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ABSTRACT: Timely monitoring abnormal gaits of teenagers is
crucial for their physical health and development. Triboelectric
nanogenerators  (TENGs)  are  widely  used  in  the  wearable
field.  Choosing  high-performance  and  safe  triboelectric
materials  to  monitor  abnormal  gaits  remains  challenging.
Polyoxometalates (POMs) nanomaterials can effectively serve
as  triboelectric  materials  due  to  rich  surface  morphology  and
large  specific  surface  area.  Herein,  six  different  sized  POMs
nanorods  (Ag4SiW12O40·nH2O)  synthesized  through  self-
assembly  of  POMs  (H4SiW12O40·nH2O)  were  used  as
triboelectric materials. The TENG composed of nanorod with a
diameter of 100 nm and a length of 400–1000 nm has optimal
performance with the voltage,  current  density  and charge are
104.3  V,  1127.1  μA·m−2,  and  15.38  nC,  respectively,  which  are  more  than  two  times  of  the  TENG  composed  of  POMs
(H4SiW12O40·nH2O). The optimized TENG maintained a voltage of around 100 V throughout the 1000 s stability test.  The
maximum  power  amounts  to  25.2  μW  at  500  MΩ  external  resistance.  The  reasons  for  the  improved  performance  of
nanorods  TENG  compared  to  POMs  TENG  are  the  increase  in  roughness  and  surface  potential,  which  was  confirmed
through atomic force microscopy (AFM) and kelvin probe force microscopy (KPFM) testing. Furthermore, optimized TENG
was applied to the feet of different teenagers and the left and right feet of the same person to monitor abnormal gait. The
changes  in  voltage  can  sensitively  display  the  inconsistency  and  abnormal  situations  of  gaits.  This  study  confirms  the
potential and unique advantages of POMs nanomaterials as triboelectric materials and provides a design scheme for gait
monitoring.
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1    Introduction
For  a  long  time,  the  healthy  growth  of  teenagers  has  received
widespread attention from society [1, 2]. Teenagers are in a critical
period  of  skeletal  development,  during  which  incorrect  gait  not
only  affects  their  appearance,  but  also  leads  to  bent  postures,  low
athletic  abilities,  and  increases  risk  of  sports  injuries  [3−5].  More
seriously, these can affect the development of their bones and joints,
leading to terrible problems such as flat feet, pelvic tilt, and scoliosis
[6, 7].  Among  these,  adolescent  idiopathic  scoliosis  (AIS)  is  the
most common adolescent disease in recent years, affecting 2%–3%

of adolescents under the age of 16 [8]. Severe scoliosis increases the
risk  of  decreased  lung  capacity  and  limited  cardiopulmonary
function [9, 10]. Therefore, it is very important to choose a suitable
wearable  device  for  timely  monitoring  of  abnormal  gait  in
adolescents [11].

Triboelectric  nanogenerators  (TENG),  with  the  advantage  of
effectively  collecting  mechanical  energy  from  the  surrounding
environment,  have  become  a  research  hotspot  in  the  field  of
wearable  electronics  technology  [12−14].  Wearable  TENG  can  be
worn  directly  on  the  body  or  integrated  into  clothing  and
accessories  of  the  users  [15, 16].  In  2024,  Wang  et  al.  prepared  a
TENG  skin  patch  based  on  Mxene,  which  was  first  used  to
accelerate  wound  healing  and  tactile  sensing,  it  has  broad
application prospects in biomedical fields [17]. In 2023, Yang et al.
designed  an  intelligent  clothing  system  using  a  new
environmentally friendly and superhydrophobic TENG to monitor
motion  signals,  and  further  applied  it  to  sports  and  health
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monitoring systems [18]. TENG can also be applied in the field of
gait recognition analysis [19−21]. In 2024, Yang et al. designed a self-
powered  TENG  gait  analysis  system  based  on  electrospinning  to
monitor human motion [22]. Although triboelectric materials have
a wide range of choices, most of the triboelectric materials used in
wearable TENGs are still traditional cellulose materials and polymer
materials  [23−25].  Cellulose  has  good  biocompatibility,  excellent
flexibility  and  mechanical  properties,  but  still  face  performance
defects such as flammability and lack of high temperature resistance
[26, 27].  Polymer  materials,  have  disadvantages  such  as  poor
washing  resistance,  lack  of  breathability,  and  incompatibility  with
clothing  [28, 29].  Therefore,  finding  new  triboelectric  materials  to
expand the triboelectric series and improve the output performance
of  triboelectric  materials  remains  challenging  [30, 31].  The  main
method to optimize the performance of triboelectric materials is to
increase  roughness  and  current  density,  and  the  patterning  and
morphological  changes  of  many  materials  will  play  corresponding
roles [32−34]. In addition, selecting suitable, high-performance, and
environmentally  friendly  triboelectric  materials  is  a  necessary
condition for TENG as a wearable device [35, 36].

