)ZrO3, abbreviated as KNNS] pillar array 
with parallelepipeds shape and the insulating polymer filler 
(EPO-TEK 301) was designed and fabricated using a modified 
dice-and-fill technique (Figure 2a).[34] As displayed in the scan-
ning electron microscopy (SEM) micrograph (Figure  2b) and 
X-ray diffraction (XRD) pattern (Figure 2f), the prepared KNNS 
sample exhibits a dense ceramic body and a typical perovskite 
structure with a multiphase coexisting state, ensuring excel-
lent properties of the material. According to the parallel and 
series model proposed by Chan et al.,[28] the acoustic and elec-
trical properties of the composite can be predicted theoretically 
(Figure S1, Supporting Information). The electromechanical 
coupling coefficient k33, voltage coefficient g33, piezoelectric 
coefficient d33, permittivity 33

Tε , and acoustic impedance Za are 
determined as a function of KNNS volume fraction (v) by the 
following equations:

k C CE D1 /33 33 33= − 	 (1)

g d T/33 33 33ε= 	 (2)

d vs d S vP /33 11,epoxy 33,KNNS ( )= 	 (3)

v v v d S v vT T P1 / 133 33,KNNS 33,KNNS
2

11,epoxyε ε ε( )( ) ( ) ( )= − − + − 	 (4)

a 33Z CDρ= × 	 (5)

wherein ( ) (1 )11,epoxy 33,KNNSS v vs v sP E= + − , ρ is the density, s is the 
elastic compliance, and C is the elastic stiffness. In addition, 
several guidelines are followed to improve the harvester per-
formance when designing the spatial dimensions of the 1-3 
piezoelectric composite. First, a width-to-thickness aspect ratio 
of less than 0.5 is required for the KNNS pillar because the 
half-wave lateral mode of the piezoelectric pillars should be 
well above the fundamental thickness vibration so that their 
harmonics do not couple to the thickness mode.[35] Second, the 
stopband edge resonant frequency should be higher than twice 
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the fundamental thickness resonant frequency.[36] Thus, the 
spacing between KNNS pillars should be less than cs/2f, where 
cs and f are the shear wave velocity of the polymer fillers and 
the thickness resonant frequency of the pillars, respectively. 

Based on the above theoretical analysis, a ceramic/polymer pie-
zocomposite with the miniaturized piezoelectric pillars (85 µm × 
85  µm × 300  µm) and kerfs (25  µm) was designed and fab-
ricated (Figure  2b–e; Figure S2, Supporting Information), 
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Figure 1.  Schematic and design of the mm-scale flexible LF-PUEH device. a) Schematics of the device, with key components labeled. The device 
employs an environmentally friendly lead-free piezocomposite as the core component, wavy-structure-based flexible electrodes for external contact, 
and a silicone elastomer for encapsulation. The device can be driven by the ultrasound to produce adjustable electrical outputs for electrical stimula-
tion applications. b–d) Optical images of the device when it stands freely, wraps over a vertically folded surface, and a curved surface, demonstrating 
the mechanical compliance of the device.
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which satisfies an optimized ceramic volume fraction (≈60%)  
(Figure  2g). The developed piezocomposite exhibits a reso-
nant frequency of 6.06  MHz (Figure  2h) and a lowered 
acoustic impedance Za (≈11.6 MRayl). The longitudinal elec-
tromechanical coupling k33 (≈0.70) and voltage coefficient 
g33 (≈38.3 × 10−3 V·m·N−1) were substantially augmented 
by suppressing shear vibrating modes and lowering the 

