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The non-contact energy harvesting technologies are critical for microelectronic devices, especially in special
scenarios such as enclosed spaces or extreme environments. Room-temperature liquid metals (LM), possessing
both metallic and fluidic elastic properties, have emerged as the preferred materials for high-density integration,
morphological reconfigurability, high performance stability, and stringent biocompatibility standards. Herein,
we present a flexible ultrasonic energy harvesting and direct current (DC) generation system based on LM. This
system relies on an interface between eutectic gallium-indium-tin alloy (eGaInSn) LM and silicon dioxide in the
system. The device leverages the inherent properties of LM, utilizing electromechanical coupling technologies to
facilitate intelligent perception, collection, and transformation of non-contact ultrasonic energy stimulation. This
innovative approach culminates in a high-voltage DC output and facilitates dynamic DC power amplification
without rectification circuits. The device outputs a notable voltage of up to 2.5 kV under a load in a double
electrode configuration, while a single electrode design attains an exceptional open-circuit voltage (V) as high
as 6 kV. This work expands the basic understanding of LM, electromechanical conversion, and force-electric
coupling, leading to straightforward practices for ultrasonic energy harvesting and high-performance DC
output. It also offers promising potential for future self-powered sensing systems, human-computer interfaces,
arrayed broadcast group high-efficiency charging, and wearable energy solutions.

1. Introduction

Efficient ambient energy harvesting is crucial for powering the
rapidly expanding network of Internet of Things (IoT) devices, espe-
cially for self-sustained systems [1]. Among various energy sources,
mechanical energy is widely available as a dispersed environmental
byproduct and shows great potential. Acoustic waves, which carry me-
chanical energy, offer inherent advantages for energy harvesting: they
propagate through solid, liquid, and gas media and enable non-contact
transmission [2]. However, the use of audible sound is limited by its
random frequency and low energy density, leading to energy dissipation
[3]. In contrast, ultrasound (typically >20 kHz) provides a coherent,
high-energy alternative. It allows focused energy delivery with high
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spatial resolution and penetrability, making it ideal for efficient me-
chanical energy harvesting [4].

Ultrasonic energy harvesting, a cornerstone of self-powered micro-
systems, is anchored in three paradigms—piezoelectric, electromag-
netic, and triboelectric mechanisms—each with entrenched limitations
[5]. Piezoelectric converters, reliant on brittle ceramics (e.g., PbZnTiOs,
BaTiO3) or semi-flexible polymers (e.g., Poly(vinylidene fluoride)
(PVDF)) [6], deliver high energy density but falter in fatigue resistance
and conformal integration, their intrinsic stiffness incompatible with
dynamic microenvironments [7]. Although electromagnetic generators
are robust and durable, their application in the ultrasonic frequency
band is still limited by biocompatibility and structural complexity [8].
Triboelectric nanogenerators (TENGs) have emerged as versatile
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alternatives [9], yet conventional solid-state designs—employing Poly-
tetrafluoroethylene (PTFE), or metallic interfaces—remain tethered to
contact-separation cycles [10]. This contact dependency exacerbates
material wear, accelerates degradation, and induces parasitic damping,
critical flaws in high-frequency, non-contact ultrasonic scenarios [11].
Compounding these issues, all three mechanisms produce alternating
current (AC), necessitating inverter rectification circuits that introduce
energy loss, system complexity, and barriers to miniaturization.

Recent advances in TENGs focus on multifunctional integration and
output enhancement, yet most remain confined to contact-driven
mechanisms. Representative systems include Liu et al.'s layered smart
fabrics (self-cleaning/thermal management, contact-separation-
dependent [12]), Xia et al.'s reported metal-free water cup TENG
(liquid-solid contact, low-voltage AC [13]) and all-foam sensor (contact-
reliant pressure detection [14]), as well as the alloy powder-based
Faraday cage-inspired TENG (ocean sensing, contact-based [15]) and
double-piezoelectric-layer-enhanced designs (efficiency improved,
contact limitations unaddressed [16]). All share a fundamental
constraint: solid-phase materials and direct contact/liquid-solid in-
teractions induce interface wear, limit stability and dynamic coupling,
and restrict applications to contact-accessible scenarios.

In contrast, we introduce a paradigm shift using LM’ spontaneous
polarization and dynamic charge transport at solid-liquid-gas triple-
phase interfaces. Breaking dual constraints of solid-phase materials and
contact-driven mechanisms, this design enables the first stable direct
current output under non-contact mechanical excitation via an
elastomer-like interface—eliminating wear and expanding non-contact
applicability to open new pathways for soft energy harvesting.

LM, by virtue of their exceptional fluidity and high electrical con-
ductivity [7,17,18], exhibit remarkable advantages in making
conformal contacts with sensor interfaces and precise collecting me-
chanical feedback signals [8], demonstrating substantial synergistic
potential with the ultrasound technology across diverse application
scenarios, making them ideal materials for flexible sensing and ultra-
sound energy harvesting devices. eGalnSn, leveraging its intrinsic
properties, can effectively enhance interfacial electronegativity [10]
and accelerate electron migration rates [19] under mechanical stress,
thereby significantly boosting energy conversion efficiency [20,21]. yet
their potential for non-contact operation remains untapped. Existing
LM-based generators, like their solid counterparts, are constrained to
contact-separation cycles, failing to leverage LM's inherent ability to
undergo high-frequency microfluidic elastic deformation with minimal
impedance properties uniquely suited to ultrasonic stimuli.

To address critical limitations in non-contact energy harvesting
inefficient electromechanical conversion, weak force-electric coupling,
and reliance on contact/inverters for DC output—we introduce a novel
non-contact and flexible LM-based ultrasonic triboelectric DC generator
for energy harvesting and sensing (LM-UHG) (Fig. 1a). The core of the
LM-UHG is eGalnSn, which is engineered to perform two distinct yet
complementary functions: (i) Ultrasonic-Actuated Dynamic Behavior:
Under 40 kHz ultrasound excitation, the eGalnSn droplet undergoes
intense forced vibration and deformation, effectively serving as an
oscillating actuator. This macroscopic motion directly drives the peri-
odic charging and discharging of the electrical double layer (EDL) at the
interface with a copper electrode. Concurrently, ultrasound-induced
Marangoni flow within the LM drastically enhances ion transport,
collaboratively forming a robust “charge pump” that efficiently primes
the initial triboelectric charges. (ii) Role of the Native Ga20Os Layer in
Stabilizing the Interface: The inherent surface oxide layer is pivotal for
maintaining a stable polarization state within the EDL. Furthermore, it
acts as an innate triboelectric material when interacting with the elas-
tomer, while also stabilizing the interfacial potential via surface
passivation and interactions with ambient species. These mechanisms
work in concert to significantly enhance the overall output voltage.

