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ABSTRACT: Developing  lightweight,  green,  and  flexible  wearable
electronics  with  high  sensitivity  and  multifunctional  sensing
capabilities is  of  important  significance in  the field of  outdoor  sports,
such  as  mountaineering,  animal  tracking  and  protection.  This  work
proposes  a  silk  fibroin  fibers-based  triboelectric  nanogenerator  (SF-
TENG) to harvest tiny energy from human fingertip tapping and act as
a self-powered tactile sensor. The SF-TENG adopts a green, efficient,
and  low-cost  fabrication  strategy,  in  which  a  breathable  and
electropositive  silk  fibroin  fiber  membrane  and  a  silver  conductive
layer  are  prepared  by  electrostatic  spinning  and  magnetron
sputtering,  and  combined  with  a  conductive  cloth  and  a  breathable
tape to form a flexible sensor that can be attached to a human skin.
The thin  and soft  portable  TENG device,  having a  thickness of  only  0.3  mm and a mass of  354 mg at  the dimension of
4.5  cm  ×  4.5  cm,  can  generate  a  maximum  power  density  of  1.0  mW·m–2.  Furthermore,  the  SF-TENG  has  excellent
sensitivity of 1.767 mV·Pa–1 with good cyclic stability. The superior sensing characteristics provide new avenues for Morse
code  applications  toward  outdoor  wearable  autonomous  communication.  The  proposed  SF-TENG  offers  promising
solutions in multi-scenario outdoor sport, human-machine interface interaction, and security systems.
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1    Introduction
With  the  rapid  development  of  the  Internet  of  Things  and  the
popularization  of  human-computer  interaction  technologies,  there
is  an  increasingly  urgent  need  for  portable  and  miniaturized
electronic  devices  that  are  more  stable,  environmentally  friendly,

and efficient [1−5]. These devices have attracted much attention in
communication  equipment,  personal  security  alarms,  etc.,  due  to
their small and portable nature [6−10]. They provide a convenient
means  of  daily  communication  and  play  an  essential  role  in
emergencies,  providing  users  with  security  and  emergency  help
functions. Among these applications, Morse code is highly regarded
for  its  excellent  performance  in  low-bandwidth  environments  and
is  considered  as  an  efficient  and  reliable  means  of  emergency
communication.  These  practical  applications  highlight  the
importance of Morse code in communication, security, rescue, and
have attracted a  lot  of  attention and researches  [11, 12].  However,
current  Morse  code  transmitting  devices  are  of  rigid  construction
and lack the aesthetics and comfort of long-term wear. In addition,
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they are usually dependent on external power for operations which
are  large  in  size,  limiting  the  development  of  Morse  code  devices
[13−15].  With  the  deepening  of  human-computer  interaction,  the
amount of information generated increases, and the single function
of the traditional Morse code transmitter cannot meet the needs of
this diverse information.