Polyoxometalates  (POMs)  nanomaterials,  synthesized  by
constructing  POMs  as  functional  and  structural  units  into
nanostructures, has been extensively studied in the past few decades
[37−41]. They possess excellent physical and chemical properties of
POMs,  as  well  as  the  advantages  of  small  size,  rich  surface
morphology,  and  large  specific  surface  area  that  traditional
materials  lack  [42−44].  In  recent  years,  the  development  and
utilization  of  renewable  and  clean  energy  have  become  a  research
hotspot [45−48],  POMs nanomaterials  have also been widely used
in  this  field  [49−55].  In  2020,  our  research  group  prepared  a
multifunctional  energy  conversion  device  based  on  POMs/ethyl
cellulose composite membrane, which can generate electricity from
various all-weather environmental energy sources [56]. In 2023, our
research group prepared thin films of POMs nanowires and applied
them  to  power  generation  in  atmospheric  humidity,  confirming
that  the  generator  can  stably  and  efficiently  generate  electricity  in
almost all natural environments [57]. At the same time, in 2019, our
research group for the first time introduced POMs into the field of
nanogenerators,  providing  new  research  ideas  for  the  research  of
nanogenerators [58]. In the following years, we continued to apply
POMs  nanomaterials  in  TENG  research  [59, 60].  We  believe  that
the  unique  advantages  of  POMs  nanomaterials  can  provide
convenience  for  triboelectric  materials.  Firstly,  POMs
nanomaterials  have  the  advantages  of  large  specific  surface  area,
high roughness,  and rich surface  morphology,  which can improve
their  performance  as  triboelectric  materials  [61, 62].  Secondly,
compared  to  expensive  metal  triboelectric  materials  and  complex
polymer materials, the synthesis of POMs nanomaterials is simple,
cost-effective,  and  relatively  inexpensive  [63, 64].  Thirdly,  POMs
nanomaterials  are  high-performance  and  environmentally  friendly
materials that playing an important role in many biochemical fields
[65, 66].  These  characteristics  are  more  suitable  for  them  as
triboelectric  materials  to  prepare  wearable  TENGs  for  monitoring
the gait of adolescents.

In  this  study,  six  one-dimensional  POMs  nanorods
Ag4SiW12O40·nH2O (named nanorods Ag-SiW12-X, X = 1, 2, 3, 4, 5,
and  6)  were  synthesized  by  through  the  self-assembly  of  POM
H4SiW12O40·nH2O  (SiW12)  in  a  linear  reaction  field  formed  by
polyethylene  glycol  (PEG)  and  water.  The  diameter  and  length  of
these nanorods can be controlled by adjusting the concentration of

PEG  and  selecting  the  type  of  PEG,  respectively.  We  assembled
TENG  with  polyethylene  terephthalate  (PET)  as  the  negative
triboelectric  layer,  SiW12 film and six  POMs nanorods (Ag-SiW12-
X)  films as  positive  triboelectric  layers.  The assembled TENGs are
named  sequentially  as  TENG-0  (positive  triboelectric  material  is
SiW12 film), TENG-1, TENG-2, TENG-3, (the positive triboelectric
materials  are Ag-SiW12-1,  2,  3  with a length of  400–1000 nm, and
diameters  of  50,  75  and 100 nm,  respectively),  TENG-4,  TENG-5,
TENG-6  (the  positive  triboelectric  materials  are  Ag-SiW12-4,  5,  6,
with  a  length  of  1–2  μm,  and  diameters  of  200,  300  and
400 nm, respectively). Performance testing has shown that TENG-3
has  the  optimized  performance  with  voltage,  current  density,  and
charge  are  104.3  V,  1127.1  μA·m–2,  and  15.38  nC,  which  are
2.7 times, 2.4 times, and 2.1 times that of TENG-0, respectively. The
stability  of  TENG-3  was  excellent,  maintaining  the  voltage  of
around 100 V after 1000 s. The maximum output power of TENG-
3 is 25.2 μW when connected to a 500 MΩ load resistor. Through
atomic force microscopy (AFM) and kelvinprobe force microscopy
(KPFM) testing, the reasons for the performance improvement are
that the roughness and surface potential of the nanorods Ag-SiW12-
X are higher than SiW12. According to the performance test results,
the optimized TENG-3 was applied to both feet of the teenagers for
gait monitoring. The difference in gait between the different foot of
the  teenagers  can  be  sensitively  displayed  through  the  change  of
TENG output voltage, which has the potential risk of causing health
problems such as  scoliosis.  Gait  monitoring can prompt  teenagers
and their parents to pay timely attention to their gait health issues.
In  addition,  our  research  explains  the  potential  application  of
POMs  nanomaterials  in  the  TENG  field,  which  is  beneficial  for
expanding  the  range  of  materials  in  the  triboelectric  series.  This
work  has  implications  for  the  future  development  of  gait
monitoring devices for adolescents. 

