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ABSTRACT: Wearable  health  monitoring  systems
require  seamless  integration  of  sensing  and  memory
functionalities for real-time physiological signal acquisition
and  processing.  However,  conventional  approaches
relying on hybrid integration of rigid silicon-based memory
with  flexible  sensors  suffer  from  mechanical  mismatch
and  complex  interfacing,  limiting  their  practicality  in
continuous  physiological  monitoring.  Here,  we  present  a
sensing-storage  monolithically  integrated  system
fabricated  through  low-cost  solution  spin-coating,  which
combines  a  flexible  floating-gate  organic  thin-film
transistor  (FG-OTFT)  memory  with  an  OTFT  pressure
sensor.  The  pressure  sensor  exhibits  a  wide  operating
range  of  0–40  kPa,  a  fast  response  time  of  34  ms,  and
stable  performance  after  5000  bending  cycles  and  over
temperatures from −20 to 60 °C. When conformally attached to the finger joint, wrist, and human throat, the device delivers
distinct  current  variations  that  faithfully  track  joint  bending  angles  and  intermittent  coughing.  The  integrated  floating-gate
memory exhibits a large memory window of 18 V under ±80 V program/erase biases, a retention time exceeding 105 s, and
robust operation after 3000 bending cycles. A 1 × 9 memory array is used to store 7-bit ASCII-encoded characters with two
additional check bits, and the stored information is wirelessly transmitted via Bluetooth low energy to a mobile application.
Comparative  analysis  shows  that  the  integrated  system  offers  a  shorter  response  time  and  longer  data  retention  than
previously reported OTFT-based pressure sensors and organic memories used for physiological monitoring. These results
highlight  a low-cost,  fully  flexible,  and application-oriented platform for wearable electronic skins capable of  simultaneous
physiological sensing, data storage, and intuitive visual readout.
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 1    Introduction
Flexible  electronic  skin  [1−9],  as  a  key  component  of  next-

generation  wearable  devices  and  bio-inspired  robots,  must  satisfy
stringent  requirements  for  high-speed  sensing  [10−16]  and  real-
time storage [17, 18] of dynamic signals. Such biomimetic systems
are  expected  to  capture  multimodal  physical  signals  including
pressure  [19−22],  temperature  [23],  and  strain  [24]  in  real  time,
while millisecond-level data buffering and processing are performed
by  embedded  memory  units.  Among  these  modalities,  pressure
sensing  [25−28]  plays  an  indispensable  role  in  perceiving  physical
interactions and environmental contact, with critical applications in
pulse monitoring,  tactile feedback, and human-machine interfaces.
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High-performance flexible  pressure sensors  are  required to exhibit
high  sensitivity,  a  broad  detection  range,  and  excellent  cycling
stability.  Organic  thin-film  transistor-based  pressure  sensors
[29−31] have emerged as an ideal choice due to their intrinsic signal
amplification  capability,  low  power  consumption,  and  excellent
mechanical  flexibility.  This  capability  provides  essential  technical
support for high-fidelity real-time monitoring [32−34] and accurate
perception  [35]  of  physiological  signals  such  as  blood  pressure,
respiratory  rate,  and  muscle  activity.  However,  current  integration
strategies  which  typically  rely  on  rigid  silicon-based  memory
combined  with  flexible  sensors  are  hindered  by  several  major
drawbacks.  First,  significant  mismatch  in  Young’s  modulus
between  rigid  memory  chips  and  flexible  substrates  leads  to  stress
concentration  under  bending,  resulting  in  fracture  of  metallic
interconnects  or  interfacial  delamination.  Second,  heterogeneous
integration requires complex interposers and packaging techniques,
which  not  only  increase  system  thickness  but  also  introduce
additional  contact  resistance  and  signal  latency.  Furthermore,  the
inclusion  of  rigid  components  markedly  reduces  the  overall
flexibility of the system, severely compromising conformability and
comfort  when  applied  to  curved  surfaces  such  as  human  joints.
These limitations render existing designs unsuitable for applications
demanding  long-term  stability,  such  as  medical  monitoring
[36−38],  highlighting  the  urgent  need  for  novel  fully  flexible
integrated [39, 40] solutions.