Recently,  many  research  studies  have  been  dedicated  to
integrating  flexible  electronic  technology  with  Morse  code
transmitting  equipment,  which  provides  more  possibilities  for
convenient and accurate transmission of Morse code. For example,
researchers use wearable pressure sensors [16, 17], humidity sensors
[18, 19], etc. for Morse code transmission, which greatly reduces the
size  of  the  Morse  code  transmitter  but  still  requires  an  external
device  to  power  it.  At  the  same  time,  some  self-supplied  Morse
code transmitters can only transmit raw Morse code signals without
post-processing  these  signals,  which  cannot  meet  the  needs  of
practical  intelligent  applications  [20, 21].  A potential  solution is  to
offer  a  wearable  device  with  low-cost,  lightweight,  high  flexibility,
conformal  energy-harvesting,  and  intelligent  identification  ability.
Such  a  device  can  be  continuously  self-powered  using  either
ambient energy or energy generated by human movement. This not
only  enhances  the  durability  and  reliability  of  the  device  but  also
meets  the  need  for  wearable  comfort.  Fortunately,  triboelectric
nanogenerator  (TENG)  is  considered  as  an  epoch-making  energy
harvesting  technology,  and  intensive  progress  has  been  made  in
micro- and  nano-energy  harvesting  [22−24],  self-powered  sensors
[25−28],  and  blue  energy  harvesting  [29−31].  The  TENG  offers
several  advantages  including  high  electrical  outputs,  microscale
motion  detection,  and  the  ability  to  monitor  weak  physiological
signals  from  the  human  body  [32−35].  Recently,  researchers  have
found that TENGs also possess a huge potential  in harvesting tiny
energies,  such as  finger  tapping.  For  the  merits  of  high  sensitivity,
self-powered  operation,  and  response  to  pressure,  TENG  is  an
effective  strategy for  preparing Morse  code transmitters.  However,
achieving high sensitivity and lightweight at the same time is a great
challenge.  In  addition,  existing  TENG-based wearable  Morse  code
transmitters lacks deep human-computer interaction abilities, such
as  sensing  and  transforming  finger-tapping  signals,  which
significantly  hinders  their  applications  [36, 37].  Therefore,  the
TENG  as  a  wearable  Morse  code  transmitting  device  is  subject  to
further  researches.  Silk  fibroin,  known  for  its  excellent
electropositive  properties  and  biocompatibility,  not  only  enhances
the  triboelectric  performance  of  the  device  but  also  ensures  its
environmental  friendliness,  making  it  particularly  suitable  for
wearable  and  portable  TENG  devices.  Compared  to  synthetic
polymers  commonly  used  in  TENGs,  such  as  polyvinylidene
fluoride  (PVDF),  polytetrafluoroethylene  (PTFE),  and  nylon,  the
silk fibroin is more cost-effective and eco-friendly, which are urgent
needs  for  wearable  and  portable  applications  in  real-world
environments [38−40]. In China, the researches primarily focus on
material  modification,  device  design,  and  output  performance
enhancement  [41−43].  However,  there  remain  opportunities  for
further  advancements  in  achieving  stable  multifunctional
integration  and  expanding  the  scope  of  applications.  International
researches  emphasize  the  biocompatibility,  especially  in
multifunctional  sensing  and  flexible  energy  applications  [44, 45].
However, further progress is needed in environmental adaptability,
system integration, and device intelligence.

Herein, we report a versatile and convenient method to prepare a
sandwich-structured  silk  fibroin  fibers-based  triboelectric

nanogenerator. Due to the excellent electropositive property of silk
fibroin, the silk fibroin fibers-based triboelectric nanogenerator (SF-
TENG) can achieve an open-circuit voltage (VOC) of 35 V, a short-
circuit current (ISC) of 60 nA, and a power density of 1.0 mW·m–2 at
a  contact  area  of  3  cm ×  3  cm and an  external  force  of  10  N.  To
meet the application of real-time conversion of tapping signals into
Morse code and translation into letters, we combine the SF-TENG
with optimized artificial intelligence (AI) algorithms to achieve real-
time  Morse  code-to-letter  conversion,  which  can  obtain  a  high
recognition accuracy of  96.67%.  It  can be predictable  that  this  SF-
TENG  has  broad  application  prospects  in  outdoor  sports,  silent
encrypted signal communication, and robotic AI. 

