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Artificial Intelligence of Things (AloT) Enabled
Floor Monitoring System for Smart Home
Applications

Qiongfeng Shi, Zixuan Zhang, Yanqin Yang, Xuechuan Shan, Budiman Salam, and Chengkuo Lee®
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AB \C1: To enable smart homes and relative applications,
the floor monitoring system with embedded triboelectric
sensors has been proven as an effective paradigm to capture
the ample sensory information from our daily activities, without
the camera-associated pn\-acy concerns. Yet the inherent

limitati of triboelectric such as high susceptibility =t o W
to humidity and long-term shbdny remain a great challenge to p > b s )
develop a reliable floor i g system. Here we develop a . 4 {
robusl and smart floor mnmtonng syslem lhrough the S

synergi integration of highly reliable trib ic coding s-'

mats and deep-learning-assisted data analytics. Two quaternary
coding electrodes are configured, and their outputs are
normalized with ruped to a reference electrode, leading to highly stable detection that is not affected by the ambient

and s. Besides, due to the universal electrode pattern design, all the floor mats can be screen-
pnnt:d with onl'y one mask, rendering higher facileness and cost-effectiveness. Then a distinctive coding can be implemented
to each floor mat !hmush external wiring, which pcmns the parallel-array connection to minimize the output terminals and

system plexity. Further integrating with deep-l isted data analytics, a smart floor monitoring system is realized
for various suurt home mumlonng and interactions, mdndmg position /trajectory tracking, identity recognition, and
automatic controls. Hence, the developed low-cost, larg liable, and smart floor monitoring system shows a promising
adv: t of floor ing technology in smart home apphcmons

KEYWORDS: floor monitoring, umﬁcml intelligence, deep learning, triboelectric nanogenerator, smart home, coding

Chengkuo Lee et al., ACS nano, 2021
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CHR-TENG for Powering a Theremometer

Haichao Yuan et al., Nanomaterials, 2021
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02p band o ey . giving 3 subsandal
denniy o houg
Rave reotved the rm-. edge structure in Bi,CaS

matare of the Fermi-cdge states is controversial: they have been
am:n«lhwm((nlh‘BAOplan:"’:Mh\-xM 0 the CuO;
plane""

stadics of the electronic structure of the uppermont atomis layer
<rysal”.

Ve wsed  single crystal of Bi,CaSH,Cu,0, (of dimensions
5505 mm) grown by 3 KC1 flus technique. Such crystals

superconductig at 8SK. The crysial was cleaved in the

skewbigh vaceum (<1X10°lom) durig messueements. The
s of our

2

hows
5 day falls 10 zero in
that region. This indicates that the demsity of states 3t £y is
jggesting that the BLO plane is noa. metailic.
corve docs not mecessarly represeat the
s, however,
o the product of 1 Gemsty of saes and the ranomission
factor between tip and sample"”. Figure 3 shows the normalized
condectivity curve ((41/dV)/(1/V)] obained from the
curve in Fig. 2. It has been shown that the normalized conduc
ides 3 measuee of the desity of states t
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GRAPHENE

Interaction-driven quantum Hall

wedding cake-like structures
graphene quantum dots
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Bob),
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matter however, it Is
to peobe. The eas0 with which external eiectric and magnetic flekds can be introduced

door to creating

relativistic matter. Here, through a detailed spectroscopic mapping. we directly visualize
the interplay betwoen spatial and magnetic confinement in a circular graphene
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Controlling the Kondo Effect
of an Adsorbed Magnetic lon
Through Its Chemical Bonding

Aldi Zhao, Quaxiang Ui, Lan Chen, Hongjun Xiang,
Weihua Wang, Shuan Pan, Bing Wang, Xudong Xiao,

Jinlong Yang.*

. G.

Hou,* Qingshi Zhu

We rport cha the Konds ofct wmied by & magnaic kn depands on ks

chemical envircnment. A cobalt phthalocyanine

molecude adscebed ca an

AU(1TY) surace exhbited oo Kondo effect. Cuting away eight hydrogen atoms

from the

the high Kondo temperature (mort

Coukomb repulsion and the Large half-width of the hybridized d-level

The Koado effect arises from the coupling
betwe bocalized spins and coaduction elsc-
trons, and at sufficiently low temperatures. it
can kead to change in the transport properties
theough scatiering or resonance effects (/).
The Kondo effcct is often studied in systems.
introdeced into

e ons, and re.
cently the Kondo effect bas becn controlied
in quastem dot sysicms by changing theie
churging asd hence the spin state of the dots
@-13

