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Driven by the rapid growth of loT and
wearable technologies, the demand for
battery-free, self-powered nodes capable
of autonomous sensing and wireless data
transmission has become increasingly
urgent. This work introduces an origami-
inspired triboelectric nanogenerator that
is capable of energy and information co-
harvesting from a single hand tap. By co-
designing adaptive mechanical
structures with efficient electrical
interfacing, the proposed system enables
responsive, battery-free sensing and
interaction, pointing toward a new
paradigm for self-powered wearable and
loT technologies.
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CONTEXT & SCALE The rapid expansion of the Internet of Things (loT), along with the growing deploy-
ment of distributed sensing networks for applications such as structural health monitoring, environ-
mental surveillance, and digital twins, has created an urgent demand for reliable and efficient distributed
energy solutions to support long-term, maintenance-free operation of those devices. Triboelectric nano-
generators (TENGs) have emerged as a promising energy-harvesting technology due to their high inte-
grability, structural simplicity, and strong environmental adaptability. However, despite substantial
research progress in the past decade, the realization of practical battery-free TENG-powered systems
remains fundamentally constrained by unresolved challenges in structural optimization, limited and inter-
mittent energy output, inefficient energy regulation, and the lack of scalable, tightly integrated circuit ar-
chitectures.

In this work, we report a diamond-tessellated, origami-inspired triboelectric nanogenerator (DT-TENG)
designed for synergistic energy and information harvesting. The system is comprehensively investigated
through structural design, theoretical derivation, circuit development, and experimental evaluation. By
tightly integrating energy harvesting with information encoding and transmission, the proposed architec-
ture overcomes the intermittency of ambient inputs and enables responsive, self-powered wireless
sensing. The integrated system supports real-time interactive control in smart-home, gaming, and wear-
able sensing scenarios, establishing a modular and scalable foundation for next-generation battery-free
loT and human-machine interaction systems.

SUMMARY

Triboelectric nanogenerators (TENGs) have emerged as a promising solution for realizing self-powered
Internet of Things (loT) nodes. However, their practical deployment remains constrained by limited power
output, high internal impedance, and immature system-level integration. In this paper, we present a
diamond-tessellated, origami-inspired triboelectric nanogenerator (DT-TENG) that underpins a synergistic
energy and information harvesting (SEIH) system. Enabled by a flat-foldable architecture, an optimized
contact interface, and a plasma-treated dielectric layer, the DT-TENG achieves a peak power density of
548.33 W/m?®. A dedicated energy-regulation and impedance-matching circuit facilitates efficient energy
extraction, yielding an approximately 460-fold increase in stored energy and providing a reliable power
supply for system operation. Triggered by a gentle hand tap, the SEIH system supports self-powered
sensing, with rapid response and high adaptability. Through energy-information co-harvesting, this work
demonstrates a system-level approach to responsive, battery-free control across smart-home, human-
machine interface, and wearable sensing applications.
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INTRODUCTION

Traditional electronic sensors typically rely on chemical batteries
and/or external power sources, which constrain their operational
lifespans and increase maintenance complexity.' With the
rapid expansion of the Internet of Things (loT), smart wearables,
and human-machine interfaces (HMIs), there is a growing de-
mand for self-sustained sensing systems capable of providing
extended, maintenance-free operation after deployment.® To
meet this demand, energy harvesting offers a viable solution
for powering sensors autonomously without reliance on tradi-
tional energy supplies. Among various energy-harvesting
approaches developed, those based on piezoelectric,>”
thermoelectric,’ and electromagnetic’® transductions have
achieved notable advancements over the past two decades.
However, their relatively low power density, bulky size, and rigid
operating conditions still pose challenges for seamless integra-
tion into distributed loT nodes.

As a promising energy-harvesting solution, triboelectric
nanogenerators (TENGs) offer an outstanding combination of
advantages such as light weight,® broad material accessi-
bility,’® low cost,”'" excellent environmental adaptability,'?
and high structural flexibility. ®~'® These outstanding attributes
make TENGs well-suited for integration with wearable elec-
tronics to achieve energy autonomy. TENGs operate through
the coupling of contact electrification and electrostatic induc-
tion, transforming mechanical stimuli into electrical energy.
Substantial efforts have been devoted to enhancing their
performance—in terms of both output power and sensing res-
olution—via advances in structural innovation,'” 2" functional
material engineering,””>* surface treatment,”>>’ hybrid stra-
tegies,”®*" and interface circuitry.>*" By first storing the
harvested energy over a certain period, TENG-based sensing
systems have been widely applied in a wide range of scenarios,
e.g., environmental sensing,”*®*° water quality assess-
ment,””'® and health monitoring.’°~*? Notably, the electrical
output of TENGs inherently carries both energy and motion-
related signals.*® However, existing studies primarily regard
TENGs as sustainable power sources, and their information-
carrying capacity remains largely underexplored.

Pioneering studies have explored the feasibility of using
TENGs to realize wireless, self-powered, event-driven applica-
tions. In 2018, Mallineni et al.** first demonstrated a wireless
TENG system utilizing electric field coupling to control smart-
home devices such as chromic windows. Electric field coupling
has also been used to transmit signals across different media,
such as from air into water or through biological tissue. In
2020, Wang et al.*® developed a TENG platform based on mag-
netic resonance coupling to realize wireless energy transfer.
Following this concept, the approach was later adapted to trans-
mit force-triggered signals, further broadening the potential
of TENGs in control applications.’® Another wireless sensing
strategy was developed based on displacement currents
induced by breakdown discharge.*® It could achieve a maximum
transmission distance of up to 30 m and demonstrated prom-
ising potential in HMI applications. However, these systems
are still in their infancy and rely on auxiliary, bulky components
like electrode plates or coils that limit their practicality. More
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crucially, the limited energy output of these TENGs confines
them to rudimentary communication protocols, which lack the
reliability and bandwidth required to interface with commercial
sensor modules. This significantly limits their potential for prac-
tical and widespread use.