The minimalist architecture of the LM-UHG -capitalizes on the
intrinsic ~ material advantages to  achieve  breakthrough
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electromechanical performance. Upon ultrasonic excitation (40 kHz, 30
W, 50 mm transducer diameter), the device delivers a remarkable load
voltage of up to 2.5 kV in a two-electrode configuration. Notably, its
single-electrode design achieves an exceptional open-circuit voltage as
high as 6 kV, accompanied by short-circuit currents of 25 pA (single-
electrode) and 688.8 pA (two-electrode). This high-output performance
enables the direct driving of micro-electronic components without the
need for inverter or physical contact. With less than 5% performance
degradation over 7 days—attributed to LM's self-healing capability—it
also serves as a self-powered ultrasonic/mechanical vibration sensor.
This system achieves contactless mechanoelectrical transduction
through innovative mechanisms, enabling simultaneous DC power
generation and stress-sensitive signal acquisition in oxygen-containing
environments, as evidenced by the energy flow framework in Fig. S1.

2. Results and discussion

2.1. Electrical signals generated by the eGalnSn under the action of
ultrasonic mechanical stress

The LM employed in this study, eGaInSn (Fig. 1a), differs from
conventional piezoelectric materials. A protective oxide layer (pre-
dominantly Ga:0s) spontaneously forms on its surface. This 0.7-3 nm
thick oxide layer stabilizes the system by preventing further oxidation
[22,23], yet its dynamic regeneration under mechanical stimuli (e.g.,
ultrasonic vibration) (Fig. 1b) are key to preventing electrical short-
circuiting and ensuring stable interfacial contact (Fig. 1c i-ii) [24,25].
It remains liquid at room temperature with exceptional fluidity, con-
ductivity, and unique interfacial dynamics under mechanical stress
(Fig. 1d). The high energy conversion efficiency is critically governed by
the liquid-phase adaptability of eGalnSn, with the dynamic oxide layer
playing a key role in stabilizing this process.

The single-electrode configuration employed a copper electrode,
with a 40 kHz ultrasonic transducer (diameter: 50 mm, power: 30 W)
positioned at 5 mm above a beaker (base diameter: 50 mm) containing
10 g of eGaInSn (Fig. S1). Ultrasonic mechanical stress induces dynamic
interfacial contact. The presence of the Ga-0s layer stabilizes this con-
tact. Specifically, the static state is shown in Fig. S1 i, where the elec-
trode and the ultrasound are in a state of separation; starting the
ultrasonic transducer causes local oscillation, resulting in friction
charges as shown in Fig. S1 ii; as time reaches a threshold, the friction
charges reach saturation as shown in Fig. S1 iii; turning off the ultrasonic
transducer restores the overall static state as shown in Fig. S1 iv. A
simplified charge separation mechanism based on the ultrasonic me-
chanical stress response is shown in Fig. le. From the perspective of
vibration mode characteristics, the eGalnSn surface exhibits multimodal
vibrations under ultrasonic excitation, with multiple vibration nodes
(node) and antinodes (antinode) as shown in Fig. le i-ii [26]. The
eGalnSn surface simultaneously contains upward and downward-
moving antinode regions, as depicted in Fig. le iv. Regarding the elec-
tric potential cancellation mechanism, downward-moving antinode re-
gions induce more charge separation at the eGaInSn surface (Fig. 1eiii).
When the antinodes disappear, based on the intrinsic self-healing
properties of eGalnSn, upward-moving antinode regions alter the
charge separation density (Fig. 1e iv). Under the combined effects of the
enormous surface tension and wrinkling of the LM surface, the electrical
signal feedback of the eGaInSn under ultrasonic mechanical stress is
significantly enhanced. Voltage measurement via a voltage-divider
method revealed open-circuit voltages with peaks of 6 kV (Fig. S2a)
[27], under a dual-electrode configuration, the output voltage reaches
2.5 kV when loaded with a 1 GQ resistor (Fig. S2b), capable of directly
powering 100 LEDs in series (Fig. 1f, Fig. 1g i, Supplementary Video S1),
exceeding most reported nanogenerators (Table S1) [28-41], with
concurrent current peaks of 25 pA (Fig. 1g ii), yielding a calculated peak
power output of 7.62 mW,/m? (Fig. S2c). When a high-efficiency output
is required, ultrasound waves can be seamlessly coupled with a liquid-
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Fig. 1. (a) Schematic illustration of the LM-UHG. (b) Reduced and oxidized states of a LM droplet, native oxide of the eGaInSn and its two interfaces: the surface
energy of the outward-facing interface, the interfacial energy of the inward facing interface, mechanical tension of the native oxide are denoted as y,, Y01, and o,
respectively. (c) i) Top view of the device, ii) Shielding effect of the oxidation barrier. iii) Simplified internal self-driving mechanism of the eGaInSn when subjected
to ultrasonic mechanical stress. (d) Change of the charge in the eGaIlnSn droplet model under the influence of ultrasonic wave. (e) Simplified charge separation
mechanism based on ultrasonic mechanical stress response. (f) Application circuit diagrams and LED lighting applications. (g) i) Voltage signal diagram, ii) Current
signal diagram. (h) Realize monitoring of the surrounding vibration environment with zero power consumption, and the vibration energy can be seamlessly coupled
with ultrasound, making it applicable to different application scenarios.
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metal-based high-voltage DC generator, thereby enabling power
amplification and facilitating intelligent, efficient on-demand energy
supply in practical application scenarios (Fig. 1h).

The electrical signals originate from the interfacial material prop-
erties and ultrasonically driven dynamic charge separation [25]. Stress-
induced formation of EDL between the eGalnSn and hybrid interfaces
(silica beaker/electrode) creates charge inhomogeneity due to electro-
negativity disparity, prompting dynamic ionic migration [42,43]. Ul-
trasonic stress induces interfacial wrinkling, a process regulated by the
oxide layer, which in turn stabilizes the distribution of the EDL (Fig. 1d).
Concurrently, an ultrasound-activated Marangoni flow promotes inter-
facial charge reconfiguration to boost energy conversion kinetics
(Fig. 1c iii) [44].