To  achieve  high-performance  monolithic  perception-storage
integrated systems, the design of memory devices [41−43] is crucial.
The  floating-gate  organic  thin-film  transistor  [44−49]  memory
[50−53]  has  emerged  as  an  ideal  candidate  due  to  its  distinctive
advantages:  Firstly,  its  solution-processed  multilayer  organic
structure (tunneling layer/floating gate/blocking layer) [52] exhibits
excellent  mechanical  flexibility,  maintaining  stable  performance
even  after  repeated  bending  cycles.  Its  Young’s  modulus
compatibility  with  flexible  sensor  materials  effectively  mitigates
interfacial  stress  issues  inherent  in  heterogeneous  integration.
Secondly,  this  integrated  architecture  significantly  shortens  signal
transmission  paths,  markedly  enhancing  system  response  speed.
Most  importantly,  this  intrinsically  compatible  design  ensures
interfacial  stability  under  bending  strain,  fundamentally  avoiding
delamination and complex interconnections caused by mechanical
mismatch  in  conventional  hybrid  integrated  systems.  These
characteristics enable floating-gate organic thin-film transistor (FG-
OTFT) memory to effectively overcome the mechanical  mismatch
between conventional rigid memory and flexible sensors, providing
a  critical  device-level  foundation  for  highly  reliable  flexible
electronic  skin.  Currently,  research  on  flexible  floating-gate
transistor memory has attracted broad attention. For instance, Nam
et  al.  successfully  developed  an  intrinsically  stretchable  polymer
memory  transistor  with  outstanding  mechanical  properties.  Their
work  innovatively  employed  a  silver  nanoparticle/elastomer
composite  as  the  floating  gate  layer,  enabling  the  device  to
simultaneously achieve high flexibility and stretchability [52].

Although  flexible  FG-OTFT  memories  possess  intrinsic
flexibility,  their  fabrication  has  traditionally  relied  on  high-cost
vacuum  deposition  or  photolithography  techniques,  which  limits
their  scalability  and  adaptability  for  large-area  electronic  skin
applications.  Therefore,  developing  low-cost,  scalable  fabrication
technologies  has  become  a  critical  challenge  for  advancing  the
practical  implementation  of  flexible  memory  devices.  To  address
this, Chen et al. developed a flexible floating-gate organic field-effect

transistor  memory  using  a  one-step  blade-coating  strategy.  This
device  demonstrated  reliable  charge  storage  characteristics  after
repeated programming and erasing operations, along with excellent
data retention capability [54]. Similarly, Kim et al. proposed a fully
solution-processed,  low-cost  approach  for  fabricating  high-
performance  n-channel  organic  transistor  memory  devices  based
on  organic  materials  and  direct  printing  techniques  [55].
Concurrently, significant progress has been made in flexible OTFT-
based  pressure  sensors  [56, 57].  These  sensors,  leveraging  their
inherent advantages of flexibility, lightweight nature, and large-area
manufacturability,  demonstrate  significant  application  potential  in
fields  such  as  electronic  skin,  health  monitoring,  and  human-
computer interaction. Sun et al. successfully fabricated an extended-
gate  OTFT  pressure  sensor  using  a  simple  printing  method  [58],
while  Cheng  et  al.  developed  a  carbon  nanotube  polyethylene
terephthalate  (CNTs-FET)  pressure  sensor  featuring  a  micro-
structured pyramidal top-gate electrode [59]. Nevertheless, no prior
study has reported the successful integration of FG-OTFT memory
with  sensing  modules  to  achieve  a  complete  signal
perception–storage process. To bridge this gap, this study proposes
a  sensing-storage  monolithically  integrated  system  fabricated
entirely  through  low-cost  solution  spin-coating.  The  system
combines a floating-gate organic thin-film transistor memory with
a  flexible  pressure  sensor.  Considering  both  process  compatibility
and  integration  requirements,  an  OTFT-based  flexible  pressure
sensor was selected as the sensing unit. The poly(3-hexylthiophene)
(P3HT)-based  OTFT  pressure  sensor  used  in  this  work  was
fabricated based on an established and well-optimized process from
our  research  group.  It  exhibits  high  sensitivity  and  fast  response
characteristics,  with  its  detailed  structural  design  and performance
characterization  reported  in  Ref.  [60].  This  approach  ensures  the
reliability of the sensing unit  and allows this study to focus on the
innovative  integration  of  perception  and  memory  within  a  single
system.