In this work, we propose an origami-inspired triboelectric
nanogenerator featuring a diamond-tessellation structure (DT-
TENG). Paired with a specialized auxiliary circuit, the system
enables efficient co-harvesting of energy and information while
maintaining high structural flexibility. The DT-TENG leverages
the diamond-tessellation structure to effectively enhance
triboelectrification and electrostatic induction within a limited,
compact three-dimensional space through spatial folding
operations (Figure 1A). First, a spatial triangle model was em-
ployed to systematically analyze the foldability of the dia-
mond-tessellation origami pattern with varying angles, offering
design guidelines for configuration optimization. Furthermore,
flexible circuit printing was utilized to achieve seamless inte-
gration of the TENG electrodes with the substrate, while plasma
treatment of the dielectric interface further enhanced output
performance. The use of flexible materials and well-established
fabrication techniques enables large-scale manufacturing and
expands the potential for applications in various domains. In
addition, the energy flow throughout the entire process was
analyzed, and a dedicated energy-regulation circuit (ERC)
was designed to enhance the overall output performance.
Building upon this, we developed a synergistic energy and
information harvesting (SEIH) system that integrates the
proposed DT-TENG, the custom-tailored ERC, a storage
capacitor, a sensor, and a Bluetooth low energy (BLE)
system-on-chip (SoC) into a unified, compact architecture.
Harnessing the inherent linkage between energy and infor-
mation, the system supports a range of self-powered, event-
driven applications, such as remote control, environmental
sensing, and human-machine interaction. With its exceptional
flexibility, strong modularity, and advanced system-level inte-
gration, the developed SEIH system offers a promising route
toward energy-autonomous wearables and next-generation
intelligent devices.

RESULTS

Architecture blueprint of the SEIH system

The concept of SEIH is depicted in Figure 1B. Through the
coupling of triboelectrification and electrostatic induction
within the designed DT-TENG, human kinetic motion is con-
verted into electrical signals (Figure 1Bi) that carry energy and
motion-related information. A custom low-power circuit effi-
ciently regulates the energy to power the BLE SoC, while the
embedded information is concurrently delivered through the
BLE broadcast signals (Figure 1Bii). This SEIH system holds
great potential for status monitoring and environmental
sensing, with wide applications in smart homes, HMIs, and
wearable devices (Figure 1Biii). Fundamentally, all these func-
tionalities are made possible by the exclusively designed DT-
TENG, which serves as the central component. Without this
origami-inspired nanogenerator, neither energy nor information
could be extracted from the motion. Its structural and functional



Please cite this article in press as: Wang et al., Origami-structured triboelectric nanogenerator for energy and information co-harvesting from a single
hand tap, Joule (2026), https://doi.org/10.1016/j.joule.2026.102338

Joule ¢ CellPress

OPEN ACCESS

B i Mechanical Stimuli to Electrical Signals
Z A \ /) XKD
\ P I e

Electrical
Signals

OO

Triboelectrification

ii Signal Manipulation Process

Elecmcny

Electrical | f NN
Signal nformation
iii Self-powered Applications
Uﬂﬂu
Information Fm
Electricity Smart Human-machine  Wearable
Home Interaction Device

1000~ Power Density (W/m?)

F' .

Ref [50] 1004 Ref. [54]
ot | Ref [48]
‘ Ref. 4ol Ref. [53]
A RS2l 10, Ref. [47)
Ref. [4]

A

14 Autonomous Systems
Non-autonomous Systems

T
1000 100 10 1 0 1 10 100 1000
Charging Time (s) Cold Start Time (s)

Figure 1. Design concept and architecture of an origami-based TENG for self-powered wireless sensing

(A) Conceptual illustration of a foldable, origami-inspired triboelectric nanogenerator (DT-TENG), enabling an enlarged contact area and compactness for
integration into smart wearable electronics or loT platforms.

(B) The information-energy co-transmission architecture: (i) human kinetic motion is converted into electrical signals via triboelectrification; (i) auxiliary circuitry
converts the raw signal into usable information; and (jii) the harvested energy and embedded logic support self-powered applications such as smart-home
control, wearable electronics, and human-machine interaction.

(C) Photograph of the DT-TENG mounted on a programmable linear motor platform for mechanical excitation and performance testing.

(D) Measurement setup and demonstration of the electrical signal produced by the DT-TENG.

(E) Demonstration of four DT-TENGs integrated with circuitry for use in human-machine interaction applications.

(F) A wearable prototype of the SEIH system embedded in a soft arm bag, suitable for on-body sensing.

(G) Close-up image of the flexible printed circuit board (FPCB) for the SEIH system, responsible for rectification, energy regulation, and wireless sensing task
execution.

(H) Comparison of peak power density and cold-start response time between the SEIH system and state-of-the-art designs from the literature.
The highlighted blue region denotes the performance range of autonomous systems, while the gray-outlined region corresponds to non-autonomous sensing
platforms.

See more details in Table S1.
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design directly enables the seamless integration of motion
transduction with electrical output. During operation, the DT-
TENG, folded into a multilayer stacked structure, can convert
reciprocating motion, such as human kinematics, into electrical
signals for both energy-harvesting and sensing applications
(Figures 1C and 1D).

