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SUMMARY

Hermetically sealed titanium (Ti) packaging provides protection for
implantable medical devices, but it hinders reliable wireless power
transfer to these devices. We present a miniaturized device that uti-
lizes ultrasound-induced vibrations in Ti, mediated by liquid space,
for efficient triboelectric energy harvesting. Unlike the conventional
ultrasound-driven triboelectric nanogenerator, which induces con-
tact electrification through multiple modes, the Ti-packaged device
generates vibrations of the triboelectric membrane in a single
mode, facilitating effective energy transfer. The incorporation of
the Ti packaging leads to a significant increase in power density,
up to 310% compared with the absence of it when measured under
a tissue-mimicking material, and it enables long-term stability and
Bluetooth communication in vivo. These findings represent the
first technology that enhances power transmission characteristics
through a Ti layer. We believe that this technology will accelerate
the development of smaller, multifunctional, and long-lasting
implantable medical devices.

INTRODUCTION

Transcutaneous energy transfer (TET) systems are vital in the modern medical field,

where millions of implantable medical devices (IMDs) fulfill the desire to increase hu-

man longevity by being isolated inside the body.1–4 A recent report introduced an

ultrasound-driven vibrating triboelectric nanogenerator (US-TENG) that harvests ul-

trasound, commonly utilized in medical fields, and the triboelectrification phenom-

enon induced by vibrations of a membrane.5 This technology has demonstrated its

potential for TET systems in various biomedical applications, such as recharging bat-

teries for IMDs, wound healing, and treating neuropathy.5–9 The practical use of US-

TENGs in commercial IMDs requires a power generation module that can reliably

provide power10,11 while being embedded within packaging that ensures not only

biocompatibility but also long-term hermetic sealing of internal components against

body fluids.12,13 In this regard, titanium (Ti) and its alloys have remained the standard

packaging materials for commercial IMDs for decades.14 Despite its advantages of

stability, Ti packaging poses a significant challenge for energy transfer. For instance,

radio frequency electromagnetic waves are shielded by Ti packaging, necessitating

complex packaging methods,15 including polymeric materials.16,17 Ultrasound

waves also encounter significant energy reflection and a sharp decrease in transmis-

sion through the packaging due to the acoustic impedance of Ti being over 20 times

CONTEXT & SCALE

Implantable medical devices are

crucial for human health but

struggle with energy sourcing due

to their prolonged implantation

within the human body. An

ultrasound-driven triboelectric

nanogenerator based on the

contact-electrification

phenomenon is a safe and

promising energy solution for

such devices. The challenge,

however, lies in the titanium (Ti)

packaging of implantable medical

devices. Although this packaging

ensures mechanical stability and

biocompatibility, it hinders

efficient energy transfer.

In this work, we introduce a new

approach, increasing power

density by up to 310% via a Ti

layer combined with a liquid

space. This strategy addresses

two primary challenges: efficiently

harnessing acoustic energy to

overcome the energy barrier and

controlling the vibration mode for

effective energy harvesting. We

anticipate that this research will
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that of soft tissue.18 Recent research implemented an acoustic energy transfer sys-

tem using a US-TENG to operate a pulse generation circuit through a Ti-packaged

IMD.19 However, the application of the Ti packaging resulted in a significant reduc-

tion in power output, which impedes its versatile functionality.

To achieve efficient energy transfer through Ti packaging, it is essential to design

US-TENGs capable of amplifying acoustic energy or generating power efficiently

from a given acoustic energy. Research has been reported on utilizingmetamaterials

such as phononic crystals and locally resonant acoustic metamaterials to modulate

and amplify mechanical waves for effective energy harvesting.20,21 Despite the po-

tential of this research, the application of modulated ultrasound energy to energy

harvesting is still in its early stages, and the complicated structure and bulky dimen-

sions of metamaterials hinder its application to IMDs. Furthermore, it is important to

take into account the vibration characteristics of the triboelectric membrane. This is

essential as the electrical potential change induced by membrane vibration deter-

mines the current output of US-TENGs. In previous studies, ultrasound irradiation

has induced multiple vibration modes of the membrane that move simultaneously

in the up and down directions, causing an offset in the induced electrical potential.5