To elucidate the energy generation mechanism of LM-UHG, we
developed an equivalent circuit model integrating three capacitive
components (Cegamsn, CeprL1, and Cgpr2), two impedance elements (the
eGalnSn impedance Rg and load impedance Ry), and a voltage source Vp
(the potential difference between “P” and mirror “S” is defined as Vp)
(Fig. S2d). The Vp parameter was used to represent the synergistic re-
lationships among key parameters including dielectric layer thickness,
eGalnSn droplet ion concentration, and material composition. Given
that the eGalnSn thickness exceeds that of both EDL by several orders in
magnitude, according to the planar capacitor formula C=% the
capacitance is inversely proportional to the thickness d of the dielectric
layer, that is, the capacitance of eGaInSn is much smaller than that of the
EDL capacitor. In a series circuit, the total capacitance is dominated by
the smallest capacitance. Consequently, the total equivalent capacitance
of the system can be approximated by the Cegainsn component. The en-
ergy conversion process manifests through eGalnSn droplet-electrode-
dielectric interactions forming a closed-circuit system, where the Vp-
gated charge transfer occurs via Cegamsn and Rg to the external load Ry.
The controlled adjustment of the ultrasonic enables precise modulation
of interfacial capacitance (Cegamsn), gate voltage (Vp), and impedance
characteristics (Rg), thereby establishing a programmable framework
for optimizing LM-UHG with power output.

The device with simplified architecture exhibits reliable and versa-
tile energy capture performance in high-efficiency regimes while
maintaining functionally integrated compact system. Eliminating the
need for a rectification circuit, thereby validating the potential for
integrating nanogenerator-based devices into energy systems for
compact, wireless, and implantable electronics. Additionally, the cyclic
deformation of the eGalnSn under mechanical stress and its gravity-
driven steady-state recovery ensure structural integrity and consistent
electrical performance over an extended period. The oxide layer facili-
tates rapid and uniform stress transmission across the interface, which is
essential for guaranteeing the long-term operational stability and
consistent output efficiency of the device [45].

2.2. Material characterization and structural analysis

To verify the cooperative effect of the gas-solid-liquid type elastomer
interface (G-S-L) in the LM-UHG, we systematically characterized
eGalnSn, correlating its structural/chemical properties with the device's
6-kV V,. and less than 5% performance degradation within 7 days.

2.2.1. Scanning electron microscopy (SEM)

The morphological evolution of eGalnSn under 40 kHz ultrasonic
excitation was observed using SEM. Before ultrasonic treatment, the
surface oxide layer of eGaInSn formed a smooth film on silica. After
cumulative ultrasonic stress stimulation for 10 h (Fig. 2a), macroscopic
wrinkles appeared, along with distinct Ga20s self-healing traces; high-
magnification images revealed fine wrinkles. This enhanced roughness
modulated the EDL at the surface driven by the Marangoni flow within
eGalnSn: the multimodal eGalnSn vibration induced by ultrasonic
waves combined with the elastic substrate deformation activated the
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“elastic body-mediated charge pump” (Fig. 1c iii, Supplementary Video
$2), which was confirmed by in-situ video related to SEM (Supplemen-
tary Video S3).

2.2.2. Energy dispersive spectroscopy (EDS) analysis

EDS analysis confirmed the elemental homogeneity of eGalnSn,
which is crucial for the sustained G-S-L type elastomer synergy (Fig. 2b).
The uniform distribution of gallium, indium, and tin after ultrasonic
treatment indicates that the LM phase remains intact under prolonged
mechanical stress. The oscillating oxygen content reflects the dynamic
redox of the native Ga:0s layer: repeated rupture and regeneration
regulate the thickness of the oxide, while the valence states of gallium,
indium, and tin remain stable (verified by XPS). This self-healing
behavior results in a frequency scanning performance decay of less
than 5% within 7 days.

2.2.3. X-ray diffraction (XRD)

X-ray diffraction excluded the crystal transformation in eGalnSn and
confirmed the amorphous state of Ga20s (Fig. 2¢). The characteristic
peak of the eGalnSn (20 = 34.5 + 0.1°) did not shift, indicating adaptive
recovery and elastic deformation under ultrasonic stress. The broad
background signal (26 = 25-50°) indicated that the native Ga20s layer
was amorphous, and no crystalline peaks were detected. This amor-
phous structure reduced grain boundary scattering, facilitating EDL
polarization and thus achieving efficient charge separation.

2.2.4. Infrared thermal imaging

Infrared thermal imaging quantified the interfacial heating at the
silica-eGaInSn interface, a key factor for G-S-L type elastomer coupling
(Fig. 2d). Before ultrasonic treatment, the interface temperature was
uniform (22.8-23.1 °C); after 5 min of stimulation, a local hot spot
reached 27.4 °C. This temperature rise was driven by ultrasonic micro-
displacement (Supplementary Video S3). The hot spot amplified the
electronegativity difference between silica and eGalnSn, enhancing G-S-
L type elastomer chemomechanical coupling.

2.2.5. X-ray photoelectron spectroscopy (XPS)

XPS revealed that the charge separation mechanism of LM-UHG was
different from the traditional triboelectric/piezoelectric process
(Fig. 2f). The Ga 2p spectrum showed that the Ga®>* peak (Gaz0s, 1113
+ 0.2 eV) increased in intensity after ultrasonic treatment; the metal Ga
peak (1111 + 0.2 eV) correspondingly weakened. In contrast, the In 3d
(438 + 0.1 eV) and Sn 3d (479 + 0.1 eV) spectra remained in the pure
metallic state (no In-0s or SnO: peaks), confirming selective Ga oxida-
tion, a significant difference from solid-solid triboelectric systems [46].

2.2.6. Contact angle measurement

Contact angle measurement linked the dynamic changes of Gaz0s to
the wettability of the G-L interface (Fig. 2e). After 10 h of ultrasonic
treatment, the non-uniformity of the oxide layer thickness increased the
surface tension, reducing the contact angle of eGalnSn on silica by
approximately 5° (from 130.2° to 125.4°). Due to the reduction in grain
boundary scattering, the thinner amorphous Gaz0s layer had higher
conductivity than the thick polycrystalline layer, and the enhanced
wettability optimized the propagation of ultrasonic waves at the G-L
interface.

2.2.7. Work function evolution

Unlike its constituent metals (gallium melts at 29.8 °C, close to room
temperature but prone to partial solidification; indium and tin are solid
at ambient conditions and melt at 156.6 °C and 231.9 °C, respectively),
eGalnSn remains liquid at room temperature. The work function (& =
4.30 + 0.02 eV) of eGalnSn was measured by Kelvin probe force mi-
croscopy, which lies between that of pure Ga (4.10 eV), In (4.60 eV), and
Sn (4.40 eV) (Fig. 2g i). This intrinsic fluidity of liquid metal enables
conformal, self-adaptive contact under dynamic mechanical stress—a
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behavior inherently unattainable with rigid solid metals, which are
prone to irreversible wear and unstable interfacial contact. The uniform,
self-healing electrical contact thus achieved is not a mere convenience
but an essential prerequisite: our proposed operating principle funda-
mentally relies on precisely such a dynamically reconfigurable liquid
metal/electrode interface. Consequently, liquid metal serves as the
indispensable enabler of this unique energy harvesting mechanism,
rather than being a mere alternative conductive material.