This study presents a low-cost solution spin-coating approach for
fabricating  flexible  floating-gate  organic  thin-film  transistor
memories  for  data  storage  in  electronic  skin  devices.  These
memories  were  monolithically  integrated  with  flexible  OTFT
pressure  sensors  to  construct  a  unified  perception–storage  system.
The fabricated memory devices exhibited a large memory window
of 18 V under ±80 V programming/erasing voltages,  along with a
long charge retention time exceeding 105 s at a readout condition of
VG = VDS = −20 V. Moreover, the memory transistors demonstrated
excellent  mechanical  durability,  maintaining  stable  performance
after  3000  bending  cycles,  as  well  as  remarkable  environmental
stability  across  varying  temperatures  and  high  device-to-device
uniformity.  Based  on  this  process,  a  1  ×  9  memory  array  was
further  fabricated  and  integrated  with  a  flexible  OTFT  pressure
sensor array to form a monolithic perception–storage system. This
system  successfully  achieved  the  storage  of  7-bit  binary-encoded
data based on the ASCII standard, including upper- and lower-case
letters,  digits  0–9,  and  common  punctuation  marks,  with  the  first
two bits reserved as check bits. To validate its practical applicability,
a  customized  data  acquisition  circuit  was  developed.  This  circuit
captures  current  signals  corresponding  to  different  pressure  levels
through  the  OTFT  pressure  sensor,  controls  the
programming/erasing operations of the memory array, and enables
wireless  data  transmission  via  a  Bluetooth  module.  Test  results
confirmed  the  reliable  signal  transmission  performance  of  the
integrated system. This work not only provides a feasible technical
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pathway  for  the  design  of  perception–storage  integrated  systems,
but  also  offers  valuable  insights  for  the  development  of  future
flexible electronic devices.

 2    Experimental

 2.1    Materials
All materials  used in the experiment were commercially procured:
Semiconductor  material  P3HT  (molecular  weight:  50  kDa,  PDI  =
1.2)  and  gold  nanoparticle  solution  were  purchased  from  Sigma-
Aldrich;  polymer  materials  including  polyvinyl  alcohol  (PVA)
(molecular  weight:  130  kDa,  PDI  =  2.2)  and  1,2-dichlorobenzene
(AR,  99%)  were  sourced  from  Shanghai  McLean  Biochemical
Technology Co., Ltd.; poly(p-xylene) (Parylene) (molecular weight:
208.30) was provided by Shanxi Demao Hongke Trading Co., Ltd.;
flexible  substrate  material  PET  film  (thickness  0.125  mm)  was
procured  from  Shenzhen  Ruige  Ruis  Technology  Co.,  Ltd.  All
chemical reagents and materials were used directly without further
purification.