)

We show here that the Komdo effoct arising
from magnctic sons on the srfice of 3 momag:
ctic condacor can be controlled by changeg
their chemical cavisonment. In particula, we

the STM tip directly over the cdge
temporarily suspended the focdback loop.
and applicd a ponitive high-volage pulse (Fig
1B). A typical curent trace simultancously

molecule (Fig. 1C) shows. two sudden drops
i the current signal. indicating the sogecntial
dissocitica of the two H stoms from the
Scuzcac g We cmd e ebydcgonmion
thresbold voltage 0 be in the range of 3.3
Y5V, gy e e e of s
" Topograptic images of e deydogen
tion peodiuct show that the beight lobes disap-
e soquecsally (Fig. 1. 1o ). The spparcs

show that Co jons, when adsorbed on a gold ¢ molocular center (the Co ion)
surface as cobalt phhalocyanine (CoPc). do  initialy increases slighehy (by ~0.15 A), while

after debydrogenation of the ligand by voltage
pulses from 3 scamning tanncling microscops
(STM) tip, the Kondo effect is recovered.

Jobed siructure that s comsis
the molksular symeetey (Fig. 1, A
and D) (14). Debydrogenation of 3 CoPc
molecule was realized with 3 local bigh
e pulse from the STM tip in 2 masner
similar 10 the case of benzene on copper

imact CoPe (Fig. 1D) s conversed 10 3

hree-lobes-debydrogensted CoPe (Fig. 1G)
Afier the last

four lobes were
cut 10 obtain ol dehydrogeenned CoPt
(8CoPe) melecude (Fig. 1H). 3 marked i

case of ~05 A in spparest height 2t the
conter indicated either 3 strong conforma.
tioas] change of the molecular strucsure of 4
redistribution of the local demsty of states of
the molecule. Moscover, the d-Colc moleculc
c the Au111) surface was difficult to move
with the STM tip, indicating a stroeg interac
tiom betwoen the molecule and substra

diffcential conductnse dlid)
spectra mear the Fermi level (£,) (Fig. 2A)
were measured precicly a the centr of 3
intact CoPe aad 3 d.CoP molecule with the

(4 mV in amphitude) with the fint-harmonic
current signal detected through a lockein am:
plific. For the intact €

beoad resces

served with nearly idestical height and widh
in moee than 50 d-Colfc molecules. Afler we
clevated the temperature from $ 80 150 K, the

6 02 04 06 08 10
Troe (8)

" o E F G H
current mode with relatively low bias ol
wncling currnt (ypically voltage
V] < 2V and currees 1 < 0.5 BA) o imsage

Fig 1. ST tp-ndcnd cyrogmaton o gl o e, (A) Sl ol ofthe Cabc.
ey Wk s 2 0o 3 o o b e ol b o et ) g of
s} Sk et ocmegy o Ot deydrogmtion ndced by the STM et (€) Carrent e tme g w0
sl Ot s o e bk of oo b mmlm(mwmnvm)ewmm( Sioh
$TM images o g Co ol p of the dehydrogenation process. fom (D) ar
onin (ICH): Frangoome s o404 g e 25K 25 K. T oo e rpeesnts app ot g g
rom O A flow) 10 27 A fhighl.
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TOPOLOGICAL MATTER

Magnetic Weyl semimetal phase in a
Kagomé crystal

D.¥. Lin* Loeg'= B L' @ N xat ¥,
W3, 500, 5. K. M B, Dadia . K, G
zx S P Pardan, . Flsect, .1

Weyt semimatais aro crystalling scics that host emergent retativistic Weyl formions and
have characteristic surface Ferme-arcs in thei electronic structure. Weyl semimetals
ymmatry are Gitficult to identity In this work,

and linear buk band dispersions across the Weyl points. These resits establish Co;5n;S;
25 2 magnetic Weyl semimetal that may serve s a platform zing

e st decade has witnessed exciing prog- | buik and surtace Ferma sec (SFA) staes that
o in codenscd-mater pyic: et | et the W points of pponitechieaty (6-11

alable blctop maerals 19 and e
peciplos of opcagy cam be o the

ncowey of materals with cute orical
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e magnetic WS?