To fully exploit the energy-harvesting potential of the DT-
TENG, we developed a dedicated interface circuit that regu-
lates energy flow, conducts sensing, and supports wireless
data transmission, thereby achieving self-powered applica-
tions (Figures 1E-1G). Owing to the ultra-low-power feature
of the custom-designed circuit, the DT-TENG-powered SEIH
system realizes energy-autonomous sensing, such as motion
perception and environmental monitoring, with a negligible
cold-start time and uninterrupted BLE data broadcasting.
In comparison with the self-powered sensing systems re-
ported in the literature,”*"~>* our design exhibits significantly
improved responsiveness and superior instantaneous power
density (Figure 1H; Table S1). This enhanced performance
is attributed to the well-integrated architecture of the SEIH
system and the coordinated optimization across the energy
harvester, the ERC, and the SoC. These features make
DT-TENG a promising candidate for event-driven, low-duty-
cycle sensing scenarios in wearable electronics and loT
environments.

cos 6;
Qi‘(i+1) = | —COS a; 1) Sin 6;

sin @ (i+1) sin o,

Origami morphology and planar foldability

The crease pattern folding governs the output performance
of the origami-inspired TENG by facilitating a transformation
from a simple, flat 2D sheet to a 3D structure, which then col-
lapses back into a multilayered 2D configuration with interleaved
planar surfaces. To analyze this transformation and assess the
feasibility of re-collapsing into a layered 2D configuration, we
first examine the developability and flat-foldability of the dia-
mond-patterned origami, which features six creases indicated
by red (mountain) and blue (valley) dashed lines (Figure 2A). Six
creases converge at a common vertex, dividing the sheet into
six sectors, each defined by an angle «; .1). The dihedral angles
between adjacent panels connected by the crease are defined
as ¢;, where i is the index of the crease, ranging from 1 to 6
(wheni=6,i+ 1 cycles back to 1). As a fundamental geometric
constraint, developability ensures that the origami structure can

(2 cos(g,) — 2)cos (a1,2)2 +(2 cos(g,) — 2)cos(aiz) +Cos(p,)
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be unfolded into a flat plane. This condition can be mathemati-
cally expressed as:

Q1o + Qog+ -+ 0p1 = 2. (Equation 1)

Foldability refers to an origami structure’s capacity to collapse
into a planar form with self-overlapping facets. The geometric
constraints at a single vertex are governed by the Kawasaki-
Justin theorem (Equation 2) and the Maekawa-Justin theorem
(Equation 3), which can be expressed as:

E Ajjs1 = E Qs

i—odd i_even

(Equation 2)

M—-V=x+2, (Equation 3)

where i_odd and i_even denote the indices of alternating angle
pairs around the vertex, M is the number of mountain folds,
and V is the number of valley folds.

Loop-closure constraints of equivalent spatial linkages have
been used in previous studies to assess and prove the rigid
foldability of origami structures.®>*° In this work, we apply these
constraints to our diamond-patterned origami design, with the
resulting formulation expressed as follows:

C)1 2 02.303,404‘505,606.1 = l3 )

where the matrix Q; .1y takes the following form:

(Equation 4)

sin 6; 0
COS a; 1) COS b; Sin a; 1) (Equation 5)
—sin @ (i+1) COS 0 COS @, (i+1)

This transformation matrix is used to convert expressions
from the ith coordinate system to the (i + 1)-th coordinate
system, where 6; represents the rotation angle between two
facets connected by a crease, defined as a revolute joint Z;
(Figure 2B). Considering the symmetry of the tessellated pattern,
the following conditions can be derived:

A34 = K45 = Agy = X2
Qo3 = Qs =71 — 201
61 = 64 '
0> =03 =65 =65

(Equation 6)

By evaluating and solving Equation 4, the relationship between
the two angles ¢ and ¢, during the folding process for various
values of angle a4, is derived as Equation 7 (Figure 2C and
Note S1).

¢ = arccos(
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Figure 2. Rigid foldability and effective area enlargement effect of the origami-inspired TENG

(A) Schematic of the diamond origami pattern featuring a single vertex and six creases. Mountain and valley creases are denoted by blue and red dashed lines,
respectively.

(B) Definition of geometric parameters and mechanical joints for the diamond origami following Denavit-Hartenberg (D-H) notation.

(C) Relationships between the dihedral angles of the diamond origami with different sector angles a4 ».

(D) Perspective view of a partially folded diamond origami.

(E) Spherical triangles used to compute the relationship between 6; and {.

(F) Numerical results showing the variation of the folding angle ¢ as a function of ¢; for different values of sector angle a1 .

(G) Unfolded, flat patterns of the diamond origami with different values of sector angle a4 », ranging from 7/10 to /4.

(H) Top views of fully folded tessellated structures with polygonal geometries ranging from a decagon to a square. The blue annotations indicate the effective
areas of the configurations (see methods section for details).

(I) Axonometric view of the corresponding partially folded origami structures with n = 5.
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Figure 3. Working mechanism, materials selection, and surface treatment effects of the DT-TENG

(A) lllustration of the partially folded DT-TENG, highlighting the contact-separation electrode pairs.

(B) Pattern diagram of the DT-TENG with n = 1 and m = 2. Dimensional specifications and photographs are available in Figures S1 and S2.

(C) Fundamental working principle of the contact-separation mode TENG, illustrating the sequential charge transfer and current generation during mechanical
deformation.

(D) Finite element (FE) simulation of the dynamic potential distribution between the two electrodes over one contact-separation cycle.

(legend continued on next page)
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However, these methods provide only necessary yet not suffi-
cient conditions to ensure foldability.>” In this work, based on the
spatial triangle model,”® we introduce a novel approach to
further investigate the folding behavior of the origami structure.