 2.2    Device fabrication
In this study, a bottom-gate top-contact floating-gate organic thin-
film transistor memory was fabricated on a flexible PET substrate.
The detailed fabrication process was described as follows: A 3 cm ×
3 cm PET substrate  was  first  coated with a  30  nm-thick gold film
via  magnetron  sputtering  (VTC-600-2HD,  Shenyang  Kejing
Automation  Equipment  Co.,  Ltd.)  to  serve  as  the  gate  electrode.
The  substrate  was  then  ultrasonically  cleaned  (LE204E,  Mettler
Toledo  Instrument  Co.,  Ltd.)  sequentially  in  ethanol  and  acetone,
rinsed thoroughly with deionized water, and dried under a nitrogen
stream.  To  enhance  the  hydrophilicity  of  the  substrate,  it  was
treated  with  oxygen  plasma  (Schwarze  P3C,  Beijing  Jiaruntongli
Technology  Co.,  Ltd.)  at  a  pressure  of  600  mbar  for  5  min.
Subsequently,  a  PVA  solution  (80  mg/mL)  was  spin-coated  at
500  rpm  using  a  spin  coater  (EZ4,  Beijing  Tainuo  Xinyuan
Technology Co., Ltd.) to deposit 500 µL of the solution, followed by
annealing  at  80  °C for  10  min on a  hot  plate  (V-1515,  Dongguan
Weitaike  Automation  Technology  Co.,  Ltd.)  to  form  the  blocking
dielectric layer (BDL). A gold nanoparticle solution was then spray-
coated onto the BDL and air-dried to act as the floating gate (FG)
layer.  A  parylene  tunneling  dielectric  layer  (TDL)  was  deposited
using a chemical  vapor deposition system (PTP-1V MLD, Baiteng
Technology (Suzhou) Co.,  Ltd.)  at  120 °C under a pressure of  3 ×
10−2 Pa for 10 h. Thereafter, a 200 µL P3HT solution (8 mg/mL) was
spin-coated at 2000 rpm and annealed at 80 °C for 10 min to form
the  semiconductor  layer.  Finally,  two  patterned  gold  electrodes
(30  nm  thick,  10  mm  in  length,  with  a  channel  separation  of
0.5 mm) were deposited by magnetron sputtering as the source and
drain electrodes, thereby completing the device fabrication. During
the  entire  device  fabrication  process,  all  annealing  steps  involving
thin  films  were  conducted  in  a  high-purity  nitrogen  atmosphere.
After  the  spin-coating  of  the  PVA  dielectric  layer  and  the  P3HT
organic  semiconductor  layer,  the  devices  were  transferred  into  a
glovebox filled with high-purity nitrogen and annealed at 80 °C for
10 min. Figure 1(a) illustrates the complete fabrication process flow,
and Fig.  1(b) shows  the  schematic  structure  of  the  device.  The
flexible memory employs a bottom-gate top-contact configuration,
sequentially  consisting  of  the  semiconductor  layer,  parylene  TDL,
FG layer, and PVA BDL.

 2.3    Measurement and instruments
In  this  study,  the  microstructure  of  gold  nanoparticles  was
characterized using a JEOL F200 transmission electron microscope
(TEM), and elemental analysis was performed via energy-dispersive
X-ray  spectroscopy  (EDS).  The  electrical  and  memory
characteristics  of  the  FG-OTFT  devices  were  measured  using  a
semiconductor  parameter  analyzer  (4200-SCS,  Shenzhen  Wanbo
Instrument  Co.,  Ltd.).  Throughout  the  testing  process,  the  source
electrode  was  grounded,  and  all  measurements  were  conducted
under  ambient  conditions.  The  output  characteristics  (IDS–VDS)  of
the FG-OTFT memory were measured under various gate voltages,
which were applied from 20 to −60 V in steps of −20 V, while the
drain voltage was swept from 0 to −80 V, allowing clear observation
of  the  saturation  region.  The  transfer  characteristics  (IDS–VG)  were
acquired at a constant drain voltage of −60 V, with the gate voltage
scanned from 0 to −70 V.

 3    Results and discussion

 3.1    Film morphologies
The  presence  of  gold  nanoparticles  (Au  NPs)  in  the  floating  gate
layer  was  confirmed  by  transmission  electron  microscopy  (JEOL
F200). Figures  1(c) and 1(d) show  TEM  images  of  the  Au  NPs,
revealing  discrete  spherical  morphology  with  a  filling  density  of
36 particles/μm2. Figure  1(e) displays  the  EDS  elemental  mapping
image of  Au,  verifying that  its  elemental  composition corresponds
to the particle morphology observed in the TEM images. Statistical
analysis  of  the  Au  NP  size  distribution  (Fig.  1(f))  indicates  an
average  particle  diameter  of  10.163  nm  with  a  narrow  size
distribution,  demonstrating  good  monodispersity.  This  result
provides  a  crucial  foundation  for  the  subsequent  formation  of  a
homogeneous floating-gate nanoparticle layer, which is essential for
ensuring consistent memory performance.