permittivity,[28,37] effectively enhancing the sensitivity of the 
piezocomposite to receive ultrasound. The final microstructure 
piezoelectric component with a backing layer (300  µm) pos-
sesses a spatial volume of 1 mm × 1 mm × 0.6 mm (Figure 2d), 
enabling the miniaturization of the device. A summary of 
some important electrical and acoustic parameters of the 
ceramic/polymer piezocomposite and the pure KNNS ceramic 
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Figure 2.  Fabrication and characterization of the 1-3 piezocomposite component. a) Schematic illustration of the process of preparing the 1-3 ceramic/
polymer piezocomposite using a modified dice-and-fill technique. b) Optical image of the KNNS ceramic pillars array after dicing. The inset shows the 
SEM micrograph of KNNS ceramic. c,d) Optical images of the prepared piezo-component with a backing layer after lapping to the required thickness. 
e) Energy dispersive spectroscopy (EDS) elemental mapping images for the piezo-component. f) XRD pattern for prepared KNNS ceramic. g) Electro-
mechanical coupling coefficient k33 and acoustic impedance Za of the 1-3 piezocomposite as a function of ceramic volume fraction (line: theoretical 
prediction; symbols: experimental data). h) Impedance and phase angle spectra of the 1-3 piezocomposite before and after poling.
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are given in Table S1, Supporting Information. The detailed 
calculation and measurement methods are presented in Sup-
porting Information and in Section 4.

A polyimide insulated copper wire with a diameter of 100 µm 
was used to fabricate flexible electrode to connect the piezo-
electric component in the device and the external circuit (for the 
detailed fabrication process see Section 4). The accumulated elec-
trons induced by piezoelectric effect can flow between the top and 
bottom electrodes through the external circuit.[38] The wavy struc-
ture design inspired by a stretchable ultrasonic device proposed 
by Wang et al. aims to accommodate the externally applied strain 
(Figure S3, Supporting Information).[23] The top and the bottom 
electrodes are routed to the same plane for optimized mechanical 
robustness. Finally, the entire device is encapsulated in a sili-
cone elastomer (Ecoflex 00-10, Smooth-on Inc, Easton PA) with 
the Young’s modulus (≈55 kPa) similar to that of human tissue 
(e.g., retina ≈20  kPa) (Figure  1b).[39,40] The thickness of the as-
fabricated ultrasound patch is approximately 1.7 mm to balance 
the mechanical strength with acoustic receiving performance. 
The hydrophobicity of the silicone elastomer provides a barrier to 
moisture and protects the device from possible body fluid corro-
sion.[23] The Schematic illustration of the entire device fabrication 
process is shown in Figure S4, Supporting Information. Owing 
to its flexible mechanics, the ultrasound patch allows conforma-
tion to general complex surfaces (Figure 1c,d), showing its great 
potential for the application of implantable medical devices.

The working principle of an LF-PUEH device is demon-
strated in Figure  3. Technically, the piezocomposite can be 
viewed as consisting of parallel-connected oscillator array,[41] 
which vibrates along the longitudinal 3-3 direction under the 
drive of ultrasound wave (see the schematic demonstrated in 
Figure  3a,b).[42] The impedance for an oscillator unit (Zj, one 
ceramic pillar) and the whole 1-3 piezocomposite component 
(Z) can be expressed respectively as[43]

Z
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the capacitance. C33, ε33, and e33 are the effective elastic, dielec-
tric, and piezoelectric constants, respectively. ω, ρ, and ξ are the 
angular frequency, density, and wave number, respectively. S and 
h are the area and thickness of an oscillator unit Zj, respectively. 
As shown in the equivalent circuit model in Figure 3b-ii, the oscil-
lator array is equivalent to a current source. The current Ij flowing 
into the load ZL from an oscillator unit Zj and the total output 
voltage V  applied to the load ZL are derived respectively as[42]
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wherein P is the ultrasonic pressure applied to the piezoelectric 
component and the time-harmonic factor exp (iωt) has been 
reduced to simplicity. When the load is equal to the internal 
impedance of the energy harvesting device, the maximum 
output power dissipated in the load is achieved.[42]