2    Experimental
 

2.1    The reagents and materials
PEG 400 (whose relative molecular mass Mr = 400), PEG 600 (Mr =
600),  silver  nitrate,  anhydrous  ethanol  and  other  reagents  are
commercially available for use. Indium tin oxide (ITO) coated PET
film (ITO-PET), polyimide tape, double-sided tape, sponge, copper
conductive  tape  and  other  materials  are  also  commercially
purchased.  The  experimental  water  is  all  deionized  water.  We
purchased  all  materials  and  reagents  used  in  this  article  from
Aladdin Chemical Reagent Network. 

2.2    Synthesis of SiW12 and Ag-SiW12-X
SiW12 and  six  nanorods  Ag-SiW12-X were  prepared  according  to
Ref.  [67].  We  selected  two  surfactants  with  different  relative
molecular  weights,  PEG  400  and  PEG  600.  Ag-SiW12-X were
prepared  by  controlling  the  volume  ratio  of  surfactants  to  water.
The three  nanorods  prepared with a  ratio  of  PEG 400 to  water  of
2.5:1.0, 2.5:1.5, and 2.5:2.0 were named as Ag-SiW12-1, Ag-SiW12-2,
and Ag-SiW12-3,  respectively.  The three nanorods prepared with a
ratio of PEG 600 to water of 2.5:1.5, 2.5:2.0, and 2.5:2.5 were named
as  Ag-SiW12-4,  Ag-SiW12-5,  and  Ag-SiW12-6,  respectively.  The
preparation process of nanorods is shown in Fig. 1(a). 

2.3    Preparation of SiW12 film and Ag-SiW12-X films
Preparation  of  SiW12 film:  Different  masses  (0.5,  1,  1.5,  2,  and  2.5
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mg) of  SiW12 were dissolved in 1 mL anhydrous ethanol,  and 200
mL of POMs solutions with different mass fractions were aspirated
using  a  pipette.  They  were  spin  coated  on  the  ITO  surface  of  the
ITO-PET material at 3000 r·min−1 and annealed on a 60 °C heating
plate to remove solvents.

Preparation  of  Ag-SiW12-X films:  Six  nanorods  films  were
prepared using the same method. Taking nanorods with a ratio of
2.5:2.0  composed  of  PEG  400  as  an  example,  POMs  nanorods  of
different  masses  (0.5,  1,  1.5,  2,  and  2.5  mg)  were  ultrasonically
dispersed in 1 mL anhydrous ethanol. A pipette was used to extract
200 mL of suspension of Ag-SiW12-X with different mass fractions.
They were spin coated on the ITO surface of the ITO-PET material
at  3000  r·min−1 and  annealed  on  a  60  °C  heating  plate  to  remove
solvents. 

2.4    The assembly of TENGs
Taking  the  triboelectric  nanogenerator  composed  of  POMs
nanorods as an example, we cut the ITO-PET material into 3 cm ×
2 cm sizes,  and attached polyimide tape on the left and right sides
of each piece, making the material an effective area of 2 cm × 2 cm.
We  used  the  prepared  SiW12 film  and  six  POMs  nanorods  Ag-
SiW12-X films  as  the  positive  triboelectric  layer  for  TENG.  Take
ITO-PET materials  of  the  same size  and select  the  PET surface  as
the negative triboelectric layer. Use four sponges of 0.5 cm × 0.5 cm

×  0.5  cm,  placed  at  the  four  corners  of  the  sheet,  so  that  the  gap
distance between the triboelectric materials is designed to be 0.5 cm.
Assemble  the  triboelectric  layers  of  TENG,  as  shown  in  the
Fig. 1(c). Finally, use copper tape to stick onto the ITO surfaces of
the  two  parts  and  connect  them  to  the  Keithley  6517B  testing
system.  The  schematic  diagram  of  the  assembled  TENG  device  is
shown in the Fig. 1(b).

SiW12 film and six POMs nanorods Ag-SiW12-X films were used
as  triboelectric  materials  and  assembled  them  with  PET  to  form
TENG, named them TENG-0, TENG-1, TENG-2, TENG-3, TENG-
4, TENG-5, and TENG-6 (Fig. 1(c)).
 