Au  NPs  possess  excellent  chemical  inertness,  which  prevents
oxidation and undesirable chemical reactions, thereby ensuring the
long-term stability of the floating gate layer during device operation.
Additionally, their work function aligns well with the energy levels
of the P3HT active layer and dielectric materials (such as Parylene),
facilitating  the  formation  of  an  effective  charge  injection  barrier.
This enables efficient and controllable charge trapping and release.
Sodium citrate was added to the nanoparticle solution as a stabilizer
to ensure good monodispersity of the nanoparticles before spraying.
The deposited morphology, confirmed by TEM imaging (Figs. 1(c)
and 1(d)),  shows  that  the  Au  NPs  are  discretely  and  spherically
distributed without  significant  agglomeration,  successfully  forming
a  discrete  floating  gate  structure.  When a  programming  voltage  is
applied  to  the  gate,  holes  from  the  P3HT  channel  can  tunnel
through the thin Parylene layer and be effectively trapped by the Au
NPs.  Each  discrete  nanoparticle  acts  as  an  independent  charge
storage  node,  and  due  to  the  nanoscale  effect  and  the  potential
barrier formed with the surrounding dielectric, the trapped charges
exhibit  good  localization.  Furthermore,  the  thicker  PVA  blocking
layer  effectively  confines  the  trapped  charges  within  the  floating
gate  layer,  significantly  reducing  the  probability  of  charge  leakage
back to the channel through the gate dielectric layer. The low defect
density  of  the  Au  NPs  themselves,  along  with  the  clear  interface
with  the  dielectric  layer,  further  helps  suppress  charge  relaxation
losses and enhances the stability of charge storage.
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 3.2    Performance testing of the device
A  flexible  OTFT  memory  device  with  a  bottom-gate  top-contact
structure  was  fabricated,  using  P3HT  as  the  active  layer  and  Au
NPs as the floating gate layer. Figure 2(a) shows a physical image of
the as-prepared device. The electrical and memory characteristics of
the  device  were  measured  by  connecting  it  to  a  4200-SCS
semiconductor  parameter  analyzer  via  a  probe  station.  Since
illumination  at  specific  wavelengths  can  generate  carriers  in  the
P3HT layer  upon exposure,  thereby  influencing  the  programming
and  erasing  processes  of  the  device,  uncontrolled  variations  in
external  light  conditions  may  introduce  undesired  effects  during
electrical  measurements.  To  minimize  testing  errors,  all
characterizations  were  conducted  in  a  dark  environment.  The
electrical  performance of the FG-OTFT memory was evaluated by
measuring its output and transfer characteristic curves. Figures 2(b)
and 2(c) display  typical  output  and  transfer  characteristics,
respectively,  which  exhibit  classical  OTFT  behaviors.  The  P-type
semiconductor  serving as  the  active  layer  enables  the  source-drain
current (IDS) to be effectively modulated by the gate-source voltage
(VG).  The device demonstrates typical p-channel operation. At low
drain-source voltage (VDS), the device operates in the linear region.
As VDS increases  to  approximately  40  V,  it  enters  the  saturation
region,  where IDS increases  significantly  with  higher  gate  voltage
(VG),  indicating  effective  control  of  the  conduction  channel  width
by the gate bias in the Au NP-based floating-gate memory. During
the programming operation, applying a negative gate voltage (VG <
0)  enables  holes  to  tunnel  from  the  P3HT  channel  into  the  gold
nanoparticles  and  become  trapped,  leading  to  an  increase  in  hole
concentration  within  the  channel.  In  subsequent  read  operations,

the trapped charges in the floating gate layer generate an additional
local  electric  field,  which  aligns  with  the  direction  of  the  applied
gate voltage, thereby further enhancing carrier accumulation in the
channel.  Consequently,  under  the  same  read  gate  voltage,  the
charges stored in the floating gate effectively modulate the channel
conductivity,  resulting  in  a  significant  increase  in  the  saturation
region drain-source current (IDS) as the gate voltage (VG) increases.
This phenomenon not only demonstrates the effective modulation
of  the  channel  by  the  gate  voltage  but  also  directly  confirms  the
charge  storage  effect  of  the  gold  nanoparticle  floating  gate  and  its
active modulation of channel conductance.