2    Results and discussion
 

2.1    Fabrication of the SF-TENG and characterization
The  device  can  be  used  for  SOS  signal  transmission  in
mountaineering  and  silent  signal  transmission  in  the  animal
protection field. Figure 1(a) shows the basic structure of the single-
electrode  mode  SF-TENG  assembled  by  nanocomposite
membranes.  The  diagram  clearly  shows  how  the  SF-TENG  is
flexibly attached to the fingertip, converting the small kinetic energy
of the fingertip touch into electrical signals. We have characterized
the  surface  of  the  friction  layer  of  SF-TENG,  whose  scanning
electron microscopy (SEM) image is shown in the top-right corner
of Fig.  1(a),  showing  that  the  filament  protein  fibers  exhibit  a
uniform distribution.  The  SF-TENG employs  laser-cut  silk  fibroin
membranes  with  various  sizes  and  shapes,  enabling  adaptation  to
larger surfaces and diverse wearable applications. By adjusting layer
dimensions  or  silk  fibroin  mass  fraction,  the  device  can  achieve
higher  output,  making  it  suitable  for  applications  in  body-area
sensing, large-area touch interfaces, and environmental monitoring.
Figure 1(b) illustrates the preparation process of SF-TENG. Firstly,
we  prepared  SF  nanofibrous  membranes  by  electrostatic  spinning
technology.  The  electrostatic  spinning  equipment  consists  of  three
parts:  a  high-voltage  power  supply,  a  syringe  with  a  metal  needle,
and  a  collector.  Secondly,  to  obtain  a  flexible  and  thin  TENG
electrode layer, we used the magnetron sputtering technique to coat
the  surface  of  the  SF  fiber  membrane  with  a  Ag  coating.  In  this
process,  magnetron  sputtering  was  conducted  with  high-purity
metallic silver at a power of 50 W for 600 s. The sample stage was
rotated  at  a  speed  of  40  r·min–1 to  ensure  uniform  attachment  of
silver  particles  on  the  nanofiber  surface.  This  setup  resulted  in  a
silver  layer  with  an  approximate  thickness  of  100  nm.  As  can  be
seen from Fig. S1 in the Electronic Supplementary Material (ESM),
when the  magnetron sputtering  power  is  50  W,  the  SF spun fiber
membranes  before  and  after  magnetron  sputtering  show  one
diffuse bun peak in the range of 10°–30°, which corresponds to the
amorphous peak of SF fiber membranes. The four diffraction peaks
at 2θ of 38.2°, 44.4°, 64.6°, and 77.6° of the SF spun fiber membrane
before  and  after  magnetron  sputtering  correspond  to  the  (111),
(200), (220), and (311) crystal planes of silver, which indicates that
the  magnetron  sputtering  builds  up  Ag  particles  with  a  certain
energy  and  nucleation  density  on  the  surface  of  SF  spun  fiber
membrane.  This  step  ensures  that  the  conductive  layer  has  a  very
low resistivity while meeting the flexibility and air permeability. The
SF-TENG presents an overall sandwich structure: The bottom layer
is a breathable tape to protect the electrodes from moisture erosion,
the middle layer is a single-sided magnetron sputtered silver-coated
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SF fiber membrane, and the top layer is a laser-cut breathable tape
which allows the SF fiber membrane to be partially exposed. The SF
fiber membrane acts as a friction layer and the magnetron sputtered
silver-coated layer is the conductive layer of the TENG. In addition,
the  SF-TENG  includes  a  tail  comprising  a  laser-cut  conductive
fabric connected to the magnetron sputtered silver plating of the SF-
TENG  by  a  conductive  silver  paste  to  facilitate  the  transfer  of  the
charges  accumulated  by  the  SF-TENG.  The  SF-TENG  is  made  of
the green silky egg fiber membrane as a friction layer, which, due to
its good biocompatibility, excellent flexibility, and a strong tendency
to acquire electrons, allows it to generate triboelectric charges with
external  objects.  Magnetron  sputtered  silver  thin  films  were
uniformly  distributed  in  the  SF  nanofiber  network,  which  act  as
flexible electrodes to stabilize the SF-TENG under different degrees
of  deformation.  The  experimental  section  describes  in  detail  the
preparation  process  of  microstructured  SF-TENG.  Since  all
materials  of  SF-TENG  are  flexible,  thin,  and  breathable,  and  have
good mechanical properties, they can support a variety of complex
mechanical deformations, including torsion and bending (Fig. 1(c)).

In  addition,  these  materials  contribute  to  the  thin  thickness  and
light  weight  of  the  entire  device,  with  the  SF-TENG  being  only
0.3 mm thick and weighing 354 mg (with an area of 4.5 cm × 4.5
cm; Fig. S2 in the ESM shows the details). 

2.2    Working mechanism and output performance
To  test  the  working  mechanism  and  output  performance  of
SF-TENG,  we  assembled  a  test  platform  on  a  linear  motor.
The  schematic  diagram  of  the  test  platform  and  device  is  shown
in Fig.  2(a).  In  our  tests,  we  used  the  SF  nanofiber  films
containing magnetron-sputtered silver-backed electrodes and PTFE
films as the tribo-pair with a contact area of 9 cm2. By adjusting the
operating  cycles  of  the  linear  motor,  we  investigated  the  output
performance of the SF-TENG. The specific working principle of SF-
TENG  is  shown  in Fig.  2(b),  which  adopts  the  coupling  of
triboelectrification  and  electrostatic  induction.  When  the  SF
nanofiber film and PTFE film come into contact under a pressure,
the  PTFE  film  gains  electrons  and  becomes  negatively  charged,
while  the  SF  film  loses  electrons  and  becomes  positively  charged.