While a micro-electro-mechanical system (MEMS)-based resonant configuration has

been proposed to enhance the displacement of a membrane, its utilization of silicon

as the vibrating membrane led to suboptimal power output.22 A rational design of

the vibrating membrane for harvesting ultrasound energy has been proposed

through computational analysis, but its practical implementation is yet to be

realized.23

Herein, we introduce a novel strategy to enhance the power density of US-TENGs by

up to 310% through Ti packaging coupled with a liquid space, as compared with the

non-packaged device. This enhancement is achieved by addressing the two afore-

mentioned challenges: efficiently harvesting the provided acoustic energy and

achieving control over the vibration mode of the membrane. Our method harnesses

the elastic wave generated in the Ti plate by an ultrasound source. As ultrasound

waves pass through the Ti plate, the plate exhibits a vibrational behavior closer to

a single mode rather than a multimode vibration. By removing the entrapped air

pockets, the liquid space can effectively transmit elastic waves from the Ti plate to

the triboelectric membrane, thereby modulating the membrane’s vibration mode.

Notably, the power density of the device integrating liquid with the Ti packaging sur-

passes its non-liquid counterpart by a factor of 64. Using the strategy, we imple-

mented a miniaturized, Ti-vibrating, and implantable TENG (TI-TENG) and demon-

strated its powerful energy transfer performance through tissue-mimicking material

(TMM) and in vivo environments. The results highlight the great potential of the strat-

egy for effective energy transfer through Ti packaging and confirm its applicability to

IMDs with smaller dimensions and more functionality.

RESULTS

Design and working principle of the TI-TENG

A miniaturized, fully Ti-packaged TI-TENG is designed to efficiently harvest ultra-

sound energy based on the triboelectric phenomenon (Figure 1A). The inset in Fig-

ure 1A displays a photograph of the unpackaged device showing its compactness.

The TI-TENG comprises two distinct components that are divided by an air space:

the vibrating part, which is vibrated by ultrasound waves, and the stationary part.

In the vibrating part, ultrasound waves are transmitted through a liquid space with

a thickness of 50 mm, confined between a Ti plate and a thin membrane. The gold
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(Au) layer on the surface of the membrane serves as both the top electrode and the

contact material. In the stationary part, a perfluoroalkoxy (PFA) film with high tribo-

negative properties is attached to the Au/copper (Cu) electrode deposited on the

FR-4 printed circuit board (PCB), which is intended to contact the top electrode.

An air space, with a thickness of 5 mm (Figure S1), is located between the two parts

to provide space for contact electrification during membrane vibration,24,25 while

minimizing vibration in the stationary part.26 The entire assembly is hermetically

sealed with epoxy adhesive in order to fix each component inside the Ti packaging

(Figures S2 and S3).

The TI-TENG operates in a double-electrode contact-separation mode27 that is

driven by 20 kHz ultrasound waves (Figure 1B). As ultrasound waves progress from

soft tissue with a low acoustic impedance to Ti with a high acoustic impedance,

the transmitted pressure on Ti is increased, as represented by Equation 1 for the

transmitted coefficient of a normal incident plane wave:

T =
2Z2

Z2+Z1
> 1 /

Pt

Pi
> 1 (Equation 1)

where Zn denotes the characteristic acoustic impedance for medium ‘‘n,’’ and Pi and

Pt denote the coefficient of the incident and transmitted pressure wave, respec-

tively. When plane waves travel from medium 1 (soft tissue) to medium 2 (Ti), the

transmitted coefficient is larger than 1, which means the transmitted pressure is

larger than the incident pressure. This is due to the constructive interaction between

the incident and reflected waves (details in Figure S4 and Note S1). The intense pres-

sure generates elastic waves in Ti that are propagated to the membrane through the

liquid space. The compressibility difference between the liquid and air space facili-

tates the vibration of themembrane. The incompressible fluid within the liquid space

propagates the elastic waves from the Ti, whereas the compressible air space en-

ables the membrane to vibrate. When the membrane vibrates, the triboelectric phe-

nomenon arises between the top electrode and PFA, leading to negative charges

A B

C D

Figure 1. Design and working principle of the TI-TENG

(A) Exploded schematic illustration of the TI-TENG. The inset displays a photograph of the device, excluding the Ti packaging. Scale bars, 10 mm. See

also Figures S1–S3.

(B) Schematic of the TI-TENG operation mechanism. Pi, Pr, and Pt denote incident, reflected, and transmitted pressure, respectively. See also Figure S4

and Note S1.