2.5    The characterizations of materials
We characterized the composition of SiW12 and Ag-SiW12-X using
an  Alpha  Centauri  FT/IR  spectrophotometer  (FT-IR).  The
morphology  and  element  content  of  SiW12 and  Ag-SiW12-X were
determined  using  an  energy-dispersive  spectrometer  (EDS)  and
high-resolution transmission electron microscopy (HRTEM, JEOL-
2100  F).  Using  scanning  electron  microscopy  (SEM,  Hitachi  S-
8010)  to  characterize  the  surface  morphology  and the  lengths  and
diameters  of  Ag-SiW12-X.  The  enhancement  of  nanorods-based
TENG  was  explained  by  characterizing  surface  roughness  and
surface potential using AFM and KPFM, respectively.
 

 

Figure 1    (a) Synthesis process of POMs nanorods. (b) TENG assembly diagram. (c) Schematic diagram of different TENGs.
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2.6    The performance tests
Use  an  electrometer  (Keithley  6517B)  and  a  digital  multimeter
(DMM  6500)  to  measure  three  performance  indicators  (voltage,
current  density,  and  charge),  which  are  the  most  basic  physical
quantities  for  evaluating  TENG  performance.  Meanwhile,  the
stability  of  TENG  was  also  tested  through  them.  The  power  was
measured  by  combining  the  different  resistances  with  the  external
circuit. 

3    Results and discussion
 

3.1    Characterizations of SiW12, Ag-SiW12-X and films
The  SiW12 and  six  POMs nanorods  Ag-SiW12-X are  characterized
by  FT-IR  spectroscopy  (Fig.  S1  in  the  Electronic  Supplementary
Material  (ESM)).  The  characteristic  infrared  spectrum  of  SiW12 is
1021,  970,  902,  and  727  cm−1,  corresponded  to  the ν(Si=Oa),
ν(W=Ot), ν(W–Oc–W),  and ν(W–Od–W) vibrational  peaks of  the
anionic  framework of  SiW12,  respectively  [68, 69].  In  addition,  the
characteristic infrared spectra of the six POMs nanorods Ag-SiW12-
X showed that although there was a slight shift in the characteristic
peaks, they all retained the structure of Keggin-type POMs, proving
that  the  structure  of  SiW12 was  not  destroyed  and  indicating  the
successful preparation of Ag-SiW12-X.

In addition, the surface morphology of SiW12 and the size of Ag-
SiW12-X were characterized by SEM (Fig. 2 and Figs. S2–S6 in the
ESM).  As  shown  in  Fig.  S2  in  the  ESM,  Ag-SiW12-X exhibit  a
nanoparticle  morphology  and  agglomeration  occurs.  The  size
information  of  six  POMs  nanorods  formed  using  PEG  with
different  relative  molecular  weights  is  shown  in  Table  S1  in  the
ESM. The morphology and size of Ag-SiW12-3 and Ag-SiW12-4 are
shown in Fig. 2, while the morphology and size of other nanorods
are  shown  in  Figs.  S3–S6  in  the  ESM.  As  the  relative  molecular
weight  of  the  surfactant  increases,  the  length  and  diameter  of  the
nanorods  also  increase.  The  principle  of  regulating  the  size  of
nanorods is as follows. As is well known, PEG can form a chain like
structure  in  water.  In  this  way,  in  the  PEG-water  liquid  phase
system, this chain like structure will separate the reaction space and
form several linear reaction fields. When a chemical reaction occurs
here, the morphology of the product is strictly limited and will grow
along  the  opening  direction  of  the  linear  reaction  field.  As  the
amount  of  water  gradually  increases,  the  reaction  field  becomes
wider, and the diameter of the nanorods will increase until they are

restricted  by  the  linear  reaction  field  and  stop  growing.  Changing
the  type  of  PEG  can  achieve  control  over  the  length  of  nanorods
[67].

In  addition,  we  characterized  the  morphology  of  the  nanorods
through TEM (Figs. S7–S12 in the ESM), which also demonstrated
the successful  synthesis  of  nanorod morphology.  The composition
and  distribution  of  elements  in  the  material  were  determined
through  element  mapping  diagrams,  as  shown  in  Figs.  S7–S12  in
the ESM. Ag-SiW12-X are composed of Si, W elements from SiW12
and Ag elements from AgNO3,  and the distribution of elements is
uniform. The energy dispersive X-ray (EDX) spectrum can further
confirm the composition of the nanorods, indicating the successful
preparation of the nanorods.