Simulations for the piezoelectric potential produced by the 
piezoelectric component that is placed in a focused acoustic 
field were conducted with a finite element analysis program 
(Comsol Multiphysics), as illustrated in Figure  3c. Since the 
whole device is in the acoustic medium, the ultrasonically 
induced mechanical deformation will occur throughout the 
device, including the piezoelectric layer. Polycrystalline ceramic 
pillars in the piezocomposite can produce charge dipoles that 
are linearly distributed due to the movement and switching of 
the polarization domains during the polling (Figure  3b-i).[44] 
When the piezocomposite is mechanically deformed, the piezo-
electric potential is generated between the top and bottom elec-
trodes due to the aligned dipoles. The potential distribution of 
1-3 piezocomposite is represented by a color bar. Because of 
the insulating polymer filler and the silicone elastomer encap-
sulation, induced electrons flow through the external circuit 
to balance the generated piezoelectric field and accumulate at 
the interface of the bottom electrode. This behavior produces 
a signal of voltage and current (Figure 3c-iii). When the piezo-
composite is subjected to a reverse acoustically driven pressure, 
the deformation and the potential are reversed. The accumu-
lated electrons then flow back to the top electrode, thereby 
inducing an electrical signal in the opposite direction. In addi-
tion, the acoustic pressure near the transducer focal point is 
much higher than that at other points (Figure 3c). The energy 
is concentrated near the focal point. Therefore, the receiver 
should be placed near the focal point to effectively harvest the 
transmitted acoustic energy. A specific working process for the 
time-dynamic relationship between the piezoelectric potential 
and the ultrasonically driven pressure is illustrated in Video S1, 
Supporting Information. The results show that the 1-3 piezo-
composite can convert ultrasonic energy into a piezoelectric 
potential as output.

To evaluate the output performance of the device, we meas-
ured the piezoelectric potentials produced by the ultrasoni-
cally driven LF-PUEH using a multifunctional testing platform  
(Figure S5, Supporting Information). First, the LF-PUEH 
device is an ultrasound receiver that converts the perceived 
ultrasonic signal into an electrical signal. Receiving is operated 
in a non-resonant mode which works well over a wide range of 
the band that is below its resonance frequency (the resonance 
frequency of our piezo-component is 6.06  MHz).[45] Apart 
from the sensitivity of the LF-PUEH itself, the outputs also 
depend on the strength of the received ultrasound signal. To 
excellently provide a penetrating ultrasonic signal to drive the 
LF-PUEH device, a kilohertz-level ring focused ultrasound 
transmitter (inner diameter: 9.5 mm, outer diameter: 28.5 mm, 
focal length: 20 mm) was designed and manufactured, as pre-
sented in Figure  4a (right inset). Transmitting is a resonant 
application that converts electricity to mechanical vibration, 
and optimal conversion efficiency is achieved when working 
near a resonant point.[46] The measured impedance and phase 
angle spectra of the transmitter are shown in Figure 4a, where 
a resonant frequency of 304  kHz was observed. The output 

Adv. Funct. Mater. 2019, 29, 1902522
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voltage amplitudes of the LF-PUEH device with different load 
resistances were measured by a burst-mode focused ultrasound 
driving over a wide frequency range (200–400 kHz) (Figure 4b). 
The results show that the maximum voltage is obtained at 
304  kHz over the entire test range, corresponding to the res-
onance point of the transmitter. During the experiment, both 
the LF-PUEH device and the transmitter were immersed in 

deionized water with a fixed distance of 20  mm, which is the 
focal length of the transmitter and was calibrated by the time 
delay (≈26 µs) of pulse-echo response (Figure S6, Supporting 
Information).

Figure  4c shows the output voltage signals recorded as a 
function of the connected external resistance from 50 Ω to 
1 MΩ to investigate the output power of the as-fabricated 