Figure 2D presents a schematic of the diamond origami struc-
ture. Connect points B and B’, and draw a perpendicular line
from point O to line BB’. Let { denote the angle between lines
OO’ and OB, and let g represent the angle between OO’ and
OC. Let D be the midpoint of line CC’, and denote the angle
«DOC as a4 /2. The values of £ and g are positive, with a value
of 90° representing the fully unfolded state of the origami pattern.
Spherical triangles are used to establish the relationships be-
tween ¢ and ¢ for different sector angles (Figure 2E). To facilitate
computation, the sphere on which all these triangles lie is
assumed to have a unit radius. According to the cosine and
sine laws of spherical trigonometry, along with the condition
that follows D = 7/2, O4 + Oo= 7/2, and B = = — 6;/2, the following
relations can be derived (Note S2):

%
tan O4 = tan a4 2-sin (é)

: . 91
sin = ) . (Equation 8)
sin Oy

. . 01
COS } = COS a2-COS { +Sin ay»-Sin {-cos >

Figure 2F illustrates the variation of ¢ with respect to ¢ as the
sector angle varies from 7/10 to z/3. When ¢4 = x, { reaches n/2,
indicating that the origami structure is fully folded. As ¢4 varies
toward 0, ¢ correspondingly decreases. When a4 > = #/4, both
@1 and ¢ become zero, marking the critical sector angle of the
origami structure. If a4 » exceeds /4, { becomes negative during
the folding process, indicating that lines OB and OB’ (Figure 2D)
intersect, thereby preventing the structure from folding into a
flat, planar configuration. Therefore, the crease pattern exhibits
rigid foldability only when a4 o lies within the interval (0, z/4).
Furthermore, by tessellating the diamond pattern, a three-
dimensional scale-closed structure can be constructed. The
relationship between the number of sides and angles of the
polygon is given as follows®®:

- (Equation 9)
m = E}’

where y is the number of polygon sides formed after the origami
pattern is folded, which can be calculated for the corresponding
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ay,2. The parameter m represents the number of origami tessel-
lations in a single row. We constructed various origami patterns
with a4 > ranging from z/10 to z/4 and examined their corre-
sponding flat-folded states (Figures 2G and 2H). Figure 2| and
Video S1 demonstrate the folding and developing process of
the origami patterns. The results clearly show that foldability
fails when a4 > = #/3, while configurations with other sector an-
gles can be folded and developed completely.

Working mechanism and performance assessment
Based on triboelectrification and electrostatic induction
coupling, TENGs convert external mechanical stimuli into elec-
trical energy. Their power outputs are governed by the surface
charge density, which is determined by the type of materials
used and the contact area. Therefore, for given electrode
and dielectric materials, the performance of a TENG can be
improved by enlarging the interface area where the triboelectric
charge transfer takes place. Considering that other origami pat-
terns form a geometric hollow at the center when fully folded,
resulting in a reduction in effective area (Figures 2H and 2I),
the pattern with a4 > = 7/4 was selected for its maximum area
utilization. In fabricating the DT-TENG, metal is deposited
onto the substrate layer in two separate regions, forming
two electrodes, #1 and #2, respectively (Figures 3A and 3B).
Electrode #1 serves as both an electrode and a tribopositive
material. Meanwhile, a dielectric film is coated onto the surface
of electrode #2, functioning as a tribonegative material to cap-
ture electrons from electrode #1. By using flexible circuit print-
ing, we developed an integrated fabrication process for the
DT-TENG substrate and electrodes, ensuring high flexibility
and smooth flat-foldability (see methods section for details).
During the folding process of the origami pattern, relative
motion and interfacial contact take place between electrode #1
and the dielectric layer over their planar regions, facilitating
both internal charge induction and external charge transfer in
the DT-TENG (Figure 3A). Figures 3C and 3D present the
fundamental working mechanism of the TENG throughillustrative
schematics and finite element (FE) simulations. Triboelectrifica-
tion, the primary driving mechanism of TENGs, occurs when
two different materials come into contact (Figure 3Ci). Electro-
static induction follows as charges redistribute in response to
electrostatic forces within an electric field (Figures 3Cii-3Civ).
The coupling of triboelectrification and electrostatic induction re-
sults in a charge transfer through an external circuit, generating a
conduction current. FE results indicate that the potential gradient
between the contact-separation pair develops asymptotically
during the contact or separation process (Figure 3D), thereby
promoting directional charge transfer across the electrodes.

(E) Comparison of output voltage and current performance of the DT-TENG fabricated with different dielectric materials, including polyethylene terephthalate
(PET), Kapton, polytetrafluoroethylene (PTFE), polyvinyl chloride (PVC), and FEP. Bar heights represent mean values; error bars indicate standard deviations (SD)

from five independent tests (n = 5).

(F) Surface roughness, contact angle, and surface free energy of the dielectric layer before and after 1-5 min of plasma treatment. Bar heights represent mean

values; error bars indicate SDs from five independent tests (n = 5).

(G) Short-circuit current (Isc) and charge output (Qsc) of the DT-TENG with the dielectric layers before and after 1-5 min of plasma treatment, showing a marked

enhancement in performance after treatment.

(H and 1) Surface morphology and water contact angle of the FEP film before plasma treatment.
(J and K) Surface morphology and water contact angle of the FEP film following a 3-min plasma treatment.
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Figure 4. Electrical output performance, parameter dependence, and durability of the DT-TENG

(A) Short-circuit charge output (Qsc) of the DT-TENG with varying numbers of stacked layers (n = 1-5), showing enhanced performance with increasing layer
count.

(B) Photographic comparison of the DT-TENG prototypes with n varying from 1 to 5.

(C) Schematic diagram of the experimental setup.

(D) Photograph of the experimental setup, including the linear motor, data acquisition system, and the laser vibrometer.

(E and F) Electrical output (current and charge) of the DT-TENG with n = 5 under different excitation amplitudes (E) and frequencies (F). Bar heights represent mean
values; error bars indicate SDs from five independent tests (n = 5).

(G and H) Peak power output of the DT-TENG as a function of external load resistance, under different excitation amplitudes (G) and frequencies (H), identifying
optimal impedance for maximum power transfer.