After 253 days, the samples that had not undergone ultrasound and
those that had received a cumulative total of 10 h of ultrasound showed
changes in the work function as depicted in Fig. 2g ii. This surface
activation enhances the interfacial electric field, and the combination of
tunable work function and liquid-phase adaptability distinguishes
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eGalnSn from solid metal counterparts, broadening its application scope
in flexible, non-contact energy harvesting scenarios.

These characterizations collectively paint a complete picture of the
G-S-L type elastomer interface synergy: SEM and EDS confirmed the
structural and elemental stability, XRD and XPS revealed the oxide-
mediated charge separation, infrared imaging quantified the triboelec-
tric heating effect, and contact angle/KPFM linked interface properties
to electronic performance. This multi-dimensional validation highlights
the unique advantage of LM-UHG: achieving high voltage and stable
energy harvesting by leveraging the dynamic LM self-adaptive feature.

In addition, to quantitatively track the evolution of the Ga®/Ga®"
ratio across multiple sonication cycles (1, 5, and 10 h) and thereby
demonstrate the dynamic self-healing nature—rather than a simple
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Fig. 3. (a) Electronegativity response diagram of different materials. (b) The properties of the oxide layer cause its surface to fold when subjected to mechanical
stress. (c) Potential difference of droplet model in different states of ultrasonic coupling. (d) A brief diagram of the electrical signal changes of the three materials
constituting the device under ultrasonic mechanical stress, i) voltage signal, ii) current signal. (e) Ultrasonic driven hybrid interface energy harvesting model. (f)
Voltage of silicon dioxide and copper electrode under different conditions of contact and non-contact.
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before-and-after comparison—XPS analysis was performed Fig. S3a.
Corresponding SEM images are presented in Fig. S3b. Furthermore, to
address the limitations of TEM characterization, we developed an
innovative sample preparation protocol enabling direct measurement of
the oxide layer's topographical changes via AFM before and after soni-
cation. This approach establishes a more direct correlation between
morphological evolution and functional properties, as shown in Fig. S3c.
The voltage signals at different reaction time scales are shown in
Fig. S4a.

2.3. Energy generation mechanisms and constitutive material responses
under ultrasonic mechanical stress

This study establishes an ultrasonically driven hybrid interfacial
energy harvesting framework that synergizes the liquid-phase elastomer
adaptability and high energy density of the eGaIlnSn with ultrasound-
mediated energy transduction across gas-solid (G-S), solid-liquid (S-L),
and gas-liquid (G-L) interfaces (Fig. 3a and Fig. S4b) [47]. The system
achieves multiphase interfacial synchronization for concurrent sensing
and energy harvesting, distinct from conventional ultrasonic energy
transfer paradigms, through the oxide-enabled interfacial charge po-
larization and ultrasonically induced microscale displacement impacts
at the heterogeneous boundaries.

Under the ultrasonic mechanical stress, the interfacial interactions
between the eGaInSn and heterogeneous boundaries significantly
modulate energy harvesting efficiency. During the periodic microscale
displacement impacts at the solid-liquid interface, the localized high-
pressure and high-temperature zones form on the silica surface, inten-
sifying the interfacial triboelectric effects [48,49]. As the silica beaker
vibration under the stress excitation induces multiple ripple effects, the
disparity in mechanical wave propagation rates between the silica and
eGalnSn combined with the material-specific electronegativity re-
sponses synergistically promotes the interfacial charge separation.

At the G-S interface, the feedback vibration enhances the charge
separation between gas, electrode, and beaker boundaries by altering
the initial charge states and gas particle dynamics. These changes per-
turb the ionic concentrations within the diffusion layer, optimizing the
charge distribution and improving the energy conversion efficiency.

Herein, at the G-L interface, microscale displacement of the eGaIlnSn
and its oxide layer characteristics induce surface wrinkling (Fig. 3b).
These wrinkles dynamically modulate a specific surface area and trigger
the charge redistribution, thereby enhancing the charge separation ef-
ficacy. Ultrasonic enhancement of the mass transfer and adsorption ki-
netics synergistically elevates the energy absorption efficiency [50].
Ultrasound simultaneously intensifies the silica surface chemical activ-
ity and eGalnSn oxide reactivity [51]. While the static eGaInSn on silica
shows a negligible potential difference (Fig. 3c i), however, when the
droplet undergoes unidirectional continuous motion under the
ultrasound-induced mechanical stress, cation species within the fluid
selectively accumulate at the advancing interface due to interfacial
electrokinetic effects (Fig. S4c, d). This dynamic redistribution of the
ionic charges disrupts the homogeneous surface charge equilibrium of
the eGalnSn, thereby establishing a relative potential gradient along the
droplet. Such potential difference initiates the directional electron
migration within the bulk eGalnSn, generating a sustained charge
transport pathway. The potential gradient persists throughout the
droplet motion and approaches dynamic equilibrium as the droplet
reaches the terminal region of the eGaInSn channel (Fig. 3c ii) [52,53].
When the ultrasonic wave stops working, the charge distribution returns
to the steady state, the charge separation is shown in Fig. 3c iii.

Through the ultrasonically activated interactions across the G-S,
solid-liquid, and G-L interfaces, the eGalnSn elastic achieves efficient
mechanical energy harvesting. At the solid-liquid interface, the micro-
scale displacement-induced charge separation dominates the energy
conversion. The G-S interactions amplify the triboelectric effects via the
air vibration-modulated initial charge states, while the G-L interfacial
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dynamics enhances energy efficiency through the optimized ion con-
centration kinetics in the diffusion layer. These coordinated mechanisms
synergistically elevate the overall system energy harvesting capacity.