The  memory  characteristics  are  fundamentally  governed  by  a
threshold  voltage  (VT)  shift,  which  is  controlled  by  the  amount  of
charge stored in the floating gate layer. The charge storage state can
be altered by applying program/erase voltages  (VP/E).  In this  study,
the memory behavior was investigated by sweeping the gate voltage
within a range of ±80 V. The memory window of the device can be
quantified  as  the  difference  in  threshold  voltage  between  the
programmed and erased states. Therefore, the transfer characteristic
curves  in  these  two  states  were  fitted  using  the  saturation-region
drain current expression, as given by Eq. (1) [61]

IDS =
μCiW
2L

(VG −VT)
2 (1)

where W and L represent  the  channel  width  and  length  of  the
device,  respectively, μ denotes  the  charge  carrier  mobility,  and Ci

refers to the capacitance per unit area of the insulating layer.
Figure  2(d) shows  the  transfer  characteristic  curve  of  the

fabricated FG-OTFT memory measured at VDS = −60 V. Fitting the
transfer  curve  in  the  initial  state  using Eq.  (1) yields  a  threshold

 

Figure 1    (a) Fabrication process flow of the P3HT-based FG-OTFT memory. (b) Schematic structure of the FG-OTFT memory device. (c) and (d) TEM images of the
gold  nanoparticles  in  the  floating  gate  layer  of  the  FG-OTFT  memory.  (e)  EDS  elemental  mapping  image  of  Au  obtained  by  TEM.  (f)  Size  distribution  of  gold
nanoparticles derived from TEM images.
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voltage  of  10  V.  A  programming  operation  was  performed  by
applying a gate voltage of −80 V for 1 s. The transfer characteristic
was measured immediately  afterward,  corresponding to the “After
programming” curve in Fig. 2(d). The fitted threshold voltage after
programming  increased  by  17  V  compared  to  the  initial  state.
Subsequently,  an erase operation was conducted by applying VG =
+80 V for 1 s, followed by immediate measurement of the transfer
characteristic,  shown as the “After erasing” curve in Fig.  2(d).  The
fitted threshold voltage after erasing decreased by 1 V relative to the
initial state. As a result, the FG-OTFT memory exhibited a memory
window  of  18  V  under  program/erase  voltages  of  ±80  V.  These
results  demonstrate  that  the  gold  nanoparticle-based  floating-gate
memory can clearly distinguish between two distinct charge storage
states. To promote the practical application of this memory in low-
power scenarios such as wearable electronics,  our future work will
focus  on  significantly  reducing  its  operating  voltage.  Specifically,
organic semiconductor materials with suitable energy levels can be
doped  into  or  composited  with  Parylene  to  form a  graded  energy
level [62] structure. This facilitates stepwise hole hopping under an
external electric field, thereby lowering the overall tunneling barrier
and enabling charge  injection at  lower  voltages  [63].  Alternatively,
the low-voltage storage strategy based on ion migration [64] can be

applied  to  the  P3HT  sensing-storage  system.  In  practice,  the
original  PVA  blocking  layer  and  Parylene  tunneling  layer  can  be
replaced by an “ion-coupled layer”,  which may consist  of  a  doped
polymer electrolyte. The strong localized electric field generated by
ion  migration  at  the  interface  directly  assists  charge  injection  into
the floating gate, effectively reducing the injection barrier.

Charge retention time, which characterizes the stability of stored
charges in a memory device under programmed and erased states,
is  a  key  parameter  for  evaluating  non-volatile  memory
performance. Figure 2(e) shows the charge retention characteristics
of  the  FG-OTFT  memory.  Immediately  after  program/erase
operations,  the  channel  current  was  continuously  measured  for
103 s  under  a  read  voltage  of VG = VDS = −20  V,  capturing  the
evolution  of  the  current  over  time  in  both  states.  Fitting  of  the
obtained  curves  revealed  that  the  memory  current  on/off  ratio
decayed  to  26%  of  its  initial  value  after  104 s.  Based  on  the  fitting
results,  it  is  extrapolated  that  after  105 s,  the  current  on/off  ratio
would decline to approximately 18% of the initial value, indicating a
charge  retention  time  of  up  to  105 s.  This  already  meets  the
requirements  for  short- to  medium-term  data  buffering  in  many
wearable  electronic  systems.  It  is  worth  noting  that  the  gradual
charge loss primarily stems from shallow-level traps in the dielectric

 