(C) Sinusoidal displacement amplitude of the Ti and membrane induced by 20 kHz ultrasound. See also Figure S6.

(D) Sinusoidal voltage output induced by 20 kHz ultrasound before and after applying Ti packaging on the TI-TENG. See also Figure S7.
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moving toward the inner surface of the PFA (2.16 nC cm�2, Figure S5). As the mem-

brane separates, the electrical potential of the top electrode increases relative to the

bottom electrode, releasing the holes and resulting in a current that flows from the

top to the bottom electrode. After the top electrode makes contact again, the elec-

trical potential decreases, creating a reverse current. The ultrasound waves repeat-

edly induce the contact-separation process, thereby resulting in the formation of a

current waveform with a frequency of 20 kHz.

The hypothesis proposing the coupling of Ti vibrations to those of the membrane is

verified through laser vibrometer measurements (Figures 1C and S6). We measured

the displacement of the Ti and themembrane under ultrasound irradiation, which re-

vealed that both vibrate at 20 kHz with comparable magnitudes. In contrast to the

inductive coupling, which results in a significant decline in the voltage output

when enclosed in Ti packaging (Figure S7), the TI-TENG exhibited output amplifica-

tion within the Ti packaging. It generates a voltage output of 195% relative to the

non-Ti-TENG, as represented in Figure 1D.

Output amplification achieved through vibration mode control

To understand the physics behind the enhanced output generated by the TI-TENG in

comparison to the non-Ti-TENG, we performed simulation and experimental analyses.

Thefiniteelementmethod (FEM) computes thedisplacementof the vibrationparts under

different conditions. When a 20 kHz ultrasound travels to the non-Ti-TENG, the mem-

brane vibrates in a multimode, generating multiple nodes and antinodes moving up

and down (Figure 2A), consistent with the prior research.5 By contrast, Ti vibrates in a sin-

glemode instead of themultimode (Figures 2B and 2C). The unimodal vibrationmode is

likely attributed to the relatively large mass and stiffness of a Ti plate compared with a

polymeric membrane (Note S2).While the thickness of the Ti plate determines the vibra-

tionmodeanddisplacement (FigureS8),weutilizedTiplateswitha0.5mmthickness, the

standard for commercial IMDs, in this research.28 The air space between the Ti plate and

the membrane acts as a barrier, inhibiting the transmission of elastic waves. Conversely,

the liquid space facilitates the transmission of the elastic wave from the Ti plate to the

membrane, thereby inducing unimodal oscillation in the membrane (Figures 2C and

S9). When the generation of the elastic wave in the Ti by ultrasound waves is prevented,

themembraneexhibitsminimal vibration (Figure S10).Our finding supports the idea that

the vibration of the Ti plate is indeed coupled with that of the membrane.

US-TENGs rely on the vibration of the membrane, giving rise to variations in mech-

anisms based on the vibration modes. Figures 2D and 2E illustrate the simplified

working mechanism29–31 based on the vibration modes: the multimode (Figure 2D)

and the single mode (Figure 2E). In the multimode, both upward and downward-

moving antinodes are present. The downward-moving antinodes decrease the elec-

trical potential of the top electrode, whereas the upward-moving antinodes increase

it. This offsetting action results in a reduction of the induced current. Conversely, in

the single mode, the antinode is unidirectional, and there is no offsetting electrical

potential. Figure S11 represents detailed electrical potential graphs for each case.

As a result, it is apparent that US-TENGs generate enhanced electrical output

when operated in a single mode (Note S3). We measured the open-circuit voltage

(VOC) and short-circuit current (ISC) output of each device under 20 kHz ultrasound

at the intensity of 430 mW cm�2 (Figures 2F and S12). Compared with the non-Ti-

TENG, the device with Ti packaging generated a decreased output when combined

with the air space, while the output increased when combined with the liquid space.

We analyzed the average displacement data obtained from the FEM simulation and

compared it to the device output (Figure 2G). The results reveal that the average
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displacement trend closely follows the device output trend, supporting the correla-

tion between vibration modes and the device output. We further compared the

voltage output of the TI-TENG with that of the non-Ti-TENG at varying frequencies

(Figure S13). Despite some variability, the amplification effect is present across a

range of frequencies, thereby confirming the possibility of power transfer across

various bandwidths.