 

Figure 1    Application scenarios and fabrication of the SF-TENG. (a) Schematic illustration of the application scenarios of the SF-TENG and SEM image of the SF surface.
(b) Illustration of the fabrication process of the SF-TENG. (c) Optical images of the bending and twisting of the SF-TENG.
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When the pressure is gradually released, the separation of opposite
charges  creates  a  potential  difference  between  the  two  electrodes,
driving the electrons to flow from the bottom electrode to the top
electrode.  After  the  maximum  separation,  when  the  TENG  is
subjected to an external force again, the approaching of two tribo-
surfaces breaks the electrostatic balance and causes the electrons to
flow  back  to  the  bottom  electrode  from  the  top  electrode.  During
the  periodic  contact-separation  process,  alternative  output  current
is generated across the load.

In  the  experiments,  we  chose  a  contact  area  of  3  cm  ×  3  cm,
applied a force of 10 N, and set the maximum moving distance to
be  50  mm.  The  output  performance  of  the  SF-TENG  at  different
frequencies ranging from 1 to 5 Hz was compared. Figures 2(c) and
2(e) show  that  the  open-circuit  voltage  (VOC)  and  short-circuit
transferred  charge  (QSC)  exhibit  no  noticeable  variations  with

increasing  the  frequency,  which  are  both  determined  by  the
triboelectric charge density. By contrast, the ISC increases obviously
with the frequency, as shown in Fig. 2(d). Then the loading resistive
behavior  of  the  SF-TENG  was  measured,  showing  that  the
maximum  output  current  decreases  as  the  external  resistance
increases,  but  the  output  voltage  increases  (Fig.  2(f)).  The  TENG
can  deliver  a  peak  power  density  of  1.0  mW·m–2 at  the  matched
resistance  of  1  GΩ  (Fig.  2(g)).  Moreover,  the  power  generated  by
the SF-TENG can be rectified and stored in a capacitor or a battery
for  further  use,  and  the  equivalent  circuit  is  shown  in Fig.  2(h).
Figure  2(i) further  demonstrates  the  charging  performance  of  SF-
TENG at different capacitances, indicating that the charging rate is
accelerated  as  the  capacitance  decreases.  In  addition,  we  prepared
the  SF-TENGs  with  different  mass  fractions  and  observed  the
nanofiber  structures  by  the  SEM  (Fig.  S3  in  the  ESM).  After  a

 

Figure 2    Working  mechanisms  and  output  performance  of  the  SF-TENG.  (a)  Schematic  illustration  of  the  testing  mode  of  the  SF-TENG.  (b)  Schematics  of  the
operating principle for the SF-TENG. (c)−(e) VOC, ISC,  and QSC of  the SF-TENG under different frequencies (1−5 Hz).  (f)  and (g) Output voltage,  output current,  and
output power density  of  the SF-TENG under variable  load resistances.  (h)  Schematic  illustration of  the rectifying circuit  for  energy storage.  (i)  Charging curves of  the
TENG to different capacitors.  (j)  Output voltage of the TENGs based on SF fiber membranes with different mass fractions.  (k) Potential  distribution of the SF-TENG
simulated by COMSOL.
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comprehensive  comparison,  we  chose  the  SF  fibrous  film  of  7%
mass fraction as the triboelectric layer of SF-TENG. Compared with
the  polyamide  (PA)  film,  the  SF  film  prepared  using  electrostatic
spinning  has  a  nanofiber  network  structure  which  has  a  larger
specific surface and a rough surface, and these properties are more
conducive  to  the  TENG  performance  (Fig.  S4  in  the  ESM).  With
the increase of the mass fraction, the diameter of nanofibers in SF-
TENG  gradually  increases,  and  the  output  voltage  gradually
decreases (Fig. 2(j)). Further, by the finite element simulations using
COMSOL  software,  we  investigated  the  electrical  potential
distributions  of  SF  fiber  membranes  and  PTFE  films  during  the
contact separation motion (Fig. 2(k)). 