Figure 2    (a) Optical image of the P3HT-based FG-OTFT memory device. (b) Output characteristics of the FG-OTFT memory. (c) Transfer characteristics of the FG-
OTFT memory.  (d) Transfer characteristics  after  program/erase operations.  (e)  Charge retention characteristics  of  the FG-OTFT memory.  (f)  Endurance performance
under repeated program/erase cycles. (g) A physical image of a flexible pressure sensor integrated onto the finger. (h) Current variations in a pressure sensor attached to a
human finger joint during flexion at 0°, 30°, 60°, and 90°. (i) Current variation of the pressure sensor in response to repeated finger pressing.
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layers,  while  the  insufficient  interfacial  barrier  height  between  the
gold  nanoparticle  floating  gate  and PVA makes  it  difficult  to  fully
suppress  charge  back-tunneling.  To  enhance  long-term  retention
characteristics,  future  efforts  could  focus  on  optimizing  the
crystallinity  and  cross-linking  density  of  PVA  to  reduce  trap  state
density,  or  introducing  high-dielectric-constant  dielectric  layers
(e.g.,  TiO2-doped  PVA)  to  strengthen  barrier  confinement.
Furthermore,  adopting  gradient  dielectric  structures  or  core–shell
nanoparticle  floating  gate  designs  holds  promise  for  fine-tuning
band engineering,  thereby  significantly  extending  charge  retention
time.  Endurance  testing  involves  repeated “read–program–erase”
cycles  to  evaluate  the  device’s  operational  durability.  As  shown  in
Fig.  2(f),  the  current  on/off  ratio  remained  around  4.2  ×  102

throughout  1000  cycles,  demonstrating  robust  endurance
performance of the device.

The  performance  of  the  pressure  sensor  is  crucial  for  its
integration  into  the  sensing-storage  system.  To  evaluate  its
suitability  for  detecting  physiological  skin  signals,  its  pressure
response  was  assessed.  As  shown  in Fig.  2(g),  a  physical  image
depicts  the  pressure  sensor  attached  to  the  finger. Figure  2(h)
presents  a  bending  test,  where  the  current  was  measured  after
bending  the  finger  joint  to  0°,  30°,  60°,  and  90°  with  the  pressure
sensor attached. Distinct current variations can be clearly observed.
Additionally,  current  changes  were  measured  after  bending  the
wrist to different angles with the pressure sensor attached, and the
results  demonstrate  significant  current  variations  (Fig.  S1  in  the
Electronic Supplementary Material (ESM)). Furthermore, tests were
conducted  with  the  sensor  attached  to  the  human  throat  during
intermittent  coughing,  which  also  showed  clear  current  changes
(Fig. S2 in the ESM). Figure 2(i) demonstrates that applied pressure
leads  to  a  significant  increase  in  output  current.  Additionally,  the
sensor  exhibits  clear  and  reproducible  dynamic  responses  to
repeatedly  applied  finger  pressure,  confirming  its  robustness  for
wearable applications. Figure S3 in the ESM presents the sensitivity

calibration  curve  of  the  flexible  OTFT-based  pressure  sensor.  The
maximum sensitivity of the sensor, calculated from the slope of the
linear  regression  fit  within  the  corresponding  response  region,  is
determined to be 1.38 kPa−1.

When the FG-OTFT memory and pressure sensor were applied
in  wearable  devices,  their  fundamental  stability  was  evaluated,
including bending endurance tests and environmental temperature
tests.  The  device  underwent  continuous  dynamic  bending  cycle
testing  at  a  bending  radius  of  approximately  8  mm.  The  test
simulated  dynamic  deformation  through  manual  bending.
After  completing  a  certain  number  of  cycles  (e.g.,  1000,  2000,
3000 cycles), the device was restored to a flat state, and the changes
in  its  memory  window  and  on/off  ratio  were  measured  to
systematically  evaluate  the  degradation  of  the  device’s  electrical
performance under mechanical bending. After 3000 bending cycles,
the  memory  window  and  current  on/off  ratio  of  the  device
decreased slightly, as shown in Fig. 3(a). Additionally, the memory
window and on/off ratio were measured over a temperature range
of −20  to  60  °C,  covering  seasonal  temperature  variations.  The
results  in Fig.  3(b) demonstrate  that  these  parameters  remained
nearly  unaffected  by  temperature  changes.  Thus,  the  transistor
memory  exhibits  excellent  mechanical  durability  after  repeated
bending  and  outstanding  stability  across  varying  environmental
temperatures,  confirming  its  reliable  memory  performance.
Furthermore, the memory windows and the current on/off ratio of
50 devices were measured under program/erase voltages of ±80 V.
The 50 devices used for consistency evaluation were fabricated in a
single batch on the same flexible PET substrate to assess the within-
batch uniformity of the monolithically integrated process developed
in  this  study.  The  statistical  distributions  of  the  memory  window
and  current  on/off  ratio  for  these  devices  are  summarized  in
Figs. 3(c) and 3(d), respectively. The test results indicate that the key
performance metrics of the vast majority of devices are satisfactory,
demonstrating good within-batch consistency of the solution-based