Characterization of liquid materials for elastic wave propagation

Air hinders the transmission of elastic waves from Ti. In an ideal state without any air

space between the Ti and membrane, the elastic wave can effectively progress from
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Figure 2. Output amplification achieved through vibration mode control

(A–C) Displacement data of the vibrating parts obtained by finite element method (FEM) simulation: without Ti (A), with Ti coupled with air space (B), and

with Ti coupled with liquid space (C). See also Figures S8–S10 and Note S2.

(D and E) The simplified mechanism based on the vibration modes of the membrane including multimode (D) and single mode (E). See also Figure S11

and Note S3.

(F) Sinusoidal voltage outputs by different vibration part components. See also Figure S12.

(G) Comparison of average displacement data and voltage outputs. The voltage data (n = 5 for each group) are presented as mean values G SD

(standard deviation).
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the Ti plate to themembrane (Figure S14). Here, inevitable air pockets form between

the Ti plate and the membrane in the dynamic state when ultrasound irradiates, re-

sulting in lower ultrasound energy reaching the membrane (Figure 3A). In this re-

gard, the role of the liquid space is to alleviate the presence of the air pockets in

the dynamic state. To minimize the air pockets at solid interfaces, it is important

to consider the wettability of the liquid space—the ability of a liquid to maintain con-

tact with the solid surface.32 Therefore, we compared two distinct liquids that are

commercially available in the medical field: silicone oil and saline water.

At solid interfaces with microscopic roughness (Figure S15), liquid exists between

two ideal wetting states: the Cassie-Baxter state and the Wenzel state (Fig-

ure 3B).33–35 The Cassie-Baxter state is an incomplete wetting state where air

pockets are entrapped at the solid-liquid interface, while the Wenzel state repre-

sents the complete wetting state where only liquids exist at the interface. To mini-

mize the presence of air pockets at the solid interfaces in the vibrating part, the liquid

space should closely exist in the Wenzel state. We characterized the wettability of

the two medical liquids by measuring the contact angle (Figure 3C). The significantly

lower contact angles at the interfaces indicate that silicone oil is more likely to be

close to the Wenzel state when compared with saline water.

We further performed theoretical analysis using the Cassie-Baxter equation in a

heterogeneous surface composed of air and solid surface as defined by

Equation 2:36

A B

DC

Figure 3. Characterization of liquid materials for elastic wave propagation

(A) 2D schematic illustrations and voltage outputs with and without liquid space. See also

Figures S12 and S14.

(B) 2D schematic illustrations showing two ideal wetting states of the liquid space in solid

interfaces.

(C) Contact angle image of each medical fluid at the interfaces of the Ti and PFA membrane.

(D) Voltage output (n = 5 for each group) and the calculated r $ f value based on fluid type. The

voltage data are presented as mean values G SD. See also Figure S16 and Note S4.
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cos qreal = fsolid cos qideal � fair (Equation 2)

In this equation, qideal and qreal represent Young’s contact angle and measured con-

tact angle, respectively. f denotes the proportion of the projected area of air or solid

surface that is wet by a liquid. Since the total proportion is equal to 1, Equation 2 can

be transformed into Equation 3:

cos qreal+1

cos qideal+1
= fsolid % 1 (Equation 3)

The wetting state is defined by calculating the f values of silicone oil and saline, with

f = 0 representing the non-wetted Cassie-Baxter state and f = 1 approaching the

fully wetted Wenzel state. Our investigation showed that the silicone oil is closer

to the Wenzel state than saline water (Figure 3D; Tables S2 and S3; Note S4). Using

silicone oil close to theWenzel state led to an increase in VOC output, which is consis-

tent with our hypothesis. Since viscosity is the measure of a fluid’s internal friction

force,37 we further compared the VOC outputs of devices using silicone oil with vary-

ing viscosities. However, the result showed no discernible difference based on vis-

cosity (Figure S16). We concluded that the mediation of the unimodal vibration

mode within the liquid space is minimally affected by viscosity, and minimizing air

pockets is an important factor for the TI-TENG performance.