provide a playground foe the interplay amone
magnctism, clectron correlation, e topiagical
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Figune 1: Structure and working mechanism of a TWS. (a) A mouse in darkness explores the environment with its whiskers. (b) Measuring
both the orientations and distances from obstacles. (c) Location of tactile receptors beneath the surface of the skin. (d) The structure and
innervation of a rat whisker follicle. (¢) Basic structure of the bionic follicle whisker sensor. (f) Frontal view of the working components.
(5) Schematic charge distribution as the PTFE peliet moves. (h) Simulation results showing the potential distribution between the PTFE
pellet and Cu film.

and then reaches a plateau. This is because increasing the tions and the size of the TWS, the output voltage saturates
displacement w, can decrease the distance between the the sensor. Moreover, a leave-one-out cross-validation
PTFE pellet and Cu electrodes and increase their contact (LOOCV) strategy was used to fit the | model, and the
forces. From [22], increasing mechanical compression detection accuracy and generalization performance of these
between the PTFE pellet and Cu electrodes causes an models are shown in Figure 2(c). This confirms that the

increased output voltage. However, due to material limita-

quadratic model has a high correlation coefficient of

4 Research

Sensor 1 w
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Fiune 2: Experimental results. (a) The 3DMax model of the whisker sensor and its deflection along the 1 direction. (b) Response due to
bending by w, =1 mm - 20mm in the 1 direction. (<) LOOCV validation for evaluating accuracy and generalization performance of 1
regarding w,. (d) Response from 0.2Hz to 12 Hz in the 1 direction. (¢) Response at height d = 60 mm - 90 mm in the | direction. (f)
LOOCY validation for evaluating accuracy and generalization performance of 1 regarding d. () 3DMax model of a whisker a

deformation along the 3 direction from its relaxed state. (h) Response due to bending by w, = 1 mm - 20 mm along the 3 direction. (i)
LOOCY validation for evaluating accuracy and generalization performance of 3 regarding w,. (j) Response performance from 02 Hz to
1.2Hzx i the 3 direction. (k) Response performance at height d = 60 mm - 90 mm in the 3 direction. (1) LOOCV validation for evaluating
accuracy and generalization performance of 3 regarding

— Seasor1
Sensor 2

Figuas: 3: Experimental results. (2) Experimental electronic setup.

corresponding output voltage signal (c) Flectranic module used for potent

Research

{b) Demonstration of TWS as a sensitive Joad switch coatrol and its
ial application demonstrations, such as controlling LED lights.

(d) Directional patterns of the TWS. () Rotation from 0" to 360and AV for each angle with the same load applied. (f) The results of (c]

were replotted with 0 defined

processor was used for data processing, which provides 472
GFLOPS (billion floating-point operations per second) with
only 5W of power consumption. Information gathered by
the JetBot is sent to a computer and vice versa through 3
Wi-Fi network. In addition, to better track the trajectory
between position updates, the JetBot utilizes dead reckoning
from encoder information located on the drive motors.
In the prescribed workspace. a preplanned path is tra
versed by 3 cascade controller, where feedforward and feed

back controls are used to ensure high accuracy, in which
JetBot i fully autonomous as it drives along the preplanned
path. It is worth noting that the robot adopts a stepping
movement with maximum speed of 1cm/s as JetBot has
enough time to respond to the TWS, while a robot with
higher speed could cross the workspace boundary in the lim:
ited experiential space. Figure 4(c) shows the process used to
implement reactive obstacle avoidance. As soon as 3 land.
mark is recognised by the TWS, the feedback controller

Research 7
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FiGuss & Experimental results. (s) Photographs of the actual workspace for reactive obstacke avoidance. (b) Hlectronic module used for
potential application demonstrations, such as reactive obstacle avoidance and local mapping, (c) Overview of the closed-Joop control
system for reactive abstacle avoidance. (d) Voltage signal measured at landmarks A, B, and C. (¢) Photographs of the actual workspace
used for local mapping, (£) Reference frames: BODY reference frame and NED reference frame. (g) Local mapping process, where sensory
information is applied for model fitting and real time model prediction. (h) Valtage signal measured at lindmarks A, B, and C.