(legend continued on next page)
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Various dielectric materials with negative triboelectric prop-
erties were coated onto electrode #2 (Figure 3B), and their
output characteristics, including open-circuit voltage (Voo),
short-circuit current (Isc), and short-circuit charge (Qsc), were
evaluated (Figure 3E). Among them, the DT-TENG using fluori-
nated ethylene propylene (FEP) as the dielectric material ex-
hibits the best output performance, achieving 210 V in V,
1.2 pAinlse, and 110 nC in Qg, thereby justifying its selection
for subsequent experimental studies. In addition to the tribo-
electric charge affinity, surface micro-structuring offers an
effective means to boost TENG output by enlarging the contact
area. In this work, plasma treatment was applied to the FEP film
to enhance the triboelectrification effect (Figure S3). Figure 3F
presents the arithmetical mean height (surface roughness,
Sa), water contact angle, and surface free energy of the FEP
films before and after plasma treatment. The results show
that the Sa value of the FEP film gradually increased with
plasma exposure time (from 1 to 5 min). However, when the
treatment duration exceeded 3 min, the water contact angle
and surface free energy showed a reversal trend. This is likely
because plasma treatment initially increases surface rough-
ness, but prolonged exposure causes chemical changes that
render the films more hydrophilic. The triboelectric output char-
acteristics exhibited a similar trend (Figure 3G), indicating that a
3-min plasma treatment achieved a balance between physical
and chemical effects; thus, this duration was adopted.
Figures 3H-3K display the surface morphology images and wa-
ter contact angles of the FEP film before and after 3-min plasma
treatment, respectively, clearly illustrating the evolution of sur-
face roughness and wettability (additional results for other
treatment durations are provided in Figures S4 and S5).

The DT-TENG design enables further expansion and enhance-
ment by increasing the number of layers n (Figure 2I). Figure 4A
presents the Qg characteristics of the DT-TENG prototypes with
n =1 to 5 (corresponding prototypes in Figures 4B and S6),
demonstrating that voltage output increases with the number
of layers. Considering the power requirements of electronic de-
vices, the D-TENG with n = 5 was selected for comprehensive
performance evaluation. To characterize the electrical output
of the DT-TENG, tests were conducted under various excitation
conditions using the setup shown in Figures 4C and 4D. The re-
sults show that, at 1 Hz, both current and charge outputs in-
crease with higher excitation amplitudes (Figures 4E, S7, and
S8). This is because higher excitation amplitudes promote
more effective folding/unfolding of the origami structure, thereby
enhancing surface interaction between contact-separation pairs
and facilitating greater charge transfer. Frequency also has a
significant impact on the output response of the DT-TENG
(Figures 4F, S9, and S10). With the amplitude fixed at 60 mm,
the transferred charge remains nearly constant, while the current
increases with frequency rises. This occurs because TENG’s
charge output is almost frequency-independent,®®°" whereas
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current, as the first time derivative of charge, is inherently influ-
enced by the excitation frequency.

We further characterized the optimal impedance and
maximum power density of the DT-TENG under various fre-
quencies and amplitudes (Figures 4G, 4H, S11, and S12).
Notably, unlike the effect of excitation amplitude, increasing
the frequency not only enhances the peak power output but
also reduces the optimal resistance, which is a trend consistent
with previous studies.®” At an excitation amplitude of 60 mm
and a frequency of 2.5 Hz, the DT-TENG achieves an instanta-
neous power output of 9.87 mW, corresponding to a power
density of 548.33 W/m? (refer to the methods section for details).
To evaluate the long-term durability and environmental adapt-
ability of the DT-TENG, the device was placed in an environ-
mental simulation chamber to assess its output characteristics
under the controlled conditions of 18°C-30°C and 30%-70%
relative humidity. The results indicate that temperature varia-
tions within this range have a negligible impact on the DT-
TENG’s electrical output (Figure S13). However, as the humidity
increased, the charge transfer capacity of the DT-TENG
decreased slightly (Figure S14). Furthermore, with the tempera-
ture controlled between 20°C-25°C and the relative humidity
between 40%-60%, periodic excitations were applied using a
test bench, and the output charge was recorded daily. Over a
1-week testing period, the DT-TENG maintained consistent
performance with no observable degradation, confirming its
excellent durability and environmental resilience (Figure 4l).
Moreover, scanning electron microscopy (SEM) images in
Figure 4J compare FEP and electrode #1 surfaces before and
after testing. The minimal material wear observed further con-
firms the DT-TENG’s strong durability. A comparison of these
key parameters with those of previously reported origami-based
TENG:s is provided in Table S2.

Energy regulation via impedance engineering

Although TENGs deliver high instantaneous power, they suffer
from drawbacks like low current output and high internal
impedance,'® which significantly restrict their effectiveness in
powering external loads. To address these challenges and
exploit the full potential of our DT-TENG, we introduce a dedi-
cated energy-regulation strategy to mitigate the high internal
impedance effect. This strategy consists of three operational
phases: an energy accumulation phase, an energy extraction
phase, and a freewheeling phase. High internal impedance is
a fundamental drawback of TENGs. It not only leads to sub-
stantial voltage drops under load but also impairs energy
transfer efficiency, as a considerable portion of the harvested
energy is dissipated within the device rather than being
delivered to external loads. Additionally, the high impedance
makes it difficult to achieve proper impedance matching with
practical electronic devices, thereby limiting power delivery
and reducing impedance compatibility. This dedicated

() Long-term output stability of the DT-TENG over 7 consecutive days of operation at an excitation of 1 Hz and 60 mm, demonstrating consistent charge

output (Qsc).