Adv. Funct. Mater. 2019, 29, 1902522

Figure 3.  The working principle of the LF-PUEH device. a) Schematic illustration of a test setup. b) i: Schematic illustration of the 1-3 piezocomposite. 
The inset shows the schematic illustration for the spontaneous polarization in KNNS ceramic. The red arrows represent the possible directions of the 
polarization caused by an external electric field. ii: The equivalent circuit model for the LF-PUEH device. c) i: The simulated acoustic field of a focused 
transducer. ii: A section of the simulated acoustic field at the focal plane. iii: The simulated piezoelectric potential distribution inside a piezo-component 
induced by a focused ultrasonic field.
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Figure 4.  Electrical characterizations of the LF-PUEH device. a) Impedance and phase angle spectra of the ultrasound transmitter, showing a resonant 
frequency at 304 kHz. Left inset: equivalent inductance-capacitance-resistance circuit diagram of the ultrasound transmitter. Right inset: optical image 
of the ring focused ultrasound transmitter. b) Output voltage of the device with different loads as a function of frequency, showing an optimal output 
characteristic at 304 kHz. c) Output voltage amplitudes of the device with different loads. d) Output voltage and power density of the device as a func-
tion of load, respectively, showing an optimal output power at 1 kΩ. e) Output voltage amplitudes of the device at different input voltages. f) Output 
voltage and power density of the device as a function of input voltage, respectively. g) An output voltage signal of the device at a continuous-mode 
input signal (30 Vpp and 304 kHz). The inset shows the signal detail over a narrow time range. In the above burst-mode, the set parameters are as 
follows: cycle number, 50; trigger interval, 1 ms. The available time period is about 16%.
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LF-PUEH device further. By increasing the load resistance, 
the voltage amplitudes through the resistor show a rising 
tendency and saturation at a higher external load. The 
instantaneous power output (V Z/4pp

2
L) of the LF-PUEH device 

was estimated. As shown in Figure 4d, the maximal instan-
taneous power density of the device is 14.1 mW·cm−2 at an 
external load of 1 kΩ. An average impedance modulus at 
the electrode-retina interface is on the order of thousands of 
ohms.[47,48] The results indicate a good impedance matching 
between the developed device and the interface, which is 
beneficial to the application in implantable electrical stimula-
tion. Further characterization is carried out by examining the 
input voltage dependence of the outputs at a load resistance 
of 1 kΩ. As displayed in Figure  4e, the voltage amplitudes 
increase and tend to saturate with increasing input voltage. 
The outputs cannot be significantly increased when further 
increasing the input voltage (>200 Vpp). The thermal effects 
and the cavitations in the liquid caused by high energy ultra-
sound will lead to additional energy losses, resulting in a 
reduction in efficiency. The wireless energy transfer system 
can effectively produce considerable outputs, reaching a 
maximum power density of 45 mW·cm−2 (Figure  4f). The 
results demonstrate that the LF-PUEH device is superior 
to other UEHs,[12,49–51] and even comparable to some tradi-
tional generators using mechanical vibration.[52–54] In the 
above burst-mode ultrasonically driven measurements, an 
obvious ring-down time range caused by the back reflections 
of ultrasound was observed from the waveform of the output 
signal (Figure S8, Supporting Information), which indicates 
that the output signals of the LF-PUEH device are induced 
by the ultrasonic drive rather than the leakage behavior at 
the input.[55] To further confirm that the output signals are 
purely induced by the piezoelectric effect of the piezocom-
posite component, a continuous-mode sinusoidal signal  
(30 Vpp and 304  kHz) (Figure S7, Supporting Information) 
was switched to trigger the transmitter. The measured output 
produced from the LF-PUEH device is correspondingly a 
continuous sinusoidal signal (Figure  4g). Additionally, we 
have evaluated the pure silicone elastomer that does not con-
tain piezocomposite component and no reliable signals were 
observed, as displayed in Figure S9, Supporting Information. 
The results further indicate that the outputs are produced 
from charges induced by the strain of the piezoelectric com-
ponent in the device during the ultrasonic propagation.

To utilize the LF-PUEH device as an additional wireless 
power source for an implantable medical device, it is neces-
sary to achieve high electric power from the transmitted ultra-
sound and store or deliver the generated electricity. Here, an 
application of the ultrasonic energy harvesting technology 
to power commercial micro-devices is demonstrated. The 
alternating current (AC) peak generated by the LF-PUEH 
device is not compatible with the direct current (DC) system 
of general electronic equipment. The AC signal was therefore 
rectified into a common DC signal by a predesigned full-wave-
bridge-rectification circuit (Figure 5a). The rectified signal of the 
LF-PUEH device was measured and stored into a 220 µF capac-
itor (Figure 5b). The voltage stored on the capacitor increased to 
540 mV during the charging process triggered by the 304 kHz 
burst-mode focused ultrasound for 200 s (Figure  5c). The 

average charging power P  was evaluated in the process, which 
is given by[49]