To elucidate the component-specific behaviors under the ultrasonic
mechanical stress, this work conducted comparative electrical charac-
terization on silica, copper, and gallium oxide (Gaz03). As shown in
Fig. 3d i, the Ga:0s-Cu pair exhibited the fastest voltage rise rate,
reaching 6 kV within 10 s. The SiO-eGalnSn combination achieved its
voltage plateau at 20 s, followed by the Cu-eGalnSn pair stabilizing at
3.5 kV after 28 s, the average current signal is shown in Fig. 3d ii. The
ultrasonic-driven hybrid interface energy harvesting model is shown in
Fig. 3e i-iii. Remarkably, non-contact configurations between the silica
and copper electrodes maintained substantial electrical output air-
breakdowns under the ultrasonic excitation: contact voltage (1.9 kV)
vs. non-contact (2.6 kV), and contact current (5.1 pA) vs. non-contact
(2.5 pA) (Fig. 3f, Fig. S5a). The charge signal is shown in Supplemen-
tary Fig. S5b. Furthermore, under the ultrasound-induced stress at
microscale gaps, dynamic capillarity is triggered between the eGalnSn
interface and electrodes. During this process, the eGalnSn becomes
confined within the microcavity formed by the upper and lower elec-
trodes and the interfacial meniscus, with its local curvature reaching
maximum deformation. As demonstrated in Fig. S6a, upon reaching the
maximum stretching state, the eGaInSn droplet adheres to the copper
electrode tip via interfacial adhesion dynamics, forming a transient
liquid bridge that spans the interelectrode space.

2.4. Energy conversion mechanism and performance modulation
synergistically mediated by G-S-L type elastomer three-phase interfaces

The exceptional energy conversion capability of the LM-UHG stems
from the hierarchical synergy of three core mechanisms, all rooted in the
G-S-L three-phase interfaces. This framework sequentially triggers,
amplifies, and optimizes ultrasonic energy conversion, with each
experimental observation directly linked to the intrinsic material prop-
erties (elastomeric flexibility of eGalnSn, bifunctional Ga20s layer) and
interfacial dynamics.

2.4.1. Elastomer-mediated “Charge Pump”: Triggering initial energy
conversion

The elastomer-like liquid flexibility of eGalnSn (electrical conduc-
tivity: ~3.4 x 100 S/m; Young's modulus: ~1-10 Pa [54]) enables the
first critical step of LM-UHG—converting ultrasonic mechanical energy
into interfacial charge separation via the “charge pump” mechanism.
Ultrasonic longitudinal waves induce “fluid-elastomer synergistic vi-
bration” (Supplementary Video S3), during which eGaInSn exhibits
multimodal oscillation (constrained by the acoustic boundary condi-
tions of the silica beaker) while the elastomer matrix deforms to
generate controllable strain (Fig. 1e i-iv). This mechanical input drives
two cascaded processes at the Cu/eGalnSn interface:

First, periodic compression-expansion of the EDL (Fig. S6b). Under
ultrasonic stress, the compact layer of the EDL thins, and ions (Ga>*,
In®*, Sn?") from the Ga:0s layer are driven into the diffuse layer,
increasing the interfacial charge density relative to static conditions.
Second, the Marangoni effect of eGaInSn (Fig. 1c iii) synergistically
enhances this EDL oscillation: ultrasonic stress generates a surface ten-
sion gradient, accelerating directional fluid flow to further regulate ion
distribution within the EDL. This combined effect produces a unidirec-
tional “charge flow”-electrons are continuously extracted from the
Gaz0s layer and collected by the Cu (copper) electrode, forming an
initial current source.

Experimental validation confirms the irreplaceable role of the elas-
tomer: (1) Freezing eGalnSn to a solid state at low temperature (elimi-
nating liquid-phase flexibility) reduces its current signal to 77.34% of
that in the liquid state (Fig. S7a, b), as rigid solids cannot sustain EDL
oscillation. Removing the Ga=0s layer reduces the peak scanning current
from 1.922 mA (liquid state with oxide layer) to 0.926 mA (liquid state
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without oxide layer), a 51% reduction (Fig. S7a, c); (2) Solid-state
eGalnSn (with Ga20s) only reaches 0.8835 mA (Fig. S7b); (3) In con-
tainers with the same base area, non-uniformly distributed eGalnSn
(control group) exhibits superior voltage/current output compared to
the uniformly distributed standard group. The non-uniform configura-
tion achieves a maximum voltage of 3.1 kV and the fastest power rise
rate (steepest increase at 30 W), while the uniform group reaches a
maximum voltage of 150 V (also with the fastest rise at 30 W) directly
linking strain magnitude to charge pump efficiency. Manual control of
single Cu electrode contact further modulates this process: continuous
contact maintains stable voltage output (Fig. S8a, b, Supplementary
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Video S2), while intermittent separation disrupts EDL reconstruction
and reduces output—validating the capacitor-like charge storage capa-
bility of the EDL [55,56].

2.4.2. G-S-L type elastomer interfacial synergy: Optimizing performance
modulation

Synergy at the G-S-L type elastomer interfaces enables precise
modulation of energy conversion efficiency, with performance tuned via
ultrasonic power, geometric parameters, and force direction—all
directly linked to EDL dynamics [47].
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2.4.2.1. Frequency-swept power dependence. The effect of frequency-
swept operation on the LM-UHG's performance is critically governed
by its power-dependent resonance matching with the system's natural
frequency, which directly modulates the interfacial charge dynamics
and overall resistance. This contrast unequivocally demonstrates the
unique liquid-phase adaptability of our system, a feature absent in rigid
TENGs [46].

At low power (30 W, below resonance), the frequency sweep acts as a
disruptive perturbation. It hinders the stable formation of nascent EDL
and interrupts the repair process of the native Ga-Os layer. Conse-
quently, the energy conversion efficiency is suppressed: the voltage
output decreases by ~60% (2.2 kV vs. 5.5 kV, Fig. 4a i), the average
current reduces by ~12% (7.66 pA vs. 8.74 pA, Fig. 4b i), and the
interfacial resistance increases from ~3 MQ to ~3.3 MQ (Fig. S9a).

In stark contrast, at high power (60 W, at resonance), the frequency
sweep synchronizes with the system's intrinsic dynamics. This syn-
chronization enhances the coherent oscillation of the EDL, as a result,
the interfacial synergy within the G-S-L type elastomer system is maxi-
mized, leading to a remarkable performance enhancement: the voltage
increases by ~54% (5.6 kV vs. 2.6 kV, Fig. 4a ii), the current surges by
~56% (23.71 pA vs. 10.47 pA, Fig. 4b ii), and the resistance decreases.
This power-dependent modulation, transitioning from inhibition to
augmentation, provides direct evidence that resonance is key to acti-
vating the full potential of the three-phase interface.

2.4.2.2. Force direction-dependent sensing. Beyond energy harvesting,
the LM-UHG exhibits an intrinsic capability for multimodal sensing,
achieved through its unique response to directional mechanical stress.
The underlying principle is that stress direction and magnitude dictate
the spatial distribution of interfacial dynamics—namely EDL redistri-
bution and Gaz=0s layer wrinkling—generating vector-selective electrical
signals that directly correlate with the stimulus [57].