Reliable output characterization under TMM

As the focus of this study is the development of a TET system for IMDs, it is essential

to establish a standardized approach for the characterization of device output that

takes into account the in vivo surroundings. Previous studies have conducted

ex vivo output characterization using porcine tissue,5,9 as it shares similarities with

human anatomy. However, the ex vivo environment is subject to individual differ-

ences, which complicate the standardization. In this context, we propose a repro-

ducible setup for characterizing TET performance using TMM (Figure 4A). It is a ma-

terial that is recommended by International Electrotechnical Commision (IEC)

International Standards38 for evaluating the safety and efficacy of ultrasound equip-

ment due to its comparable thermal and acoustic properties with those of human

soft tissues. We fabricated the TMM according to the guidelines outlined in IEC

60601-2-37:2015 (Figure S17) and measured its density and sound speed to confirm

its acoustic impedance similarity to human soft tissue. We found that the density of

the fabricated TMM was 1,050 kg m�3, the sound speed was 1,468 m s�1 (Fig-

ure S18), and the calculated acoustic impedance was 1,541 3 103 kg m�2 s�1, indi-

cating that it closely matches the acoustic impedance of soft human tissue (1,480 3

103 kg m�2 s�1), as shown in Figure 4B.

Commercial rechargeable implantable pulse generators are usually implanted from

around 20 to 25mm depth.39 Therefore, we characterized the output of the TI-TENG

under TMM up to 30 mm to check the output according to the implantation depth

(Figure 4C). The ultrasound’s center frequency was configured at 20 kHz, with the in-

tensity consistently maintained at 430 mW cm�2 (Figure S19). It is noteworthy that

this intensity level is well below the safety standards established by the IEC and

the United States Food and Drug Administration (FDA), ensuring compliance with

human body safety regulations.38,40 The practical thermal and mechanical stability

of the ultrasound setup was demonstrated under the TMM and in vivo

(Figures S20 and S21). At 5 mm depth, the TI-TENG generates VOC peaks of 26.3

V. The voltage output slightly decreased with depth, but the output remained at

83% even at a depth of 30 mm, showing the potential for the TI-TENG to be im-

planted at a deep site in the body. Comparing the in vivo voltage output beneath
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the skin on the dorsum of a rat (Figures 4C and S22) with the output under TMM, no

significant deviation was observed. This suggests the potential for standardizing

TMM-based output characterization. The slight difference in voltage outputs

measured under TMM and in vivo at equivalent depths may be attributed to the

dissimilarity between the human tissue emulated by TMM and that of rats.

We further characterized the optimal impedance andmaximum power density of the

device at a depth of 20 mm and found that it generates a power density of 3.85 mW

cm�2 at 100 kU impedance (Figure 4D), which is 310% and 6,400% relative to the

non-Ti-TENG and the Ti-packaged TENG without liquid, respectively (Figure S23).

It is worth noting that the TI-TENG produces the highest power density compared

D E

C

BA

Figure 4. Reliable output characterization under TMM

(A) Experimental setup for output measurement of the TI-TENG using TMM. Scale bars, 10 mm. See

also Figure S17.

(B) Comparison of acoustic properties of TMM with human soft tissue. See also Figure S18.

(C–E) Electrical characterization of TI-TENG induced by 20 kHz ultrasound. The voltage output

obtained under TMM with different thicknesses and in vivo output obtained under the dorsum of a

rat (C). Maximum current and power output depending on the electrical impedance under 20 mm

TMM (D). Charging curve of a 1mF capacitor with the TI-TENG and the non-Ti-TENG (E). See also

Figures S22–S24.

ll

8 Joule 8, 1–15, September 18, 2024

Please cite this article in press as: Chung et al., Gigantic triboelectric power generation overcoming acoustic energy barrier using metal-liquid
coupling, Joule (2024), https://doi.org/10.1016/j.joule.2024.06.016

Article



with the previous US-TENGs (Table S1). In the context of power modulation

circuit application, we analyzed capacitor-charging performance (Figure S24). The

TI-TENG charged a 1 mF capacitor to 5.6 V within 2 min, a rate 2.4 times faster

than the non-Ti-TENG (Figure 4E). This result suggests the significance of the tech-

nology for driving circuits in biomedical applications embedded within Ti

packaging.