2

2

P
C V

T
S= 	 (10)

wherein CS is the capacitance, T is the charging time and V 
is the stored voltage. Thus, the energy stored on the storage 
capacitor was increased by 32.08 µJ in 200 s, indicating that the 
power output capability of the LF-PUEH device is 160.38 nW,  
which is well above the previously reported results 
(20–40 nW) of UEHs (see Table S2, Supporting Informa-
tion; Figure  5d).[12,49,56,57] By connecting the five charged 
capacitors in series, the total available voltage is about 2.3 V 
(Figure S10, Supporting Information), which is enough to 
power some commercial micro-devices. As demonstrated 
in Figure  5e, the energy harvested from the ultrasound was 
used to operate a commercial red light-emitting diode (LED). 
As a conclusion, the commercial LED was successfully lit up 
by the energy generated from the LF-PUEH device without 
any additional power supplies, showing great potential as the 
wireless power source for the next-generation implantable 
medical devices.

To demonstrate the feasibility of embedding LF-PUEH in 
the body, ex vivo experiment of the implant device was per-
formed. Figure 6a shows the schematic profile of the working 
principle. A primary design goal for an ultrasonically powered 
implant is to minimize power losses, mainly including beam 
divergence, pressure wave reflection, tissue absorption, and 
piezoelectric coupling.[58] First, a focused ultrasonic transmitter 
which can improve the energy utilization by concentrating 
the acoustic beam to a smaller area was adopted in this study. 
Second, a reflection of ultrasound off the surface of the tissue 
is due to acoustic impedance mismatch between the aqueous 
medium (or coupling agents) (Za  ≈ 1.5 MRayl) and tissue 
( aZ′ ≈ 1.70 MRayl).[12,59] The power reflected from the tissue sur-
face is given in[60]

P

P

Z Z

Z Z
a

a

reflected

tissue face

a

a

2

= ′ −
′ +







	 (11)

Due to the similar acoustic impedance, the loss (≈0.4%) 
caused by the tissue reflection is very weak and negligible. 
Third, the power absorption is heavily dependent on the 
acoustic frequency and penetration depth, which is given by[60]

1absorbed

source

2 0
P

P
e f dn

= − α− 	 (12)

As the ultrasonic frequency increases linearly, the remaining 
ultrasonic power decreases exponentially after traveling 
through the tissue. Thus, a low-frequency ultrasound (304 kHz) 
is used in this work to reduce power losses due to absorption. 
Fourth, piezoelectric coupling is an inherent property of a 
material, which can be improved by designing and fabricating 
the 1-3 type piezocomposite component. In summary, several 
key components have been optimized in this work in order to 
present a better ultrasonically powered system. Its performance 

Adv. Funct. Mater. 2019, 29, 1902522
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has been validated by our measurement results. Figure  6b,c 
show the experimental setup, in which the device is implanted 
into an excised porcine eyeball from a local slaughterhouse 
(Sierra Medical Science, Inc., Whittier, CA, USA) to mimic an 
implant situation. The results of voltage amplitudes as a func-
tion of inputs are shown in Figure  6d. There is a slight drop 
in voltage amplitudes for the device in the implanted environ-
ment. For example, the voltage amplitude reaches 0.54 Vpp at 
the input voltage of 100 Vpp and a load of 1 kΩ, and the corre-
sponding power density is 7.3 mW·cm−2 (Figure 6e), which are 
72% and 52% of the values (0.75 Vpp and 14.1 mW·cm−2) in 
the non-planted case, respectively (Figure 6f). The results show 
that the proposed LF-PUEH device can harvest considerable 
energy when implanted in biological tissue, and thus can be 
developed into a wireless power source for a series of biological 
implants, such as retinal electrical stimulators.