Under vertically incident ultrasound, a symmetric pressure gradient
establishes a stable, reproducible pattern of central oxide adaptation and
peripheral wrinkling (Fig. 4c i). The kinetics of this process, reflected in
the voltage rise rate peaking at 3.7 + 0.1 s (Fig. 4e), along with the
resultant current magnitude (27 pA for a 50 mm beaker vs. 16 pA for a
70 mm beaker at 30 W, Fig. S10a i-ii), provides a direct metric for liquid
level detection. A larger base area dissipates energy over a broader
interface, reducing the current output.

Applying horizontal stress (Fig. 4c ii, Fig. 4d) or tilting the device to
45° breaks the symmetry, inducing lateral stretching-compression of the
oxide layer, which nonetheless maintains interfacial stability
throughout the deformation. This asymmetric deformation delays the
voltage rise peak to 4.6 + 0.1 s and generates spatially distinct current
signals (Fig. 4e, Fig. S9b). Notably, when the electrode is positioned at
the liquid surface edge—a region of maximal strain concentration—the
current peak (37 pA) is significantly higher than at the center (22 pA,
Fig. S10a iv, S10b ii). This geometric sensitivity is further amplified at
higher liquid levels, where sharper current peaks (37 pA vs. 22 pA,
Fig. S10b iii) are observed, confirming the capability to discern minute
changes in surface height. The inclined configuration also promotes a
pre-activation charge accumulation at the interface, manifesting as
capacitor-like behavior prior to ultrasonic onset.

The exquisite sensitivity of the G-S-L type elastomer three-phase
interface to the applied stress field enables the LM-UHG to transduce
diverse mechanical stimuli—from impact direction to fluid geo-
metry—into distinct electrical fingerprints, seamlessly integrating en-
ergy conversion with sophisticated self-powered sensing.

2.4.2.3. Geometric parameter modulation. The output of the LM-UHG is
profoundly governed by geometric parameters that dictate the interfa-
cial dynamics. Systematic investigations reveal that the container base
area directly defining the solid-liquid (Cu-eGalnSn) contact area is a
pivotal factor for EDL formation and overall charge capacity.
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Expanding the base diameter from 50 mm to 70 mm enhances the
voltage/current output by approximately 36%, whereas reducing it to
15 mm causes a drastic ~96% reduction (Fig. 4f, Fig. S11a). This
monotonic trend unequivocally confirms that a larger interfacial area
provides a more extensive platform for EDL oscillation and ion migra-
tion, thereby scaling up the total charge displaced by the “charge pump”.

Beyond the absolute contact area, the spatial distribution of eGalnSn
is equally critical. Non-uniform spreading of the LM (Fig. 5a i) generates
localized strain fields that intensely amplify the EDL oscillation. This
effect results in a phenomenal performance boost: the maximum voltage
reaches 3.1 kV at 30 W, which is over 20 times greater than the 150 V
achieved by a uniformly spread control group with the same mass
(Fig. 5aii). This striking contrast highlights that engineered micro-scale
inhomogeneity can be a powerful strategy for maximizing the energy
conversion efficiency of liquid-metal-based interfaces by focusing me-
chanical energy into active regions.

2.4.3. Thermo-triboelectric coupling: Enhancing interfacial dynamics

The energy conversion within the G-S-L type elastomer interface is
further amplified by ultrasonically induced thermal effects, which create
a synergistic thermo-triboelectric coupling. High-intensity ultrasound
generates localized high-pressure and high-temperature zones at the
interfaces (Fig. 2d, Supplementary Video S3), profoundly modulating
the charge transfer kinetics.

The viscosity of eGalnSn decreases with rising temperature, leading
to a linear increase in current output from 0 to 75 °C (Fig. 5e). This is
attributed to accelerated ion migration within the EDL [48,49].
Furthermore, sustained ultrasonic excitation causes localized heat
accumulation, potentially inducing microstructural fluctuations in
eGalnSn and releasing latent heat. This thermal energy promotes
interfacial reactivity and perturbs the EDL ion concentration gradients,
thereby elevating the interfacial energy density.

The electrical output of the LM-UHG demonstrates a pronounced
non-monotonic dependence on the input ultrasonic power, reaching a
maximum at 30 W (Fig. 5b i-ii). This optimum arises from a fundamental
competition between two power-dependent interfacial processes. At
lower power levels, the mechanical stimulation provides sufficient
interlude for the stable relaxation of the EDL, facilitating efficient charge
separation. As the power exceeds this optimal point (>30 W), the
accelerated interfacial dynamics severely shorten the available EDL
relaxation time. Concurrently, the intense energy input promotes a rapid
buildup of space charge, which establishes a counter-acting electric field
that ultimately limits any further enhancement in output (Fig. 5c) [53].

The critical role of ultrasonic excitation in governing the interfacial
charge transfer dynamics is further underscored by comparing current
signals under different operational states. A marked difference is
observed between the simple contact-separation of eGalnSn in the
absence of ultrasound and the dynamic processes activated under both
fixed-frequency and swept-frequency excitation (Fig. 5d).

The culmination of this optimized interfacial synergy at intermediate
power levels is directly corroborated by the charging performance of a
47 pF capacitor. The charging rate reaches its peak at power levels >20
W and is sustained across higher powers (Fig. 5f), a trend fully consistent
with the output characteristics of the device itself. Collectively, these
results confirm that the ultrasonic power dictates the dynamic balance
between charge generation and dissipation at the G-S-L type elastomer
interface, with the performance maximum representing the optimal
operational regime for the core energy conversion mechanism.

2.5. Stability: Sustained performance and reproducibility enabled by
oxide-Interface synergy

Long-term stability is a key advantage of LM-UHGs over traditional
TENGs, enabled by the dynamic self-healing of the Ga20s layer and
environmental adaptability of the G-S-L type elastomer interface. To
address concerns about the reproducibility of the reported high-
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Fig. 5. (a) The impact of the liquid level shape on the electrical signal feedback. (b) The ultrasonic power dependence of the output voltage, showing maximum
output at 30 W. Beyond this point, the signal drops, forming a normal distribution. (c) The energy collection mechanism is achieved by applying mechanical stress
from ultrasound to the eGaInSn and its oxide layer for compression and stretching. (d) The difference in current signals between the contact and separation of
eGalnSn without ultrasonic waves and that with fixed frequency and sweep frequency ultrasonic waves turned on. (e) Change of the current at 0-75 °C. (f) The rate at

which a 47 pF capacitor is charged at different powers.

performance metrics, a 7-day systematic cyclic stability test was con-
ducted using a standard two-electrode configuration. This configuration
establishes a closed circuit with well-defined anode-cathode interfaces,
eliminating errors from unstable contact resistance or stray charge
accumulation; electrode spacing (1 mm) and material pairing (Cu/
eGalnSn) were maintained constant throughout the test to ensure
consistent current paths, minimizing variability from hardware config-
uration. Detailed stability characteristics and reproducibility validation
are presented below, with all observations linked to the core
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electromechanical coupling mechanism.