Peng Xu et al., Research, 2021 (cover paper)
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Figure 1. Schematic drawing of the S-TENG and its applications: (a, i) seaws

ced, the bionic prototype of the S-TENG; (a, i) the S-TENG

peofile; (a, iii) the $-TENG intersal structure. Photos of the S-TENG (b, i) and (b, ii) side view of it, and (b, iii) side view of the material

surface morphology on the S-TENG. (c) Working mechanism of the S-TENG. (d) Applications of the $-T1

thisgs.

i the marise isterset of

random wave induced motions. The T-TENG appears to be 2
quite effective approach of large-scale wave energy harvesting,
An et al*” have created a whirling-folded TENG (WF.TENG)
wave energy converter. Variations of output performances with
respect to the wave parameters and the structural parameters
were investigated systematically. A maximum peak power of
65 mW and an average power of 0.28 mW were obtained by
the WE.TENG, which is capable of powering a digital
thermometer. In a study on a fully enclosed TENG wave
energy coaverter published by Wang e al," optimizations of
materials and stractures were conducted. Low frequency wave
energy was converted to power light-emitting diodes (LEDs)
and to charge different supercapacitors to the rated voltage.

In general, these published wave energy TENGs have
exhibited advantages such as having a simple structure and low
cost and being lightweight and robust. However, most of the
previcusly published wave energy TENGs are designed for
harvesting energy from the ocean surface waves. Though the
majority of the marine applications are surface ones, supplying
rencwable electricity to underwater applications should not be
left out. In order to encompass energy harvesters in a larger
volume of the ocean to provide power to the MIoT sensors, 3
wave energy TENG that can work at both surface areas
(floating) and underwater areas (submerged) is desperately
needed. On top of that, the wave energy TENG will be mare
impressive i #t can be caslly integrated with the marine
equipment.

In this study, a fexible seaweedlike triboelectric nano
genenator (S-TENG) is first proposed to supply in situ power
to marine distributed sensors. The idea of developing a
seaweed-like TENG is inspired because of the close

observations we made on a common sea plant, seaweed. The
process in which the seaweed vibrates with the wave is 2
process of converting wave energy to mechanical energy. The
flexible S-TENG converts the wave cnergy into electricity
through its distinctive structure. Systematic wave tank
experiments were performed to stady the vibration and
electric characteristics of the $-TENG under various geometric
and dynamic parameters. Multiple S-TENGs have been tested
to power cither the LEDs or the thermometer in different
marine scenarios. Considering that the majority of the MloT
sensors work with micro pawer, the S TENG could become an
effective appraach of powering 3 variety of marine sensars in
the MloT.

SULTS AND DISCUSSION

Structure and Working Principle of the S-TENG. The
bionic prototype that inspired us to develop the seaweed.like
structure to harvest wave encrgy is shown in Figure la(i).
From the observation that the seaweed vibration has converted
mauch of the wave kinetic energy successfully to heat, a flexible
seaweed-like triboelectric nanogenerator is first proposed (see
Figure 1a(i)). As shown in Figure la(iii), the S-TENG is
made by a conductive ink-coated fluorinated ethylene
propylene (FEP), a conductive ink-coated polycthylene
terephthalate (PET), and two polytetrafluorocthylene
(PTFE) membranes. Sealed inside the PTFE liyer, the
triboclectric friction layers, the FEP and PET membranes,
are protected from any contact with water that would cause the
clectric materials to lase their srface charge. Figure 1b(i)
displays the S-TENG sample. To further show the air gap
between two triboelectric layers, the photo of the side view of
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g | ¢ et .
+ Mdmote
Q20|
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— « obd 11
Vibration Mode ‘Aspect ratio
atus and vibeati of the S-TENG. (a, i) Experimental apparatus of the $-TENG; (a, i) scansing

. E: appar.
i ‘microscope (SEM) phots of the FEP and conductive ink-comted PET (b) 15t ode of the 5 TENG and coordinate sysiem slection

diagrams; (c) the vibration regime map of the S-TENG.

the sample is taken in Figure 1b(ii) and the micro view is
measured by the electron microscope LEXT OLS4000, which
is shown in Figure 1b(iii). From abave, the air gap due to the
sponge and surface morphology of the FEP and ink-coated
PET film cn be observed The device (Figure S1) with
coacave structures makes contact clectrification and clectro
static induction simultancously, ensuring a good correspand
ence between the wave and clectrical signal of the S-TENG. It
is better to set the two triboelectric layers to “contact” state
initially so that the TENG could produce output even with
minor excitation. When an incident wave is present, two
triboelectric layers are brought into contact with each other,
and the contact area correlates with the wave excitation.