For practical retinal electrical stimulation applications, cur-
rent parameters are of particular interest, for example, the 
average threshold current or threshold current density.[2,61] To 
discuss data from this work in the context of previous studies, 
a systematic review of the published literature was composed. 
More than 30 works on epiretinal stimulation thresholds were 
summarized, as presented in Table S3, Supporting Information. 
These works span several orders of magnitude in electrode size 

and can therefore be used to elucidate the threshold trends. To 
facilitate the discussion, the threshold parameters against the 
geometric electrode surface areas have been plotted in Figure 7, 
along with best fit-lines. The threshold current decreases dra-
matically when the electrode size is reduced (Figure  7a). The 
trend confirms that a smaller electrode requires several orders 
of magnitude lower current to elicit responses. Nevertheless, 
the current density increases somewhat as the electrode size 
is reduced (Figure  7b). Thus, tailoring the electrode size to 
achieve a parameter above the threshold can be a strategy in 
stimulation applications where the output current is constant. 
A 100  µm diameter flexible electrode possessing an electrode 
surface area of about 7.85 × 103  µm2 was used in this work. 
Representative data which were obtained by the Ohm’s law 
(VO = IO ZL) in the ex vivo experiment are shown in Figure 7. 
For example, a current of 72 µA and a current density of  
9.2 nA·µm−2 can be obtained at the input voltage of 30 Vpp, 
which are higher than the average threshold required for ret-
inal electrical stimulation.[2] Additionally, the output value is 
flexibly adjustable over a wide range to meet different applica-
tions, reaching a maximum current density of 54.5 nA·µm−2. 
The results show great potential to be integrated on a future 
generation of the implantable biomedical device for electrical 
stimulation application.

Figure 5.  Applications of the LF-PUEH device on microelectronic devices. a) A circuit schematic for charging a capacitor using the device. The 
full-wave-bridge-rectification circuit composes of four diodes. b) Output voltage amplitudes before (left) and after (right) rectification of the device.  
c) The charging time dependence of voltage on a 220 µF capacitor; the inset shows the measured voltage (≈0.540 V) charged for 200 s. d) Comparison 
of the average charging power of UEHs. e) Optical image showing a commercial LED lit up by the electricity stored in capacitors. The inset shows a 
schematic circuit diagram of five capacitors in serial.
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In this work, an electrical stimulation strategy was proposed 
using ultrasound-driven wireless energy harvesting technology. 
Although the results indicate the feasibility of ultrasound-
induced electrical stimulation, ultrasound-related biological 
effects are worth discussing. High ultrasound energy exerts 
important cellular, genetic, thermal, and mechanical effects. For 
example, heat produces a wide variety of tissue injury including 
necrosis and apoptosis, abnormal cell migration, altered gene 

expression, and membrane dysfunction.[62] Here, the tempera-
ture changes of local tissue were measured in real time in an 
ex vivo experiment, as shown in Figure S11, Supporting Infor-
mation. The results show no significant temperature elevation 
caused by ultrasound. As an example, a maximum temperature 
difference of 0.6  °C is obtained after 5 min by the excitation 
voltage at 300 Vpp. Additionally, ultrasound energy creates 
mechanical forces independent of thermal effects, thereby 

Figure 7.  Analysis of thresholds for retinal electrical stimulation. a) Threshold current plotted against electrode area. b) Threshold current density 
plotted against electrode area. The data are from previously published literature, and dashed lines are best fits to the data.

Figure 6.  Evaluation of the LF-PUEH device in the ex vivo experiment of an implanted environment. a, b) Schematic profile and optical image of the 
device implanted into an excised eyeball to mimic an implant situation, with key components labeled. c) Optical image showing the experimental setup. 
d) Output voltage amplitudes of the device at different input voltages. e) Output voltage and power density of the device as a function of input voltage, 
respectively. f) Comparison of output voltages and power densities of the device in the case of implantation and non-implantation.
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causing biologic effects that are not related to temperature rise 
alone (termed nonthermal). The mechanical effects result in 
shear forces, pressure changes, and release of various reactive 
molecules.[62] Therefore, higher intensity ultrasound combined 
with longer duration of exposure may cause detrimental effects. 
We used pulsed ultrasound to avoid this problem. The potential 
for ultrasound to cause adverse effects in experimental ani-
mals is well established in previous studies.[62] Currently, the 
FDA stipulates that diagnostic ultrasound scanners for general 
human tissue cannot exceed a mechanical index (MI) of 1.9.[20] 
MI is an ultrasound metric. It is defined as[63]