In vivo energy transfer using the TI-TENG

We evaluated the biocompatibility of the TI-TENG through the 3-(1, 2)-2,5-diphenyl-

2, H-tetrazolium bromide (MTT) assay and comet assay. The results indicate that the

TI-TENG is safe from cytotoxicity and genotoxicity (Figure S25). To check the inflam-

matory response of the proposed TET system, we implanted the device for a month

and applied ultrasound for 10 min at 1-day intervals. The hematoxylin and eosin

(H&E) staining on the subdermal tissue in the implanted part indicated that no in-

flammatory reactions were observed (Figures 5A and S26). To check the long-term

stability, the device was implanted under the skin on the dorsum of a rat. We applied

ultrasound to the implanted site and measured the output voltage biweekly. As

shown in Figure 5B, it was found to generate a consistent output without any dete-

rioration over 3 months. The remarkable stability of the TI-TENG is attributed to two

primary impacts of the Ti packaging: it shields the internal assembly from exposure

to biofluid during long-term implantation and supports the membrane in maintain-

ing the simple vibration mode, thereby prolonging its longevity.

IMDs, which perform multiple functions inside the human body such as neurostimu-

lation or physiological monitoring, require monitoring technology to ensure optimal

ED

B

C

A

Figure 5. In vivo energy transfer using the TI-TENG

(A) H&E-stained subdermal tissue images in implanted parts. The term ‘‘implant’’ refers to the implantation of the TI-TENG, and the ‘‘US’’ indicates the

irradiation of ultrasound on the implanted parts. Scale bars, 0.25 mm. See also Figure S26.

(B) Voltage output characterization during long-term in vivo operation.

(C) Experimental setup for in vivo Bluetooth operation using the TI-TENG. See also Figure S27.

(D and E) Charging and discharging graph of the PMIC during TI-TENG operation (D) and non-Ti-TENG operation (E).
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performance. Therefore, we demonstrated the practical application of TI-TENG by

illustrating Bluetooth communication using our device (Figure 5C). The alternating

current (AC) output from the TI-TENG was modulated by the power management

integrated circuit (PMIC) to operate the Bluetooth module (Figure S27). The PMIC

rectifies the AC output and charges its built-in capacitor to 10 V, which is then dis-

charged to 5 V. The discharged power is converted into an output voltage of

2.5 V via a direct current (DC) to DC converter. Figure 5D shows the charging and

discharging graph of the PMIC during TI-TENG operation. The TI-TENG continu-

ously charged and discharged the capacitor and successfully operated the Blue-

tooth module within a few seconds (Figure 5C; Video S1). By contrast, the non-Ti-

TENG failed to charge the capacitor to 10 V, resulting in the inability to discharge

the desired output voltage (Figure 5E). This highlights the enhanced energy transfer

performance through the Ti packaging.

DISCUSSION

This work represents the first TET technology with enhanced performance, over-

coming energy attenuation caused by Ti packaging. The Ti packaging has been

serving as a barrier that obstructs the transmission of ultrasound, resulting in a

decrease in power transfer efficiency. Moreover, the multimode vibration of the

membrane in US-TENGs has been considered to offset the induced electrical poten-

tial, which also significantly decreases the efficiency. We addressed both challenges

simultaneously through the novel structural design of TI-TENG. The considerable

difference in acoustic impedance between a Ti plate and a soft tissue causes a sub-

stantial reflection of the ultrasound but also induces an intense pressure on the Ti

plate, which in turn generates elastic waves within it. The elastic waves from the Ti

plate are transmitted to the membrane through strategically arranged incompress-

ible liquid and compressible air spaces. We verified through experiments and simu-

lations that the higher electrical potential difference resulting from the unidirectional

vibration of the membrane leads to a significant increase in power output compared

with the design without Ti packaging. Our study of the liquid spacematerial revealed

that wetting properties play a critical role in minimizing air pockets, which otherwise

impede the transmission of vibrations from the Ti plate. We characterized the elec-

trical performance of the optimized TI-TENG using bio-safe ultrasound in a TMM

environment that simulates human tissue and verified its practical usability in vivo.

Bluetooth communication was successfully implemented with the assistance of the

Ti packaging, highlighting the technology’s significance.

IMDs are evolving to perform more functions with a smaller size and longer

lifespan.13 The Ti packaging in IMDs serves the contradictory role of protecting in-

ternal components while also impeding energy transfer. Replacement of the Ti

packaging remains impractical due to the inherent characteristics of IMDs, encom-

passing considerable implantation expenses and prolonged implantation inside

the human body. Therefore, a TET technology capable of employing smaller re-

ceivers and delivering energy via Ti packaging with high efficiency is poised to

match the progress of IMDs. In this regard, current technologies fall short of the

requirements. Our work presents a miniaturized TET system wherein the presence

of Ti packaging enhances energy transfer efficiency. Advanced structure designs to

guide or focus ultrasound waves onto a device and comprehensive investigations

into the material and structure of TENGs will further enhance its capabilities. We

foresee this technology playing a crucial role in advancing the next generation

of IMDs.
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EXPERIMENTAL PROCEDURES

Resource availability

Lead contact

Further information and requests for resources should be directed to and will be ful-

filled by the lead contact, Sang-Woo Kim (kimsw1@yonsei.ac.kr).