(J) Scanning electron microscopy (SEM) images of the FEP and copper electrode layers before and after 7 days of cyclic operation, showing minimal surface

degradation and good material durability.
See also Figures S7-S12.
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Figure 5. Energy-regulation strategy for the DT-TENG and its practical usability
(A-C) Circuit diagrams showing three phases: (A) the energy accumulation phase, (B) the energy extraction phase, and (C) the freewheeling phase.

(D-F) Corresponding electrical waveforms for the three phases over a half cycle. x(t), Xmax, ahd —Xmax represent the instantaneous, maximum, and minimum
displacements, respectively. V¢, denotes the voltage across the capacitor C;,, and ii_ denotes the current flowing through the inductor L.

(G and H) Sequential images and corresponding output waveforms during the movement of the DT-TENG integrated with the energy-regulation circuit (ERC)

under excitation by a linear motor.
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energy-regulation scheme effectively lowers the DT-TENG’s
internal impedance, thereby enabling more efficient energy
extraction and improved voltage stability. This enhancement
greatly improves compatibility with low-impedance load de-
vices and is critical for maximizing power delivery in real-world,
event-driven, and self-powered sensing systems.

To implement this strategy, we designed a circuit that first
rectifies the AC output of the DT-TENG and stores the harvested
energy in a high-voltage capacitor. In the energy accumulation
phase, both switch S and diode D5 remain off, preventing any
premature energy delivery to the electronic load (Figures 5A
and 5D). The general V-Q-x relationship of TENGs indicates a
strong correlation between output voltage and mechanical
displacement.®® Accordingly, the DT-TENG delivers its peak
voltage when its displacement reaches maximum. At this
synchronized moment, switch S is turned on, and energy stored
in capacitor C;, is swiftly channeled into inductor L, thus initi-
ating the energy extraction phase (Figures 5B and 5E). The
ultra-short conduction time for energy extraction results in a
sharp rise in current, which effectively alleviates the impedance
mismatch caused by the capacitive nature of the TENG.
After this, switch S is turned off, and inductor L releases its
stored energy to the external load via diode D5 (Figures 5C and
5F). During the second half of the cycle, a similar sequence of
three phases occurs, with reversed voltage polarity and an
altered rectification path, as illustrated in Figure S15.

Based on the outlined strategy, we fabricated an ERC to effi-
ciently manage and channel the energy harvested by the DT-
TENG (Figure S16). Note S3 offers a comprehensive description
of the roles of each component in the ERC, as well as the compo-
nent selection methodology. Figures 5G and 5H and Video S2
illustrate the displacement, load current, and capacitor charging
behavior of the DT-TENG under linear motor excitation. Unlike
conventional sources that supply steady current outputs, the
DT-TENG integrated with the ERC delivers current to the back-
end circuitry only when the switch S is on. At that moment, the
voltage across the storage capacitor Cj, is instantly extracted,
aligning precisely with the intended design of the proposed en-
ergy-regulation strategy. The root mean square (RMS) power
outputs of the DT-TENG with and without using the ERC are eval-
uated and compared. Although the presence of the ERC causes
a slight reduction in the optimal RMS power (indicating an effi-
ciency of 79%, Figure 5I), it significantly lowers the internal
impedance from 10 MQ to 4 kQ, thereby improving the DT-
TENG’s compatibility with commercial electronic devices. This
benefit is firmly substantiated by the voltage charging perfor-
mance of the DT-TENG integrated with the ERC, which shows
a 460-fold increase in energy collected within a single working

¢? CellPress

OPEN ACCESS

cycle (Figures 5J and 5K). The observed substantial enhance-
ment stems from the ERC’s function to regulate current more
effectively and facilitate impedance matching with the load.

We further studied the charging voltage and energy output of
the DT-TENG, with the ERC using different storage capacitors.
Each measurement was conducted under a single activation
applied by a linear motor, and the harvested energy was quanti-
fied in microjoules (Figures 5L and S17). Using the ERC with a
capacitor of 10 pF, the collected energy from just a single activa-
tion cycle reaches an average value of 136.87 pd. The effects of
excitation frequency and amplitude were also investigated
(Figures S18-S20). The results indicate that variations in fre-
quency have a minor impact on charging performance. Howev-
er, when the excitation amplitude falls below 20 mm, the ERC
fails to extract charges to the capacitor due to the low output
voltage from the DT-TENG. To address this limitation and ensure
both structural stability and user-friendly operation, the DT-
TENG was packaged into a modularized unit (Figure S21). Rigid
support was achieved by attaching 3D-printed blocks to the top
and bottom of the flexible DT-TENG, while plastic strips on all
four lateral sides maintained structural balance and alignment.
The gap between the blocks was set to 25 mm to preserve
the proper functioning of the ERC. Mechanical performance
of the packaged DT-TENG was further examined using a uni-
versal testing machine (Figure S22; Video S3). The device deliv-
ered ~1.28 pC of transferred charge under a pressing force
of <10 N with a displacement of up to 13 mm.

This modular design facilitates user-friendly, hand-driven
excitation and provides compatibility with various practical ap-
plications (Figures 5M and S23; Video S4). Figure 5N illustrates
the energy outputs of the DT-TENG across ten independent
trials, each under a single hand-tap actuation by individual
participants (see details in Figures S24-S33). The variations
observed in the results may arise from factors such as grip
strength differences in testers, actuation inconsistencies
(e.g., angle, force, and contact area), and tolerances among
tested DT-TENG prototypes. Despite the observed fluctua-
tions, the energy harvested per cycle remains sufficient to sup-
port a broad range of loT applications.

Battery-free, event-driven sensing and communication

To achieve wireless sensing both triggered and powered by
a single mechanical actuation, we developed an SEIH system
that integrates a DT-TENG, an ERC, a storage capacitor
(Cstorage), and a BLE SoC (Figures 6A and S34). Through the
seamless integration, efficient energy capture, adaptive regu-
lation, event-driven sensing, and wireless data transmission
are achieved, even under very minimal energy input. With just

(1) RMS power output of the DT-TENG as a function of external resistance, comparing results with and without using the ERC, under an excitation amplitude of

50 mm and frequency of 2 Hz.