As the STENG vibrates periodically under the wave
excitatians, the FEP membrane will make contact with and
separate from the PET membrane periodically as shown in
Figure lc. After certain contacts with the ink-coated PET, the
FEP membrane will become negatively charged. According to
the essence of clectrostatic induction, an cquivalent amount of
positive charge will occupy the ink clectrode on the PET when
the ink electrodes of PET and the FEP membrane have
sufficient contact. As the S.-TENG bends, the dectrons will
flow from the clectrode attached to the FEP to the clectrode
attached to the PET (through the external circuit); therefore, 2
transient current is generated. Subsequently, as the FEP and
ink clectrode get separated, the positive charges will flow back
to the upper electrode. Due to its high Young's modulus as
well as its good ink adhesion characteristics, the PET material
is selected for the other triboelectric friction layers for the S
TENG. A coordinate system is defined to better clrify the
geometry of the S-TENG, as displayed in Figure S2. The

govering equation for the S-TENG can be derived on the
basis of a contact mode TENG,” which can be written as

()

where Q is the total transferred charge; d,, £, and § represent
the thickness of the membrane, the diclectric constant in
vacuum, and the area size of the electrode, respectively; y
denotes the displacement between the diclectric membrane
and the electrode; o denotes the charge density. According to
the o 1, the maximum displacement between the diclectric
membrane and the electrode determines the maximum outpat
of the STENG. The displacement between the diclectric
membrane and the electrode changes as the STENG vibrates
with the wave.

To better show the working principle of the S-TENG, the
potential distributions across the two electrodes have been
analyzed with COMSOL, 3 finite-clement software for
Multiphysics analysis as shown in Fy he contour
dearly depicts the potential difference driving the current
between the two electrodes. Owing to its flexible essence, the
S-TENG can be applied (a5 3 power supply modulc) to many
marine applications, such as floating buays (surface), coastal
power stations (underwater), and breakwaters (shoreside), as
shown in Figare 1d.

Vibration and Electric Performance of the S-TENG. As
shown in Figure 2a(i), a linear motor was used to simulate the
vibration of the S-TENG cxcited by the wave, and laser
imaging was adopted to better observe the vibration perform
ance of the S-TENG. The microstructure of the FEP and ink.
coated PET flm cn be observed by a scanning electron

Yan Wang et al.,
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Bpred Sequential images of vibeation behavior and analysis of the electrical sigaal for the st mode. (3) Ist mode: vibration behavioe of

ING with the dimensions 40 X 80 mm; (b) 20d mode: vibeation behavior of the S-TENG with the dimensions 40 X 200 mm. The

voln‘c sigaal of the S-TENG corvesponding to (c) the 1st mode; (d) the 2ad mode.

microscope Phenom Pro image as shown in Figure 2a(ii). The
device with concave structures made contact electrification and
clectrostatic induction simultancously, ensuring a good
correspondence between the wave and electrical signal of the
S-TENG. Certain nondimensional parameters have been
applied to represent elasticity and fuid pressure on the
structure. The length (1) is wsually cxpressed by the
nondimensional aspect ratio I/w,” where w is the width of
the S.TENG. The vibration frequency (f) is usually expressed
by the Strouhal number (S, = fl/U

The S-TENG's vibration under lhe wave excitation is a
typical forced vibeation. The S-TENG can be approximated as
2 thin two-dimensional structure with high rigidity

bending stiffness (D) largely determines the deformation of the
S-TENG, D will eventually affect the electric performance of
the STENG. Considering that the fluorinated ethylene
propylene (FEP) has a relatively low Young’s modulus and
high electronegativty, it was selected as the diclectric material
in the S-TEN The corresponding material parameters
are listed in Table S1. Equations 2 and 3 are the governing
equations that determine the coupled fluid and structural
motion of the S-TENG depicted in Figure 2b.

One key parameter to evahuate the second order oscillation
is the Strouhal number. In the experiments, the Strouhal
number was increased from 008 to 24. The physical

and low bending rigidity, which satsfies the EulerBemoull
beam equation

md w + Dd,‘w = —Ap @

where m s the mass per unit arca, D is the nondimensional
bending stiffness of the structure, w is the displacement of the
S-TENG along the X-coordinate, and Ap is the hydrodynamic
pressure difference, which is induced by the waves across the
stracture. Among these parameters, the nondimensional
bending stiffness (D) is what governs the vibration of a thin
two-dimensional structure (eg, the S-TENG).™** D is defined
as