Materials availability

This study did not generate new, unique materials.

Data and code availability

The datasets generated during this study are available from the lead contact upon

reasonable request.

Fabrication of materials and devices

Device fabrication

The device fabrication process is described in Figure S2. The device consisted of a

PCB substrate whose FR-4 glass epoxy layer was covered by Cu and Au, conductive

carbon tape, PFA membrane, polydimethylsiloxane (PDMS) spacer, Au-coated PFA

membrane, and epoxy. Conductive carbon tape from Sunghosigma was attached to

the PCB substrate. A 25 mm thick PFA membrane from ALPHAFLON was attached to

the conductive carbon tape. PDMS was spin-coated for 300 s at 4,000 rpm on PFA to

form a 5 mm space gap at the edge of the PFAmembrane. Au-coated PFAmembrane

was placed on the PDMS spacer and sealed using epoxy (EPO-TEK 301).

Ti integration

The Ti integration process is described in Figure S3. Masking tape (50 mm) was

attached to the center of a Ti plate to create space for the liquid. Then, a 50 mm thick

layer of epoxy (EPO-TEK 301) was applied as a spacer using an automatic bar coater.

After the epoxy was cured, the masking tape was removed from the Ti plate. Then,

liquid was applied within the epoxy spacer using blade coating. The TENG device

was positioned on the Ti plate and sealed with epoxy (EPO-TEK 301). Following a

second curing process, the Ti plate was attached to a Ti body.

TMM fabrication

The TMM fabrication process is described in Figure S17. Prepare andmix the constit-

uent substances in a flask according to the weight ratio specified in the recipe pre-

sented in the standards IEC 60601-2-5 and IEC 60601-2-37. The mixed solution was

degassed using a vacuum pump while stirring for 1 h and stirred in a 95�C water bath

for 30 min. After cooling to 47�C, the solution was poured into the mold.

Characterizations

Material and device characterization

To measure the surface roughness of the Ti plate and the PFA membrane, topog-

raphy measurement was conducted using HITACHI AFM5000II, and a 10 3 10 mm

size area was scanned at a rate of 0.3 Hz. To characterize the air spacer between

the PFA membrane and the PCB, field emission scanning electron microscopy (FE-

SEM) and energy dispersive X-ray spectroscopy (EDS) measurements were per-

formed using HITACHI SU 5000.

Laser vibrometer measurement

The displacement amplitudes of the Ti and membrane in the TI-TENG were

measured using a laser vibrometer (Polytec PSV-500). Since the laser vibrometer

uses the reflection of light, modified devices were fabricated to measure the
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displacement of the Ti and the membrane, respectively. For the Ti displacement

measurement, a device with no electrodes under the Ti was fabricated. A bare mem-

brane was used without the top electrode, and the bottom substrate was replaced

by a glass substrate. The Ti was irradiated with ultrasound, and the lower part was

irradiated with a laser to measure the displacement. To measure the displacement

of the membrane, a modified device was made by coating a top electrode on the

membrane in the above structure, and the displacement was measured in the

same way.

Simulation

FEM simulations were performed using COMSOL Multiphysics. Physical parameters

about aluminum (Al) and air were taken from the library in COMSOL Multiphysics.

We used the common reference data for Ti, PFA, silicone oil, and fat tissue. We

added an ultrasound probe load with a 3 cm diameter and a pressure of 1 3 105

Pa. The TI-TENG was placed inside the fat tissue and centered under the ultrasound

probe.We run pressure acoustics, solidmechanics, and acoustic-structure physics to

simulate ultrasound at 20 kHz, its acoustic and mechanic interaction with device

parts, and the movement of the membrane. The mechanical contact between the

membrane and the electrode was not taken into account during FEM simulations.

For comparison purposes, the calculations were performed with various dimensions

and materials for Ti and the liquid space.