(J and K) Capacitor charging curves for the DT-TENG with and without the ERC, using a 22 uF capacitor, under a single-stroke excitation (amplitude, 45 mm;

peak velocity, 540 mm/s; constant acceleration, 6,480 mm/sz).

(L) Charging voltage and corresponding energy output of the DT-TENG with ERC for different capacitors during a single operation cycle. Bar height indicates
mean values; error bars represent SD from n = 5 independent tests (amplitude, 30 mm; maximum velocity, 360 mm/s; constant acceleration, 4,320 mm/sz).
(M) Sequential photos of the movement process of the DT-TENG triggered by a human hand, demonstrating user-interactive energy harvesting.

(N) Harvested energy and corresponding grip strength measurements of 10 participants (5 female and 5 male participants; Table S3), visualized using box plots
with interquartile ranges and whiskers indicating +1 SD, based on ten independent tests. The raw charging curves are available in Figures S24-S33.

See also Figures S15 and S17.
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Figure 6. Demonstration of the SEIH system: Self-powered energy-information fusion system and its practical applications

(A) System architecture diagram illustrating the process of energy harvesting, energy regulation, and wireless sensing and transmission. The detailed circuit
implementation is shown in Figure S34.

(B) Heatmap showing the number of successful packets transmitted by the SEIH system per hand tap across ten human participants. The circle size and color
indicate the count (ranging from 3 to 10), with larger and darker circles indicating higher success rates. The inset bar plot shows the mean values and SDs of the
packet counts received from all ten participants. See also Figures S36-545.

(C) Experimental setup for testing wireless transmission distance, with three receivers positioned at 1, 5, and 10 m from the SEIH system.

(legend continued on next page)
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a single gentle hand tap applied to the DT-TENG of the SEIH
system, the BLE SoC was successfully powered to broadcast
packets, with eleven packets detected (Figure S35). Further-
more, ten volunteer participants were recruited, each perform-
ing ten hand-tap trials (Figures 6B and S36-S45). In every trial,
the Bluetooth receiver reliably received the transmitted signals
from the SEIH system, with the number of BLE packets de-
tected per hand tap ranging from three to ten. This astonish-
ingly demonstrates that such a trivial mechanical action—a sin-
gle gentle hand tap—on the DT-TENG can generate sufficient
energy for wireless communication and real-time motion detec-
tion. We further assessed the SEIH system’s wireless transmis-
sion distance (Figures 6C, 6D, and S46). In response to a single
hand-tap excitation, the SEIH system could transmit ten BLE
advertisement packets in the best-case scenario, with all
packets successfully received by three distinct receivers
located at distances of 1, 5, and 10 m within a laboratory envi-
ronment (Figure 6D; Video S5). In indoor environments with
minimal obstructions, the BLE signal from the SEIH system re-
mained detectable at distances of up to 50 m (Figure S47). To
further examine the impact of environmental variations on the
SEIH system, hand-tapping tests were conducted under
controlled conditions (Figures S48 and S49). The results show
that the SEIH system maintains robust performance and stabil-
ity across varying temperature and humidity conditions. More-
over, the robustness of the SEIH system was evaluated under a
range of mechanical loading conditions (Figures S50-S52;
Videos S6 and S7). The test results show that SEIH can reliably
maintain its intended functionality not only under minimal exci-
tation but also under extreme mechanical stress, including
harsh scenarios such as vehicle run-over tests.

This capability allows the SEIH system to be seamlessly inte-
grated into smart-home environments for wireless control of
smart devices, such as lighting systems (Figures 6E and S53;
Video S8) and door access systems (Figures 6F and S54;
Video S9), thereby enabling concurrent transmission of both en-
ergy and information tailored for event-triggered applications.
Moreover, the SEIH system can be readily adapted as a self-
powered human-machine interaction device that offers rapid
response and precise control comparable to commercial wire-
less keyboards in playing a computer game (Flappy Bird)
(Figures 6G and S55; Video S10). Meanwhile, an integration of
four SEIH units expanded the versatility of the HMI device,
further demonstrating its robustness and agility in handling
complex user inputs required by the interactive computer
game Subway Surfers (Figures 6H-6J and S56; Video S11). As
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one of the promising applications of TENGs, self-powered
sensing for status monitoring has made significant strides
over the past decade. Compared with existing event-triggered
sensing implementations, our system demonstrates substantial
improvements in terms of transmission distance and robustness
(Figure 6K; Table $4)2%2443:45.46.65°74 These improvements
stem from the highly interdisciplinary design of the SEIH system,
which encompasses an origami-inspired structure, carefully
selected triboelectric materials, an integrated fabrication pro-
cess, a dedicated energy-regulation strategy, and a seamless
coupling with an ultra-low-power sensing and wireless commu-
nication circuit.

Due to its foldable structure and high flexibility, the SEIH
system lends itself well to integration with wearable devices.
As demonstrated in Figure 6L and Video S12, we embedded
it in an arm bag, and tapping it generates sufficient energy to
support ambient temperature and humidity sensing. The data
can be received by a custom-developed mobile app synchro-
nized with an loT platform, offering valuable input for evaluating
environmental conditions and informing decisions, such as
whether the surroundings are suitable for physical activity. In
real-world event-triggered applications, the cold-start time of
a self-powered system is a critical performance indicator.
Compared with previous designs (Figure 1H; Table S1), our
SEIH system not only autonomously performs sensing and
communication tasks but also achieves a remarkably cold-start
response of approximately 0.01 s (Figure S57).