We  characterized  the  elements  and  valence  states  of  SiW12 and
two high-performance POMs nanorods Ag-SiW12-3 and Ag-SiW12-
4 using X-ray photoelectron spectroscopy (XPS). Figure 3(a) shows
the  survey  spectrum  of  SiW12,  Ag-SiW12-3  and  Ag-SiW12-4,
indicating that SiW12 is composed of Si, W, and O elements, while
Ag-SiW12-3  and  Ag-SiW12-4  are  composed  of  Si,  W,  O,  and  Ag
elements. The binding energies of W element W 4f7/2 and W 4f5/2 in
SiW12 are  36.23  and  38.42  eV,  respectively,  corresponding  to  W6+

ions (Fig. 3(b)) [70, 71]. The binding energies of W element W 4f7/2
and  W  4f5/2 in  Ag-SiW12-3  are  located  at  36.04  and 38.16  eV,
respectively,  corresponding  to  W6+ ions  (Fig.  3(e))  [70, 71].  The
binding energies of Ag 3d5/2 and Ag 3d3/2 in Ag-SiW12-3 are 368.43
and 374.43 eV, respectively, indicating that Ag exists in the form of
+1 valence in the sample (Fig. 3(d)) [72, 73]. The binding energies
of W element W 4f7/2 and W 4f5/2 in Ag-SiW12-4 are located at 35.79
and  37.94  eV,  respectively,  corresponding  to  W6+ ions  (Fig.  3(h))
[70, 71]. The binding energies of Ag 3d5/2 and Ag 3d3/2 in Ag-SiW12-
4 are 368.62 and 374.78 eV, respectively, indicating that Ag exists in
the form of +1 valence in the sample (Fig. 3(g)) [72, 73]. 

3.2    The electrical performance for TENGs
To  evaluate  whether  improving  the  nano  morphology  of
triboelectric  materials  would  affect  the  output  performance  of
TENG,  we  compared  the  performance  of  TENG-1  to  TENG-6
assembled  with  Ag-SiW12-X and  TENG-0  assembled  with  SiW12
films.  Based  on  preliminary  experiments,  we  prepared  TENGs
composed of SiW12 and Ag-SiW12-X with mass fraction gradients of
0.5, 1, 1.5, 2, and 2.5 mg·mL−1,  and tested their electrical properties
under the same experimental conditions.

The  output  performance  of  TENG-0  is  as  follows  (Figs.
 

Figure 2    SEM characterization of POMs nanorods. (a)–(c) Morphology of Ag-SiW12-3. (d)–(f) Morphology of Ag-SiW12-4.
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4(a)−4(c)).  The maximum output performance of TENG-0 occurs
at  a  mass  fraction  of  2.0  mg·mL−1.  The  instantaneous  maximum
voltage,  current  density,  and  transfer  charge  are  38.7  V,
471.7 μA·m−2,  and 5.99 nC,  respectively.  The output  characteristics
of  the  first  group  of  Ag-SiW12-1,  Ag-SiW12-2,  and  Ag-SiW12-3
synthesized  by  PEG  400  as  TENG  triboelectric  materials  are  as
follows (Figs. S13 and S14 in the ESM and Figs. 4(d)−4(f)). Among
them,  TENG-3  has  the  optimal  output  performance,  with
instantaneous  maximum  voltage,  current  density,  and  transfer
charge  of  104.3  V,  1127.1  μA·m−2,  and  15.38  nC,  respectively.  The
output properties of the second group of Ag-SiW12-4,  Ag-SiW12-5,
and  Ag-SiW12-6  synthesized  by  PEG-600  as  TENG  triboelectric
materials  are  as  follows  (Figs.  S15  and  S16  in  the  ESM  and Figs.
4(g)−4(i)).  Among  them,  TENG-4  has  the  optimal  output
performance,  with  instantaneous  maximum  voltage,  current
density, and transfer charge of 94.0 V, 926.8 μA·m−2, and 11.94 nC,
respectively.  According  to  the  data,  it  can  be  seen  that  the  output
performance  of  TENG-0  to  TENG-6  shows  a  trend  of  increasing
first and then decreasing with the increase of mass fraction, which is
caused  by  the  aggregation of  POMs and the  stacking  of  nanorods
[74, 75].  We  can  observe  that  the  optimal  performing  TENGs,
TENG-3  and  TENG-4,  have  improved  performance  compared
toTENG-0. The open circuit voltage, current density, and charge of
the  TENG-3  are  2.7  times,  2.4  times,  and  2.6  times  higher  than
those  of  TENG-0  respectively.  The  open  circuit  voltage,  current
density, and charge of TENG-4 are 2.4 times, 2 times, and 2 times
higher than those of TENG-0, respectively.