Over the seven-day testing period under swept-frequency excitation,
the device output demonstrated exceptional consistency. The average
current was measured at 886.4 + 49.4 pA (mean =+ standard deviation),
corresponding to a coefficient of variation (CV) of merely 5.57%. The
performance on day 7 (888.2 pA) was virtually identical to the baseline
established on day 1 (884.4 pA), showing a negligible deviation of
+0.43% and confirming the absence of significant degradation. A
transient fluctuation observed on day 6 (786.9 pA), approximately
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11.2% below the mean, was conclusively linked to a drop in ambient
humidity. The subsequent recovery of the output current on day 7, as
humidity levels returned to baseline, underscores the reversible nature
of this environmental response rather than an irreversible material
failure (Fig. S12a, b). This resilience is a direct consequence of the non-
contact operation mechanism and the regenerative Ga=0s interface.

This significant improvement in electrical performance is directly
attributed to the presence of the surface Ga-0s layer. This layer not only
effectively reduces the interfacial energy and inhibits excessive interface
fluctuations, but its unique dynamic self-repairing ability can also
maintain the integrity of the solid-liquid interface in real time, thereby
ensuring the stability of the charge collection and transmission process.
To rigorously address the requirement for performance reproducibility
across multiple devices, we fabricated and characterized four indepen-
dent devices (n = 4) under carefully controlled conditions. The results
from all four devices consistently demonstrate that the presence of the
surface oxide layer dramatically improves output stability. (Fig. S12c,
d.

Pre- and post-test material characterization provides direct evidence
for the proposed oxide-mediated self-healing process. XPS and EDS an-
alyses performed before and after 10 h of continuous ultrasonic stress
confirm the stability of the interfacial chemistry (Fig. 2b, f). While the
oxygen content within the Gaz0s layer exhibits minor fluctuations, the
chemical states of the constituent elements—specifically, Ga>" (2ps/2 at
1111 eV), In** (3ds/2 at 438 eV), and Sn*" (3ds/2 at 479 eV)—remain
unchanged. This confirms that the interfacial processes are dominated
by reversible redox-mediated regeneration, with no evidence of irre-
versible oxidation or compositional degradation.

To decouple intrinsic material degradation from environmental in-
fluences, output current was monitored daily under both fixed-
frequency and swept-frequency excitation, while ambient conditions
(temperature, humidity) were recorded concurrently. The results reveal
two distinct operational paradigms:

In swept-frequency mode, the output exhibits excellent reproduc-
ibility and a predictable, reversible dependence on ambient humidity—a
behavior fully consistent with the EDL modulation mechanism. Under
high-humidity conditions (Days 1-2, 5, 7), the current remained stable
between 872.6 and 934.1 pA. The transient current decrease of ~11% on
the low-humidity Day 6 is attributed to a humidity-induced structural
reorganization of the EDL, where a reduced water content thickens the
compact layer, thereby slowing ion migration. The complete recovery of
output on Day 7 confirms that this is a reversible physicochemical
response, not a permanent degradation.

In fixed-frequency mode, which amplifies time-dependent material
responses, a gradual, linear decrease in current was observed from Days
4 to 6, culminating in a value of 415.3 pA on Day 6. This trend is
attributed to a combination of the reversible humidity effect and a slow,
intrinsic interfacial fatigue at the eGalnSn-substrate interface under
sustained static stress. Crucially, when humidity returned to high levels
on Day 7, the current rebounded to 543.8 pA—a 30.9% increase from
the previous day—confirming that the environmental component is fully
reversible. The underlying intrinsic degradation proceeds at a quantifi-
able, predictable rate, providing reliability by avoiding catastrophic
failure modes.

Notably, the observed humidity sensitivity is not merely an opera-
tional variable but an embodiment of the LM-UHG's integrated “energy
harvesting-sensing” functionality. As the EDL is central to the energy
conversion process, its inherent responsiveness to humidity simulta-
neously enables environmental monitoring. This dual character en-
hances the scientific value of the device while maintaining performance
reproducibility. Under identical humidity conditions, the frequency-
swept current deviates by less than 5%, confirming stable and consis-
tent performance across cycles. Environmental fluctuations induce
reversible output changes, while intrinsic degradation follows a pre-
dictable kinetic profile, collectively ensuring the reliability and repro-
ducibility of the LM-UHG.
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2.6. Applications of LM-UHG as a self-powered platform for integrated
sensing and energy delivery

The hierarchical synergy within the G-S-L type elastomer interface
unlocks a multifunctional platform that transcends conventional energy
harvesters. This unique combination enables the LM-UHG to function as
a core building block for self-powered systems capable of both
perceiving environmental stimuli and delivering usable energy.

2.6.1. Ambient acoustic and vibration energy harvesting

The LM-UHG efficiently scavenges low-intensity mechanical energy
from the environment. Under ultrasonic excitation (40 kHz, 30 W), the
pronounced wrinkling at the G-L interface the effective contact area for
triboelectrification (Fig. 3b). Coupled with the high-voltage output from
the S-L EDL, the device generates distinct electrical signals in response to
table tapping (15 V) and drumbeats (55 V) (Fig. 6a i, Fig. S11b),
demonstrating its capability for harvesting broadband acoustic energy.

2.6.2. Multimodal sensing via interfacial responsiveness

The inherent sensitivity of the interfacial components enables
sensing without additional functionalization.

Electrostatic Field Mapping: Charge polarization mediated by the
native Ga20s layer (G-S interface) allows for non-contact detection.
Using an electrostatic gun, the device records a rapid voltage rise (0.1 kV
in 0.3 s) upon charge injection and an immediate drop upon release
(Fig. 6aii), showcasing potential for industrial electrostatic monitoring.

Humidity and Force Vector Detection: As established in stability
tests, the G-L interface wrinkling is modulated by ambient humidity,
enabling reversible humidity sensing. Furthermore, the vector-selective
response of the S-L EDL to force direction—evidenced by distinct voltage
rise kinetics for vertical (3.7 + 0.1 s) versus horizontal stress (4.6 + 0.1
s)—provides a mechanism for determining mechanical force orienta-
tion, relevant for structural health monitoring (Fig. 4e).