2.3    Sensing characterization
Due  to  its  excellent  pressure  sensing  performance,  the  SF-TENG
shows  potential  applications  in  self-powered  human-computer
interaction  devices. Figure  3(a) reveals  two  distinct  pressure
sensitivity  regions  in  the  SF-TENG  device.  In  the  low-pressure
region  (0–25  kPa),  the  SF-TENG  demonstrates  a  linear  response
with  a  pressure  sensitivity  of  1.767  mV·Pa–1,  attributed  to  a  larger
incremental  contact  area  as  the  pressure  increases.  In  the  high-
pressure  region  (25–40  kPa),  the  sensitivity  decreases  to
0.315  mV·Pa–1,  reflecting  a  smaller  incremental  contact  area.  The
maximum pressure detection range is up to 40 kPa, beyond which
the  device  is  susceptible  to  damage.  This  segmented  sensitivity

range provides insight into the SF-TENG’s behavior across different
pressures,  enhancing  its  applicability  for  a  range  of  tactile  sensing
applications. The long-term stability of the TENG is essential for its
practical  applications,  especially  for  repeated  and  real-time
mechanical  activity.  The VOC was  measured for  nearly  2000 cycles
under  optimal  conditions,  as  demonstrated  in Fig.  3(b).
Additionally, it is important to consider environmental factors such
as  humidity  and  temperature,  which  may  influence  the  long-term
performance.  High  humidity  can  lead  to  increased  charge
dissipation, potentially resulting in reduction of output voltage and
current.  Thus,  in  practical  applications,  optimizing  the
environmental conditions could further enhance the reliability and
stability of the SF-TENG in diverse settings. As shown in Table S1
in  the  ESM  [46−50],  the  SF-TENG’s  pressure  sensitivity  in  the
0–25  kPa  range  is  notably  higher  than  that  of  other  materials  like
deposited  Cu  film  and  graphene,  highlighting  its  advantage  in
precise  pressure  sensing  applications. Figure  3(c) shows  that  the
output  voltage  increases  as  the  applied  contact  force  increases,
eventually reaching saturation at 62 V as the force approaches 35 N
(the pressure is 40 kPa). This result can be attributed to the fact that
the  applied  pressure  increases  the  contact  area  and  the  surface
charge density,  producing a  higher  voltage output.  The tendencies
of  the ISC and QSC with the applied contact  force are  similar  (Figs.
3(d) and 3(e)).  Based  on  the  SF-TENG’s  stable  and  sensitive
performance,  we  developed  a  Morse  code  acquisition  and

 

Figure 3    Electrical outputs, stability, and sensitivity of the SF-TENG. (a) Output voltage of the SF-TENG in response to the applied pressure. (b) Varying trend of VOC of
the SF-TENG during 2000 cycles. (c)–(e) VOC, QSC, and ISC of the SF-TENG under different pressures (under the applied force of 10 N and the loading frequency of 1 Hz,
the VOC of up to 35 V and an ISC of 60 nA). (f) Schematic of the wearable SF-TENG for Morse signal output. (g) Output voltage signals of different letters based on the SF-
TENG.
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conversion  system.  To  handle  noise,  we  applied  threshold-based
filtering  and time-domain  analysis,  ensuring  accurate  decoding  by
distinguishing intentional inputs from interference. Morse code is a
system used for communication that  relies  on a series  of  dots  and
scratches  to  convey  coded  information.  In  order  to  output  the
Morse  code  signal,  we  wore  the  SF-TENG  at  the  index  finger  to
signal the 26 letters (Fig. S5 in the ESM), as shown schematically in
Fig.  3(f).  We  performed  the  acquisition  of  the  tapping  signals  for
the letters N, W, P, U, I, F, and E. The voltage signals obtained are
shown  in Fig.  3(g),  where  the  dots  and  dashes  correspond  to  the
short  and  long  presses  of  the  SF-TENG  signals  (the  duration  of
short  pressure  is  about  0.2  s,  and  the  duration  of  long  pressure  is
about  0.75  s).  The  graph  clearly  shows  the  peaks  of  the  voltage
signals of the different letters. By analyzing the peaks, the SF-TENG
signals can be converted to the corresponding letters in real time. 

2.4    Application in the real-time detection and translation
of Morse code
Morse  code  transmitters  play  a  key  role  in  information  and
communication  equipment  and  are  especially  vital  in  security
applications.  Through  its  lightweight  and  flexible  design,  the  SF-
TENG  is  able  to  harvest  the  tiny  energy  of  fingertip  tapping  and
convert  it  into  electrical  signals  that  can  be  used  to  send  Morse
code.  This  design  not  only  helps  humans  work  and  stay  safe  in
areas  such  as  outdoor  adventure  and  animal  tracking  and
protection,  but  also  increases  the  wearer’s  experience,  making  the
communication devices more comfortable and convenient. In order

to  extend  the  application  of  the  wearable  SF-TENG  device  as  a
Morse code transmitter in real-time, we can improve the SF-TENG
based  on  deep  learning  capabilities.  In  this  way,  the  SF-TENG
converts  the  energy  of  fingertip  tapping  into  electrical  signals,
enabling  real-time  transmission  of  Morse  code.  This  innovation
creates  new  application  scenarios  for  real-time  transmission  of
Morse  code,  making  it  more  widely  applicable  in  the  field  of
communications.