MI
PNP

Fc

= 	 (13)

where PNP is the peak negative pressure of the ultrasound 
wave (MPa) and Fc is the center frequency of the ultrasound 
wave (MHz). In this work, the ring transmitter at 304 kHz was 
excited in a burst-mode (cycle number: 50; trigger interval: 
1  ms). According to the output tests and simulation, the MI 
was calculated to be 1.81 for an excitation voltage of 200 Vpp. 
The intensity of the acoustic wave is proportional to the exci-
tation voltage. Considering the electrical stimulation threshold 
and FDA standards, therefore, a range of 30–200 Vpp is rec-
ommended for general implantable applications. The eye is 
the most important sensory organ of the human body, which 
is more sensitive to ultrasound. Previous studies have shown 
that intense-focused ultrasound could cause heat injury, leads 
to an acute increase in intraocular pressure. Heat damage in 
zonular fibers could cause accommodation spasm.[64] Finally, 
some suggestions about possible research approaches and 
potential methodologies are provided, which could be profitably 
utilized in minimizing the ultrasonic biological effects of oph-
thalmology field. First, an excitation voltage as low as possible 
is used while satisfying the threshold. As an example, a range 
of 30–50 Vpp is recommended for the ultrasound-induced ret-
inal electrical stimulation proposed herein. Second, the pulsed 
ultrasound is used for the energy transfer to avoid the concen-
trated release of ultrasonic energy in a short duration. Third, the 
energy conversion efficiency can be improved by the material 
and structure design. If the receiving sensitivity is improved, 
the organism can be interrogated under lower acoustic energy 
and the ultrasonic biological effects can be minimized.

3. Conclusion

In summary, a potential electrical stimulation strategy using 
ultrasound-driven wireless energy transfer technology was pre-
sented to convert acoustic energy into electricity through an 
mm-scale ultrasonic energy harvesting device that is flexible 
and lead-free. In this delicate architecture, the electromechanical 
coupling performance is improved by the design of a microscale 
piezocomposite. Meanwhile, the device is designed to be flex-
ible to attach on complex surfaces required in bioimplantable 
applications. The principle of power generation and the role 
of piezocomposite in LF-PUEH device have been theoretically 
analyzed. The as-developed device can be driven by ultrasound 
to produce adjustable electrical outputs, reaching a maximum 

output power of 45 mW·cm−2. The rectified energy generated 
from the device is stored in capacitors that are demonstrated 
to be subsequently used to operate a commercial LED device. 
The considerable current signals (e.g., current > 72 µA, and cur-
rent density > 9.2 nA·µm−2), which are higher than the average 
thresholds of retinal electrical stimulation, are also obtained 
in the ex vivo experiment of an implanted environment. The 
ultrasound-driven wireless energy transfer system innovatively 
expands the feasibility of using medical electrical stimulation in 
more general applications.

4. Experimental Section
Fabrication of the Lead-Free Piezoelectric 1-3 Composite: (K0.48Na0.52)-

(Nb0.95Sb0.05)O3-(Bi0.4La0.1)(Na0.4Li0.1)ZrO3 (abbreviated as KNNS) 
lead-free piezoelectric ceramic was synthesized using the conventional 
solid-state sintering technology.[65] Bi2O3 (99.999%), La2O3 (99.9%), 
K2CO3 (99%), Na2CO3 (99.8%), Sb2O3 (99.99%), Li2CO3 (98%), Nb2O5 
(99.5%), and ZrO2 (99%) were the raw materials. A modified dice-and-
fill technique (Tcar 864-1, Thermocarbon) was employed to manufacture 
the microstructure 1-3 ceramic/polymer piezocomposite formed by a 
regular-shaped ceramic pillar (85 × 85 µm2) array and small kerf (25 µm), 
as illustrated in Figure  2 and Figure S2, Supporting Information. 
Insulating epoxy (EPO-TEK 301, Epoxy Technology) was applied to fill 
the kerfs. Then, both sides of the lapped composite sample (300  µm) 
were mechanically polished and sputtered with Cr/Au (50/100  nm) 
electrodes using a sputtering system (NSC-3000 Sputter Coater, Nano-
Master). Material as the backing layer (300 µm) (E-Solder 3022, Von Roll 
Isola) was cured on the bottom side of the prepared composite sample. 
After curing, the whole acoustic stack was diced into small posts with an 
aperture size of 1 mm × 1 mm. Finally, poling was carried out for 15 min 
at 3 kV·cm−1 (direct current) to achieve the acoustic–electric conversion 
capability of the piezoelectric elements.