2.6.3. Conformal human-machine interaction glove

The material's inherent flexibility (Young's modulus: 1-10 Pa [54])
allows for seamless integration into wearables. A sensing glove was
fabricated by printing eGaInSn onto conformal polyimide tape. The S-L
interface's exquisite sensitivity to micro-deformation enables the
discrimination of various hand actions based on their unique voltage
signatures (harp peaks for typing ~20 V, sustained signals for mouse
usage ~15 V), establishing a direct pathway for intuitive human-
machine interfaces (Fig. 6b).

2.6.4. A 1-to-N ultrasonic broadcast Array for IoT power supply

To address the “power desert” challenge in distributed IoT networks,
we developed a scalable ultrasonic energy broadcast system. A single
transmitter (40 kHz, 50 W) powers multiple LM-UHGs of different ge-
ometries. The current output scales with the container base area, with
the largest unit (200 mm diameter) reaching 5.831 mA under swept-
frequency excitation (Fig. 6¢). When connected in parallel, the array
produced a transient current spike of ~25 mA. This aggregated output,
significantly exceeding the simple sum of individual steady-state peaks,
highlights the system's ability to harness energy from a common source
across multiple nodes efficiently. The omnidirectional energy reception
of the G-L interface and the stable interconnection provided by the G-S
oxide layer are key to this scalable, broadcast-mode energy delivery
paradigm.

In summary, the LM-UHG platform leverages its multi-interface
synergy to achieve a triple integrated capability: non-contact energy
harvesting, multimodal sensing, and scalable power delivery. This
functionality, unattainable by traditional single-interface devices, pro-
vides a core technology for next-generation self-powered systems in
industrial monitoring, wearable electronics, and the expansive IoT
(Fig. S13).
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Fig. 6. (a) LM-UHG collects energy from i) sound and ii) static electricity in the surrounding environment through sensing. (b) The ultrasonic energy harvesting
sensing glove made of LM-UHG material can precisely and continuously collect common action signals, and distinguish the signals corresponding to four different
gestures. (¢) The bottom diameters are i) 15 mm, ii) 50 mm, iii) 200 mm, and iv) three devices in parallel. Current signals of LM-UHG under fixed frequency and
sweep frequency conditions with ultrasonic power cycled from 0 to 100 W.

3. Methods 3.2. Preparation of LM-UHG

3.1. The preparation of room temperature multiphase eGalnSn metals eGalnSn weighing 10 g was loaded into a silica beaker and charge

collection was carried out with Cu as the output end in a unipolar mode.

The Ga, In, Sn were purchased from Shanghai Aladdin Company,

while the Ga, In and Sn metal particles were mixed in a mass ratio of

67:20.5:12.5 to obtain the GagyInyg 5Sn;2 5 alloys (with a melting point
of 10.5 °C).

3.3. Measurements and characterizations

The SEM tests were conducted using a Zeiss Sigma 300 instrument.
Energy Spectrum Scanning (EDS) tests were performed with an Oxford
Xplore30 system. The X-ray diffraction (XRD) pattern was obtained with
the Smart Lab SE Xray diffractometer (Cu Kal, A = 1.54056 A, 40 kV, 15
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mA) in the 26 range of 10° to 90°. X-ray Photoelectron Spectroscopy
(XPS) tests were carried out using a Thermo Fisher Sci-entific K-Alpha+
instrument. The V., I;. and Q. of LM-UHG were characterized using an
electrometer (Keithley 6514). The ultrasonic excitation was provided by
an industrial system (Ultrasonic Generator: THDT3, Shenzhen Taiheda
Technology Co., Ltd.). A piezoelectric transducer with a nominal reso-
nant frequency of 40 kHz was used. All experiments reported in this
work were conducted at this fixed frequency of 40 kHz, with the input
power varied from O to 100 W. Regarding handling precautions, due to
its low melting point, the eGalnSn alloy should be stored and handled
above ~15 °C to prevent partial solidification and ensure consistent
fluidic properties during experiments. All experiments were therefore
conducted in a climate-controlled laboratory maintained at 22 + 3 °C,
with relative humidity strictly regulated to <35%. This stringent envi-
ronmental control ensured both the sustained liquid integrity of the
eGalnSn alloy and the high reproducibility and reliability of all electrical
measurements throughout the entire study.

4. Results and discussion

This study addresses three critical limitations in conventional
nanomechanical generators: (i) interfacial contact constraints, requiring
physical interface interaction for energy harvesting, (ii) AC output
necessitating rectification, and (iii) absence of integrated sensing-energy
conversion architectures. We propose a non-contact hybrid energy-
sensory DC generator based on the eGalnSn that eliminates reliance
on inverter. This integrated architecture achieves DC output while
maintaining compact dimensions suitable for miniaturized applications.
Leveraging the exceptional fluidity, and high electrical conductivity of
the eGalnSn, the system achieves concurrent sensory detection, hybrid
energy harvesting, and efficient DC power generation under the ultra-
sonically induced non-contact mechanical stress. By incorporating
multi-modal energy capture mechanisms, this generator achieves full-
process energy conversion from morphological micro-displacements to
stable high-voltage DC outputs. Its self-sustaining sensing capability
enables continuous detection of ambient mechanical stimuli with zero
power consumption while accumulating low-frequency acoustic energy.
The on demand, seamless ultrasonic coupling amplifies power output to
meet specific operational requirements. Our device delivers high-
voltage DC output without requiring any external rectification circuit,
enabled by a minimalist architecture that uniquely integrates non-
contact operation, intrinsic DC generation, and sensing capabilities
within a single platform. Through systematic analysis of its working
mechanism and key material properties, we have developed an equiv-
alent circuit model that accurately captures our experimental observa-
tions. In contrast to conventional contact-mode harvesters, our system
harnesses four synergistic effects: charge separation, electrical double
layer (EDL) modulation, dynamic surface area variation, and redox re-
actions. The liquid metal interface provides three distinct advantages:
durable and conformal contact that eliminates wear-induced degrada-
tion; autonomous self-healing that ensures long-term stability; and
broadband low-frequency tolerance that enables efficient operation
under irregular excitations where conventional harvesters fail.

By shifting the paradigm of nanogenerator research from single-
mode contact systems toward adaptive, multi-material platforms, this
work establishes a new class of energy harvesting technology. The
resulting platform—combining non-contact operation, inherent DC
output, sensing capability, flexibility, and self-healing—is exceptionally
well-suited for demanding applications. Its battery-free design inher-
ently reduces maintenance costs and mitigates replacement risks, mak-
ing it particularly attractive for implantable medical devices, brain-
machine interfaces, and distributed sensor networks where reliability,
longevity, and minimal intervention are critical.
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