As Figs.  5(a)−5(d) shown,  comparing  the  optimal  performance

of  TENG-1  to  TENG-6  composed  of  Ag-SiW12-X as  triboelectric
materials  with  TENG-0  composed  of  SiW12 as  triboelectric
materials, we can conclude that the three properties of TENG-1 to
TENG-6  are  much  greater  than  TENG-0.  In  summary,  by  self-
assembly  to  change  the  morphology  of  POMs,  POMs
nanomaterials  can  be  synthesized,  which  can  improve  the
triboelectric  performance  of  POMs  as  triboelectric  materials.  The
performance  of  TENG  is  related  to  the  size  of  the  triboelectric
material. (1) The performance of TENG-1 to TENG-3 composed of
400–1000  nm  long  nanorods  synthesized  in  a  liquid  environment
of  PEG  400  and  water  increases  with  the  increase  of  nanorod
diameter.  TENG-3  performs  well  among  them.  (2)  The
performance  of  TENG-4  to  TENG-6  composed  of  1–2  μm  long
nanorods  synthesized  from  PEG  600  and  water  as  a  liquid
environment  decreases  with  the  increase  of  nanorod  diameter.
TENG-4 performs well among them. (3) In TENG composed of six
nanorods  from  two  series  as  triboelectric  materials,  TENG-3  and
TENG-4  have  better  performance,  with  TENG-3  being  the  most
optimized. We can conclude that the diameter of the nanorod will
affect  its  performance  as  a  triboelectric  material,  and  the
performance will first increase and then decrease with the increase
of diameter.

In  order  to  further  evaluate  the  actual  output  performance  of
nanorods-TENG,  we  selected  the  two  TENGs  with  the  optimal
performance, TENG-3 and TENG-4, for subsequent power testing.
Our team connects the load to the circuit and gradually changes the
load  value.  The  research  results  indicates  that  as  various  loads  are
connected in the external circuit, the current continuously decreases

 

Figure 3    XPS spectra of SiW12, Ag-SiW12-3 and Ag-SiW12-4. (a) XPS survey spectra of SiW12, Ag-SiW12-3 and Ag-SiW12-4. (b) and (c) XPS spectra of W 4f and Si 2p for
SiW12. XPS spectra of (d) Ag 3d, (e) W 4f, and (f) Si 2p for Ag-SiW12-3. XPS spectra of (g) Ag 3d, (h) W 4f, and (i) Si 2p for Ag-SiW12-4.
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Figure 4    The output performance of TENGs. (a) The VOC, (b) current density, and (c) QSC of TENG-0. (d) The VOC, (e) current density, and (f) QSC of TENG-3. (g) The
VOC, (h) current density, and (i) QSC of TENG-4.

 

Figure 5    Comparison of TENGs performance. (a) Comparison bar chart of output voltage from TENG-0 to TENG-6. (b) Comparison bar chart of current density from
TENG-0 to TENG-6. (c) Charge comparison bar chart from TENG-0 to TENG-6. (d) Line chart comparing the performance of TENG-3, TENG-4, and TENG-0.
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and the voltage continuously increases, which is consistent with the
regularity of TENG (Figs. 6(a)−6(d), Tables S2 and S3 in the ESM).
When the load is  500 MΩ, the maximum instantaneous power of
TENG-3  reached  25.2  µW  (Fig.  6(a)).  When  the  load  is  500  MΩ,
the maximum instantaneous power of TENG-4 reached 20.28 µW
(Fig. 6(c)). The instantaneous power of TENG-3 is greater than that
of  TENG-4,  which is  consistent  with other  performance modes of
nanorods  mentioned  earlier.  We  continued  to  select  the  TENG-3
with the best  performance for stability testing,  the voltage value of
TENG-3  remained  around  100  V  even  after  1000  s  of  operation,
indicating that the device has a high level of durability (Fig. 6(e)). 

3.3    The mechanism of TENG
In  this  study,  we  used  PET  as  the  negative  triboelectric  material,
which is located in the negative electrode series and has only lower
negative  electrode  performance  than  a  very  few  materials  [76].  In
negative  electrical  materials,  it  has  high  electron  attraction  ability
and  large  negative  polarity.  SiW12 and  six  POMs  nanorods  Ag-
SiW12-X have  positive  charge  attraction  ability  and  are  used  as
positive triboelectric materials.

The  mechanism of  TENG-0  to  TENG-6  is  shown in Fig.  7.  By
pressing,  POMs/POMs nanorods  and PET come into  contact  and
friction. Due to the difference in electronegativity, negative charges

are generated on the surface of PET, positive charges are distributed
on the surface of POMs/POMs nanorods. When external forces are
released,  the  positive  and  negative  triboelectric  materials  gradually
move  away.  Due  to  electrostatic  induction,  there  is  a  potential
difference between the upper and lower electrodes of TENG, which
causes  electrons  to  flow  along  the  external  circuit  from  the  top
electrode  to  the  bottom  electrode.  As  the  separation  distance
increases,  the  potential  difference  gradually  increases.  When  the
separation  distance  is  maximum,  TENG  reaches  electrostatic
equilibrium  and  no  current  is  generated.  When  TENG  is  pressed
again,  electrons will  move in reverse from the bottom electrode to
the  top  electrode,  reaching  charge  balance  when  POMs/POMs
nanorods come into maximum contact with PET. TENG achieves
output performance through this iterative process [30, 77].