DISCUSSION

In summary, we developed a diamond-tessellated, origami-
inspired triboelectric nanogenerator (DT-TENG), which serves
as the foundation for an SEIH system that achieves fully self-
powered, event-triggered sensing and wireless communica-
tion. Enabled by its origami-inspired structure, special surface
treatment, and dedicated energy-regulation strategy, the DT-
TENG produces a three-dimensional triboelectrification effect
that substantially boosts energy generation, achieving a peak
power density of 548.33 W/m® and addressing longstanding
issues, including high internal impedance and poor adaptability
to practical electronic loads. In particular, utilizing an optimized
ERC, the DT-TENG can harvest an average energy of approxi-
mately 136.87 pJ from a single gentle hand tap, which is suffi-
cient to power a range of low-power electronics. By seamlessly
integrating the DT-TENG, the ERC, and a tailored low-power
sensing circuit, the resulting SEIH system is compatible with

(D) Voltage profiles showing capacitor charging and BLE signals received by the three receivers following a single hand-tap activation of the DT-TENG. Each spike

indicates a successfully received BLE advertisement packet.

(E-G) lllustrative applications of the SEIH system operating in a fully self-powered manner, including (E) lighting system control, (F) door access system control,

and (G) computer gaming (Flappy Bird). See Figures S53-S55 for test details.

(H and I) Demonstration of using a 4-unit SEIH array in playing the game Subway Surfers. See Figure S56 for test details.
(J) Signal patterns generated by the SEIH units and detected at the receiver in response to distinct triggering actions.

(K) Benchmark comparison of existing self-powered wireless sensing systems in terms of development timeline and wireless communication range. TENG-based
systems at the sensor level still require external power sources, while the proposed SEIH system achieves full energy autonomy at the system level, supporting
sensing, data acquisition, and wireless transmission without any external power.

(L) Demonstration of a fully self-powered wearable electronic using the SEIH unit for wireless temperature and humidity monitoring, with real-time loT cloud
synchronization and smartphone display.
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commercial sensors for event-triggered monitoring. With a
cold-start time as short as 10 ms, the SEIH system offers
exceptional responsiveness, aligning well with the require-
ments of wearable electronics and loT platforms that prioritize
fast, autonomous, and low-power sensing. Through its event-
driven architecture, the SEIH system exhibits broad applica-
bility across various scenarios, ranging from motion detection
and smart lighting to door access control, as well as human-
machine interaction contexts, such as computer gaming and
wearable sensing. By utilizing cost-effective fabrication tech-
niques, specifically flexible printed circuit (FPC) technology
and plasma surface treatment, the SEIH system achieves an
optimal balance between scalability and output performance.
These features position it as a promising solution for next-gen-
eration wearable electronics and large-scale loT deployments.

METHODS

Device fabrication

The fabrication of the DT-TENG involves a four-step process
to prepare a foldable structure and to correctly assemble the
TENG elements. First, a flexible printed circuit board (FPCB)
technique is utilized to fabricate and pattern electrode materials
(copper) on a flexible substrate (Kapton). Next, a laser cutter is
employed to apply dashed-line cuts along a predefined crease
pattern on the FPCB. In the third step, selected electrodes
are coated with dielectric films (FEP) that serve as both contact
triboelectrification and dielectric layers. Finally, wires are sol-
dered to the copper electrodes, and the TENG is folded along
the customized crease pattern. The mechanical properties of
the FEP and FPC films can be found in Tables S5 and S6.

Simulation

FE simulations were conducted using the commercial software
COMSOL Multiphysics, while the development and folding pro-
cesses were simulated in Rhino using the Grasshopper plugin.

Characterization and measurement

An electrometer (Keithley 6517) and a data acquisition card (NI
9102) were used to measure the electrical output of the DT-
TENG and the SEIH system, with real-time waveforms displayed
on an oscilloscope (RIGOL DHO1104 or Analog Discovery 2).
The mechanical response of the DT-TENG was characterized
using a custom-developed testbench consisting of the above
measurement instruments, a linear motor (Kollmorgen), and a
laser Doppler vibrometer (SOPTOP LV-S01). A universal testing
machine (Instron 34TM-30) was used to characterize the
compressive displacement behavior of the DT-TENG.

A plasma cleaner (ZEPTOWS, Diener) was employed to treat
the surface of the FEP dielectric layer. The surface morphology
and wear characteristics of the dielectric layer were analyzed us-
ing a white light interferometer (NPFLEX-1000).

The experiments conducted under controlled temperature
and humidity conditions were performed using an environmental
simulation chamber (KWNT-NX30), capable of simulating tem-
peratures from 18°C to 30°C and relative humidity levels from
30% to 70% (see equipment in Figure S58).
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A BLE sniffer (NRF52840 Dongle) was used to capture the
BLE advertisement packets transmitted by the SEIH system.
The collected data were then analyzed using Wireshark or
TShark, in conjunction with Python scripts for Media Access
Control (MAC) address filtering and parsing of specific Bluetooth
packets.

The temperature and humidity data collected by the SEIH sys-
tem were uploaded to an loT platform supported by Arduino Cloud,
enabling real-time remote monitoring and data visualization.

The effective area of the configurations shown in Figure 2H is
calculated using the formula $5% x 100%, where S denotes
the area contained by the outer contour of the configuration,
and S, is the area of the geometric hollow inside the configura-
tion (the white area inside the origami configuration in Figure 2H).

The peak power density of the DT-TENG is calculated
using the formula P/V, where P is the peak power output,
and V is the volume of the DT-TENG. In Figure 4H, the
DT-TENG achieves a peak power of 9.87 mW. For the case
where n = 5, the volume of the DT-TENG is 18,000 mm?®
(60 mm x 60 mm x 5 mm). Therefore, the resulting peak power
density is approximately 548.33 W/m?®.
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