Electrical characterization

Voltage signals were measured and recorded using an oscilloscope (Keysight

MSOX3054T) with a voltage probe (Keysight N2843A) with 10 MU input impedance.

The voltages for the capacitors were measured using a digital multimeter (Keysight

34470A). Current signals were measured using a low-noise current preamplifier

(Stanford Research Systems SR570) with an input impedance of 1 U. Ultrasound gen-

eration and characterization were carried out using a commercial ultrasound trans-

ducer and generator (Mirae MV100). The power of ultrasound was measured using

an ultrasound power meter (Ohmic instruments UPM-DT-1), and the intensity of ul-

trasound was calculated by dividing the ultrasound power by the transducer area.

The charge output was measured using an electrometer (Keithley 6514).

MTT assay and comet assay

To perform the MTT assay, human fibroblasts (ATCC, CRL–1502; designation: WS1;

product category: human cells; organism: Homo sapiens, human; cell type: fibro-

blast; morphology: fibroblast) and culture medium were added after placing exper-

imental materials into each well of 96-well plates (10,000 cells per well, final volume:

100 mL). Then, we incubated the fibroblasts for periods of 24, 48, and 72 h. Subse-

quently, we removed the culture medium from the 96-well plates and added

50 mL of serum-free medium and 50 mL of MTT solution (Abcam, 5 mg mL�1) into

each well. The plate was incubated at 37�Cfor 2 h. Then, we removed the serum-

free medium and the MTT solution. We cleaned the samples by rinsing them with

diluted phosphate-buffered saline (PBS) solution and added 150 mL of a solubilizing

agent (dimethyl sulfoxide, Sigma-Aldrich) to dissolve the formazan crystals for

15 min. Finally, we transferred 100 mL of the solution to another 96-well plate and

measured the absorbance at optical density (OD) = 590 nm.

To perform the comet assay, we first prepared a lysis buffer (Thermo Fisher Scienti-

fic), alkaline solution (SAMCHUN chemical), and tris-borate ethylene-diamine-tetra-

acetic acid (TBE) electrophoresis solution (Thermo Fisher Scientific). We melted the

agarose gel until it was liquefied and added 75 mL of the agarose gel to the slide to
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form the base layer. Then, we kept the slide at 4�C for 15 min. Human fibroblasts

were mixed with agarose gel in a 1:10 ratio, and 75 mL of this mixture was transferred

on top of the base layer. The slide was again kept at 4�C for 15 min. The slide was

then sequentially immersed in pre-chilled lysis buffer (25 mL) for 60 min, alkaline

solution (25 mL) for 30 min at 4�C in dark conditions, and TBE electrophoresis solu-

tion for 10 min, maintaining the temperature and darkness as required. For electro-

phoresis, the chamber was filled with cold TBE electrophoresis solution until the

slides were covered, and an electric field of 0.1 V mm�1 was applied for 15 min. After

electrophoresis, the slide was rinsed three times with pre-chilled deionized water

and a 70% ethanol solution. Once dry, 100 mL of diluted Vista Green DNA dye

was added to the slide, and it was incubated for 15min at room temperature. Finally,

we observed the slide using epifluorescence microscopy with a fluorescein isothio-

cyanate (FITC) filter and measured the olive tail moment (OTM).

In vivo wireless energy transmission

For in vivo electrical characterization, we induced anesthesia in an 8-week-old

Sparague-Dawley rat model through inhalation of isoflurane from Hana Pharm

Co., Ltd. Subsequently, the rat was positioned prone, and its back was shaved. A po-

vidone-iodine prep pad fromGreen Pharm Co., Ltd. was topically applied on shaved

skin. After UV sterilization, the TI-TENG was implanted beneath the dermis, and the

incisions were closed using skin sutures. The surgical site was covered with sterilized

gauze, and the rat was allowed a 3-day recovery period for both the surgical wound

and the biological integration of the TI-TENG. Then, anesthesia was conducted on

the rat, and ultrasound was applied to the rat at a 5 mm distance from the probe.

A PMIC (LTC3331) from Linear Technology, Inc. was used to convert the AC TENG

output into a DC output of 2.5 V. The rectified power output was used to operate

a customized Bluetooth module. Throughout this process, the rat was placed under

an infrared heater to maintain its body temperature. All studies on rats were

approved by the Institutional Animal Care and Use Committee (IACUC) of Samsung

Medical Center (20230421001).
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