The process flow of Morse code from the SF-TENG information
acquisition  to  real-time  prediction  is  shown  in Fig.  4(a).  Firstly,
when  the  user  uses  the  SF-TENG,  the  resulting  electrical  output
signal  is  converted  to  a  digital  signal  by  the  NI  USB-6356
acquisition  card  and  6517B  electrometer  and  decoded  using  the
LabView program. After the signal filtering and conversion process,
the  real-time  digital  signal  is  transmitted  to  the  computer  and
displayed  in  the  software  program.  Through  a  specially  designed
program,  the  real-time  knockout  voltage  waveform  graph  of  SF-
TENG  as  well  as  the  predicted  Morse  code  signals  and  predicted
letters  can  be  presented  in  real  time  on  the  computer  interface.
Figure  4(b) shows  the  schematic  diagram  of  the  Morse  code
identification  and  communication  system.  The  complete  real-time
control  system  consists  of  the  SF-TENG,  the  signal  NI  USB-6363
acquisition  card  and  6517B  electrometer,  the  PC,  and  the  virtual
space  in  the  Thinter  software.  For  practical  applications,  a  sensing
system  of  Morse  code  transmitters  was  developed  through
integrating  the  SF-TENG  with  a  human-machine  interface.  The
data collection with machine learning ensured that the model could

 

Figure 4    Applications of the SF-TENG for Morse code translation. (a) The process flow from the SF-TENG information collection to the real-time prediction in Morse
code  translation.  (b)  Schematic  diagram  of  the  Morse  code  recognition  and  communication  system.  (c)  Confusion  map  of  split  word  element  recognition  (accuracy
96.96%). (d) Demonstration showing that the SF-TENG controls Morse code translation.
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effectively  capture  and  distinguish  subtle  variations  in  signal
patterns  generated  by  the  SF-TENG  from  a  single  user.
Futhermore,  using  data  from  multiple  users  with  varying  tapping
strengths  could  further  test  the  model’s  robustness.  Future  work
may  incorporate  data  from  multiple  users  to  further  enhance  the
model’s  generalizability  and  adaptability  across  different  tapping
styles, aligning with our goal of developing a universally applicable
Morse  code  recognition  system.  Based  on  the  received  signal
spectrum,  the  machine  learning  model  processes  the  Morse  code
inputs and outputs the corresponding letters. The model, as shown
in  Fig.  S6  in  the  ESM,  was  trained  with  100  samples  per  letter,
achieving  an  average  recognition  accuracy  of  96.67%  across  all
26  letters  and  an  average  recognition  time  of  below  500  ms  per
letter,  underscoring  its  real-time  performance  capabilities.
Figure  4(c) illustrates  the  confusion  matrix  for  a  subset  of  letters,
specifically showcasing recognition accuracy for the letters A, D, H,
K,  P,  S,  W,  and  Z,  with  an  average  accuracy  reaching  96.96%.
Additionally,  Figs.  S7  and  S8  in  the  ESM  provide  further  insights
into the model’s training process. Figure S7 in the ESM displays the
iteration accuracy across the process, showing steady improvement
and high accuracy in letter recognition. Figure S8 in the ESM shows
the loss rates for both training and validation data, which decrease
rapidly  in  the  initial  stage  and  stabilize,  indicating  effective  model
convergence.  These  results  validate  the  SF-TENG’s  reliable
performance  in  accurate  Morse  code  recognition. Figure  4(d) and
Movie  S1  in  the  ESM  demonstrate  an  application  of  real-time
reception and translation of Morse code based on SF-TENG. It can
be found that the SF-TENG can be easily worn on the finger,  and
the  small  energy  generated  by  finger  tapping  can  be  quickly
converted into words outputted in the window. Therefore, the SF-
TENG has the characteristics of ultra-thinness, flexibility, and high
sensitivity,  and exhibits  wide potential  application prospects  in the
fields  of  human-machine  interfaces,  human  micro-energy
harvesting, and security systems. 