The  reasons  for  the  improved  performance  of  POMs nanorods
TENG  are  as  follows.  The  first  reason  is  that  from  a  physical
perspective,  changing  the  morphology  from  POMs  to  POMs
nanorods morphology will increase surface roughness, which has a
promoting  effect  on  the  output  performance  of  TENG  [78−80].
The roughness of SiW12 film, Ag-SiW12-3 film, and Ag-SiW12-4 film
were characterized by AFM, as shown in Figs. 8(a)−8(c). Their root
mean square (RMS) values of roughness are 9.78, 33.6 and 43.3 nm,
respectively.  The  roughness  values  of  the  three  materials  are:  Ag-

 

Figure 6    (a) and (b) As the load increases, the changes in current, voltage and power of TENG-3. (c) and (d) As the load increases, the changes in current, voltage and
power of TENG-4. (e) Stability of TENG-3 within 1000 s operation.

Nano Research | Vol. 18, No. 2 Hao et al.

94907192 (7 of 13) Nano Research, 2025, 18, 94907192

https://www.sciopen.com/article/10.26599/NR.2025.94907192
https://www.sciopen.com/article/10.26599/NR.2025.94907192
https://www.sciopen.com/article/10.26599/NR.2025.94907192
https://www.sciopen.com/article/10.26599/NR.2025.94907192
https://www.sciopen.com/article/10.26599/NR.2025.94907192
https://www.sciopen.com/article/10.26599/NR.2025.94907192
https://www.sciopen.com/article/10.26599/NR.2025.94907192
https://www.sciopen.com/article/10.26599/NR.2025.94907192


SiW12-4  film  is  slightly  higher  than  Ag-SiW12-3  film,  and  the
roughness of Ag-SiW12-3 film and Ag-SiW12-4 film is much higher
than that  of  the  SiW12 film.  This  result  is  basically  consistent  with
the performance data of TENG, but the performance of TENG-4 is
slightly  worse  than  that  of  TENG-3,  which  is  not  very  consistent
with  the  roughness  results,  but  the  difference  is  tiny.  So  the
difference  in  performance  between  the  two  nanorods  may  be
caused by surface potential.

The second reason is that from a chemical perspective, the most
fundamental  property  of  friction  materials  is  electronegativity.
Therefore, KPFM was used to test the surface potential of SiW12, Ag-
SiW12-3,  and  Ag-SiW12-4.  According  to  the  results  in Figs.
8(d)–8(f), the surface potential values of SiW12, Ag-SiW12-3, and Ag-
SiW12-4  are −0.34, −0.0481,  and −0.129  V,  respectively,  which  are
consistent with their performance rules [81, 82].

The  third  reason  is  that  according  to  XPS  testing  (Fig.  3),  after
self-assembly  of  SiW12 into  Ag-SiW12-X,  silver  ions  were
introduced. At the same time, we found that the binding energies of
W  and  Si  elements  have  changed,  proving  the  existence  of
electronic  interactions  between  Ag  and  POM,  promoting  the
storage and transfer of electrons during the friction process, thereby
improving the performance of nanorod-TENG. 

3.4    The applications of TENG
The  physical  image  of  TENG  composed  of  POMs  nanorods

captured  by  the  camera  is  shown  in Fig.  9(a).  This  demonstrates
that  the  TENG  we  prepared  has  good  transparency.  As  shown  in
Fig. 9(b), we also conducted UV visible light tests to characterize the
transparency  of  POMs  film,  POMs  nanorods  films  and  TENGs.
The  transmittance  order  of  the  monolayer  film  is  Ag-SiW12 >
SiW12 >  monolayer  ITO-PET.  The  order  of  transmittance  after
assembly into TENG is Ag-SiW12 TENG > SiW12 TENG > double-
layer  ITO-PET.  The  improvement  of  morphology  by  POMs  to
POMs  nanorods  did  not  decrease  the  transmittance,  but  rather
increased it. The reason why the preparation of SiW12 film and Ag-
SiW12 film  on  ITO-PET  did  not  reduce  the  transmittance  but
instead increased it is due to the refractive effect of the film material
[83].  This  phenomenon  indicates  that  the  transmittance  of  the
TENG  we  tested  as  a  wearable  device  is  feasible.  In  addition,  as
shown in Figs. 9(c) and 9(d), the nanorod-TENG we prepared has
good flexibility and can be bent freely, which fully demonstrates the
promising  development  prospects  of  this  TENG  in  the  field  of
flexible wearable materials.