1201 - )p, 6}
where v is the Poisson’s ratio, py is the fluid density, U is the
wave velocity, k is the thickness of the STENG, L is the
structare length, and E is the Young's modulus. Since the

ACS nano, 2021

for the samples are listed in Table
S2. Figure 2c is the two-dimensional map characterizing the
vibration status with respect to the
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Figure 4. Output performances of the S-TENG. (a) Experimental apparatus of the S-TENG; (b) the effects of the linear motor's motion
...,n...k on the open-circuit voltage of the S-TENG; (c) the effects of the frequency of the lisear motoe on the opes-circuit voltage of the

the S-TENGs with different nambers of usits

(d) & 3D graph of the output currest under diffcrent amplitudes and frequencies of the linear motor; (¢) the output current of the
diffcrent pressures; () the transferred charge of the S-TENG with different parallel distances; (g) the outpu voltage of the
S-TENGs with different sumbers of units; (h) the output current of the S-TENGs with different susbers of units; (i) the cutput power of

number. The dimension will influence the vibration mode but
not the vibration frequency.

Figure ab precantr the roquential imagec of the firct mode
vibration and second mode vibration. In the first mode for the
S-TENG, only ane vibration crest occurred during the whale
vibration process. The S TENG is horizontal an its equilibrium
coadition (F (1)). In the first half of a vibration cycle,
the STENG first reaches the largest upward displacement
(Figare 3a(i); then, the S-TENG retums back to the

rizontal I position (F 3a(iii)). In the

The STENG stayed stable when the Strouhal number was
within 0.18, and the aspect ratio ranged from 1 to 2. As the
Strouhal number and the aspect ratio increased, the S.TENG
exhibited the first mode characteristic of a cantilever beam,™ as
shown in Figure 2b. The vibeation amplitude of the lower part
was nearly zero, while the upper part was the vibration zone
with the vibration amplitude increasing toward the trailing
edge. As the Strohal number and the aspect ratio increased
further, the vibration gradually transitioned from the first mode
(region A) to the second mode (region B). The transition
between the first mode and second mode appeared when the
Strouhal number ranged from 0.4 to 1.2 and the aspect ratio
nanged from 2.3 to $, as shown in Fig: The STENG's
vibration is excited by the wave. Theoretically, the vibration
frequency equals the wave frequency. According to the
experimental results in Figure 2c, when the aspect ratio is
constant, the vibeation mode is determined by the Strouhal

remaining half cycle, the S-TENG reaches the largest
downward displacement (Figure 3a(iv)) before it returns
back to the horizontal equilibrium position (Figure 3a(v)).
The periodic vibration leads to periodic contact separation
between the intemal dielectric material and the clectrode. The
process of the second mode vibration (see Figure 3b) is similar
to the process of the first mode vibration except that there arc
two vibration crests in the second mode. When the profiles of
the electrical signal and the vibration images are scrutinized, it
can be observed that the vibration of the S TENG yielded the
following stages: starting to vibrate (Figure 3c(1), reaching the
maximum stroke (Figare 3c(11)), and returning to the oniginal
condition (Figure 3c(Ill)). These stages were ako dearly
reflected in the corresponding output voltage signals. The
similar voltage signal can be observed in Figure 3d. However,

the maximum output voltage of the second mode is lower than
the first mode. It is likely that the triboclectric clectrons
generated by the two oppacite cracte cancel aut each other,
which reduces the electric output of the S.-TENG. Therefore,
the fist mode STENG tums out to be better for energy
conversion.

As our studies have shown that the 40 X 80 mm S.TENG
can be excited to the first mode under a wide range of Stroahal
numbers (see Figure 2c), experiments on the STENG's
electric performance were carried out with the 40 X 80 mm S
TENG dimension. The forced motion is generated by the
linear motor dally. Th
apparatus is shown in Figur
larger motion amplitude can promote the output electrical
signal: 2 maximam output valtage of 12.2 V was achieved with
the transferred charge of 224 nC ( re S4). The output
performance of the S-TENG is also pasitively correlated with
the vibration frequency (Figure 4c): at the maximum wave
frequency of 1.25 Hz, the open-circuit voltage reached 24.8 V
with the transferred charge of 43.2 aC (Figure S5 ). A series of
experimental results were compiled, and Figure 4d presents the
dependence of the output current on both the amplitude and
the frequency of the S-TENG. The output current can be
greatly enhanced by increasing the amplitude and frequency of
the S TENG.

42 As shown in Figure
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