Fabrication of the Flexible LF-PUEH Device: The process can be 
summarized into three parts (Figure S3, Supporting Information; 
Figure 4): 1) flexible electrode manufacturing, 2) electrode transferring, 
and  3) soft elastomeric encapsulating. In this work, a 100  µm diameter 
copper wire was selected as the flexible external electrode. First, the wire 
wrapped equidistantly around a 500  µm diameter stainless-steel needle 
by a lathe (SD 400, PRAZI). The “helical-structure” was then removed 
from the needle and placed flat on a water platform. The straight “helical-
structure” copper wire was pressed into a flat plane using a polished ingot 
to achieve flexible wavy electrodes. After that, both the top and bottom 
flexible electrodes and copper foil electrodes (diameter 1  mm, thickness 
1 µm) were bonded on the prepared acoustic post by a conductive silver 
paste (E-Solder 3022). The LF-PUEH device was then encapsulated in a 
silicone elastomer (Ecoflex 00-10, Smooth-on Inc, Easton PA) after plasma 
cleaning. Curing was carried out for 2 h at room temperature, and the 
slides were then peeled off, yielding a freestanding flexible LF-PUEH device.

Material Characterization: X-ray diffraction (XRD, DX2700) was carried 
out to determine the crystal structure of the prepared KNNS ceramic 
sample. The surface morphology and energy dispersive spectroscopy 
(EDS) were analyzed by a field emission scanning electron microscopy 
(FE-SEM, JSM-7500). Impedance spectrum of the 1-3 composite was 
determined by an impedance analyzer (4294A, Agilent) (Figure  2h). The 
piezoelectric constant d33 was characterized by a d33 meter (YE2730A, APC 
Products). The capacitance was determined by an inductance-capacitance-
resistance digital bridge instrument (1715 LCR, QuadTech). According to 
the IEEE standard on piezoelectricity,[66] the piezoelectric voltage coefficient 
g33 and electromechanical coupling coefficient k33 are given respectively by

33
33

33
g

d
Tε

= 	 (14)
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wherein the fr (≈6.06 MHz) and fa (8.10 MHz) are the resonant frequency 
and anti-resonant frequency, respectively. Some important acoustic 
and electric parameters of the KNNS ceramic and 1-3 composite are 
summarized in Table S1, Supporting Information.

Electrochemical Properties Evaluation: The outputs of the LF-PUEH 
device were characterized by a multifunctional testing platform 
(Figure S5, Supporting Information). A ring focused transducer as the 
ultrasound transmitter was mounted on a 5-axis machine (OptoSigma). 
The LF-PUEH device as an ultrasound receiver was placed about 20 mm 
away from the end face of the transmitter. The transmitter was triggered 
by a sinusoidal signal that was provided by an arbitrary function 
generator (AFG3252C, Tektronix) and then amplified by an amplifier 
(75A250A, AR RF/Microwave Instrumentation). The output voltage 
amplitudes produced by the LF-PUEH device were determined by an 
oscilloscope (TDS 5052, Tektronix). The temperature changes of local 
tissue were measured in real time in the ex vivo experiment through 
inserting a thermocouple (Digital Thermometer, 6802 II, Signstek) into 
the tissue. The thermocouple is tightly close to the LF-PUEH device that 
is placed near the focal point of the transmitter.

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