The health issues of teenagers cannot be ignored. In recent years,
an increasing number of teenagers have developed health problems
due  to  incorrect  gait.  Poor  sitting  posture  and  incorrect  walking
posture  can  lead  to  various  health  problems,  such  as  scoliosis  and
flat  feet.  By  analyzing  the  signals  of  adolescent  foot  movement,
abnormal  gait  can  be  monitored  and  parents  and  adolescents  can
be  reminded  to  pay  attention  to  and  correct  their  gait  in  a  timely

 

Figure 7    Working mechanism of POMs TENG and POMs nanorods TENG.

 

Figure 8    Surface roughness of (a) SiW12 film, (b) Ag-SiW12-3 film, and Ag-SiW12-4 film. Surface potential distribution images of (d) SiW12 film, (e) Ag-SiW12-3 film, and
(f) Ag-SiW12-4 film.
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manner. In this work, we conducted application tests using TENG-
3 with optimized performance.

Under  normal  circumstances,  the  force  applied  by  the  left  and
right  feet  of  the  human  body  should  be  similar  for  each  gait.
Therefore,  our  testing  objective  is  to  monitor  whether  the  voltage
values  generated  by  the  left  and  right  feet  pressing  the  TENG  are
the same during walking, running, and jumping, in order to reveal
the normal and abnormal conditions of the gait.  As shown in Fig.
10(a),  we  fixed  the  TENG  on  the  ground  and  the  experimenter
sequentially  used the  same parts  of  their  left  and right  feet  to  step
on the device. We tested the voltage values of TENG output by 25
participants  under  three  different  gaits  (walking,  running,  and
jumping).  There  are  two  situations  in  each  gait  test.  One  is  that
some experimenters generate similar voltage values when stepping
on  TENG  with  their  left  and  right  feet  in  sequence,  which  means
that the force applied by the left and right feet is basically the same
(as  shown in Figs.  10(b), 10(d),  and 10(f)).  We call  it  normal  gait.
Another  situation  that  occurred  during  the  test  was  that  some
experimenters generated different voltage values when stepping on
their left and right feet in sequence (as shown in Figs. 10(c), 10(e),
and 10(g)).  This  inconsistent  gait  may  reveal  abnormalities  in  the
body, such as scoliosis, different leg lengths, flat feet, etc., which we
refer  to  as  abnormal  gait.  We  also  calculated  the  percentage  of
abnormal  gait  in  25  participants  under  three  different  gaits  (as
shown  in Fig.  10(h)),  as  well  as  the  specific  test  data  for  each
participant (as shown in Tables S4–S6 in the ESM). Among them, 8
participants  showed  abnormal  gait  while  walking,  accounting  for
32%  of  the  total  population;  During  running,  7  people  showed
abnormal  gait,  accounting  for  28%  of  the  total  population;  In  the
jumping state, 4 people showed abnormal gait, accounting for 16%
of  the  total.  Based  on  the  above  results,  it  can  be  concluded  that
both  walking  and  running  can  sensitively  detect  abnormal  gait.
These results  should draw people’s  attention to incorrect  habits  in
daily  life,  correct  abnormal  gait,  and  prevent  the  formation  of
serious diseases.

We  conducted  group  experiments  for  application’s  testing,  and
the  statistical  results  showed POMs nanorods  TENG can monitor
human gait  and reflect  potential  health issues  in the human body,
which  provided  great  inspiration  for  wearable  health  monitoring

devices.  At  the  same  time,  the  materials  required  for  preparing
TENG are inexpensive, easy to synthesize, and the resulting TENG
has high transparency and good flexibility. 

4    Conclusion
This  study  successfully  used  six  different  lengths  and diameters  of
Ag-SiW12-X nanorods  which  were  synthesized  by  changing  the
morphology  of  SiW12 as  triboelectric  materials  in  TENG.  The
subsequent  test  results  showed that  the  performance of  nanorods-
TENG  was  much  higher  than  that  of  POMs-TENG,  and  the
reasons  for  their  excellent  performance  were  explained  from  two
aspects.  In  addition,  we  also  applied  nanorods-TENG  to  gait
monitoring  of  teenagers,  confirming  its  outstanding  application
prospects  and  providing  new  opportunities  and  prospects  for  the
field. Overall, our research confirms the important role of changing
the  surface  morphology  of  POMs  in  improving  TENG
performance.  Currently,  this  application  is  still  in  the  exploratory
stage, and we will continue to research this gait monitoring device.
We hope that this research will go out of the laboratory and provide
convenience for the health of teenagers. 

Electronic Supplementary Material:: Supplementary material (FT-
IR  spectra,  SEM  images,  TEM  images,  EDS  mappings,  nanorods
size  data,  TENGs  performance  test,  power  data,  and  application
data)  is  available  in  the  online  version  of  this  article  at
https://doi.org/10.26599/NR.2025.94907192. 
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