3    Conclusions
In  summary,  we  have  successfully  designed  a  lightweight,  flexible,
and highly sensitive SF-TENG based on SF fibers and magnetron-
sputtered silver electrodes. The total thickness of this device is only
about 0.3 mm and the weight is only 354 mg, which greatly reduces
the burden of conventional Morse code collection devices. The SF-
TENG exhibits excellent stability and flexibility, allowing it to easily
attach to human fingertips for energy harvesting and signal sensing
while  ensuring  comfort.  Under  an  external  force  of  10  N  and  a
loading frequency of 1 Hz, the SF-TENG can achieve a VOC of up to
35 V and an ISC of 60 nA, respectively, proving that it can provide
stable  output  performance  in  various  environments.  In  addition,
the SF-TENG achieves a high pressure sensitivity of 1.767 mV·Pa–1

within  the  low-pressure  range  of  up  to  0–25  kPa,  enabling  it  to
effectively sense subtle pressure changes. Furthermore, we designed
and  demonstrated  a  self-powered  Morse  code  transmitter  capable
of  real-time  Morse  code  translation,  achieving  an  accuracy  of
96.67%  through  a  machine  learning  model.  To  ensure  accurate
recognition,  we  employed  data  preprocessing  techniques  that
emphasized distinct voltage changes at the start and end of signals
and applied boundary threshold processing, allowing the model to
differentiate  subtle  variations  even  between  similar  signals.  This
robust approach enhances the transmitter’s reliability in real-world
applications.  Considering the SF-TENG’s significant advantages in

terms  of  thickness,  weight,  and  pressure  sensitivity,  it  holds  great
promise for both self-powered sensing and energy providing for the
next generation of wearable electronics. 

4    Experimental section
Preparation  of  nanofiber  films: Water-soluble  filipin  protein
feedstock  was  dissolved  in  hexafluoroisopropanol  (HFIP)  solution
at  a  concentration  of  7  wt.%.  After  12  h  of  magnetic  stirring  at
1000  rpm  at  room  temperature,  the  SF  spinning  solution  was
poured  into  a  10  mL  plastic  syringe.  The  electrostatic  spinning
process was carried out at a positive voltage of 8 kV and a negative
voltage  of  2  kV,  and  the  distance  between  the  needle  and  the
collector was set to be 20 cm. The pumping rate for SF electrostatic
spinning  was  set  at  0.5  mL·h–1.  A  release  paper  was  coated  on  a
rotating drum to collect the SF nanofiber film.

Magnetron sputtering: The prepared SF nanofiber film was fixed
on  a  magnetron  sputtering  sample  disc  and  magnetron  sputtered
for 600 s at 50 W. A layer of silver with a thickness of 100 nm was
coated  on  the  SF  surface  by  magnetron  sputtering.  A  laser  cutter
was used to cut the magnetron-sputtered SF nanofiber film, medical
breathable  tape,  and  conductive  cloth  into  suitable  sizes  for
assembling into the SF-TENG.

Characterization and measurement: The surface morphologies of
the  samples  with  nanofiber  structures  were  characterized  using  a
SU8020  cold-field  scanning  electron  microscopy.  X-ray  diffraction
(XRD) analysis  of  SF,  as  well  as  SF after magnetron sputtering Ag
plating, was tested using Xpert3 Powder.

Electrical performance tests: A stepper motor (Linmot E1100) was
used  to  provide  regular  contact-separation  motion  for  the  SF-
TENG. The VOC, ISC, and QSC were tested using an acquisition card
(USB-6356)  with  a  Keithley  6517B  electrometer.  A  software
platform  was  constructed  based  on  LabView  to  realize  real-time
data acquisition.

Signal  processing  method: The  knocking  signals  were  converted
by  the  SF-TENG,  and  the  sound  signals  with  extracted  feature
values  were  trained  by  Tkinter  to  form  a  classification  network.
Finally,  the  classification network was  used to  classify  and identify
the real-time knocking signals. 

Electronic  Supplementary  Material: Supplementary  material
(including XRD patterns,  machine learning model training details,
and further characterization of SF-TENG performance) is available
in  the  online  version  of  this  article  at https://doi.org/10.26599/
NR.2025.94907167. 
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