 

Figure 3    (a) Variation in the memory window and current on/off ratio of the FG-OTFT memory after 3000 bending cycles. (b) Effect of ambient temperature on the
memory  window  and  current  on/off  ratio  of  the  FG-OTFT  memory.  (c)  Statistical  distribution  of  the  memory  window  across  50  FG-OTFT  devices.  (d)  Statistical
distribution of the current on/off ratio across 50 FG-OTFT devices. (e) Variation in the sensitivity of the pressure sensor after 5000 bending cycles. (f) Variation of the
pressure sensor’s sensitivity with temperature.

Li et al. Nano Research | Vol. 19, No. 6

Nano Research, 2026, 19, 94908532 94908532 (6 of 11)

https://www.sciopen.com/article/10.26599/NR.2026.94908532
https://www.sciopen.com/article/10.26599/NR.2026.94908532
https://www.sciopen.com/article/10.26599/NR.2026.94908532
https://www.sciopen.com/article/10.26599/NR.2026.94908532
https://www.sciopen.com/article/10.26599/NR.2026.94908532
https://www.sciopen.com/article/10.26599/NR.2026.94908532
https://www.sciopen.com/article/10.26599/NR.2026.94908532
https://www.sciopen.com/article/10.26599/NR.2026.94908532


fabrication  process.  The  few  outliers  observed  in  the  statistical
distribution  are  primarily  attributed  to  film  thickness  gradient
effects  at  the  substrate  edges  and  unavoidable  local  micro-defects,
with  their  degree  of  deviation  falling  within  the  normal  variation
range  of  solution-processed  fabrication.  This  statistical  analysis
validates,  at  the  device  level,  the  reliable  process  stability  of  the
proposed integration scheme. To evaluate the sensor’s stability,  we
conducted bending cycle  and environmental  temperature  tests.  As
shown  in Figs.  3(e) and 3(f),  the  sensor’s  sensitivity  only  slightly
decreased  after  5000  bending  cycles  and  remained  stable  over  a
broad temperature range from −20 to 60 °C. These results indicate
that  the  device  possesses  excellent  mechanical  and  environmental
stability, meeting the requirements for wearable applications.

 4    Applications
To demonstrate the functionality of the flexible FG-OTFT memory,
a  pressure  sensor  array  and  a  1  ×  9  memory  array  were
monolithically  integrated  on  the  same  flexible  PET  substrate  to
validate  its  perception-storage  capability.  Based  on  the
aforementioned  study,  a  customized  data  acquisition  circuit  was
designed to  collect  signals  from both the  pressure  sensors  and the
FG-OTFT  memory.  The  acquired  data  was  wirelessly  transmitted
via Bluetooth low energy (BLE) to a mobile application for remote
storage  and  visualization.  Compared  with  previously  reported
pressure  sensors,  the  one  integrated  in  our  sensing-storage  system
demonstrates a shorter response time and a wider detection range.
The  accelerated  response  capability  ensures  real-time  data
transmission,  as  quantitatively  compared  in  Table  S1  in  the  ESM
[65−69].  Simultaneously,  the  memory  module  in  this  integrated

system exhibits significantly longer data retention time and superior
mechanical  flexibility relative to existing memory devices,  with the
comparative results presented in Table S1 in the ESM [52, 70−73].

The system employs a hierarchical signal processing architecture.
At  the  sensing  layer,  a  20  V  excitation  voltage  is  generated  via  a
digital-to-analog  converter  (DAC)  coupled  with  a  high-voltage
operational  amplifier  to  measure  the  source-drain  current  of  the
P3HT  OTFT  pressure  sensor.  In  the  signal  conversion  layer,
programming  and  erasing  operations  are  performed  on  the  FG-
OTFT memory by applying programming/erasing voltages using a
4200-SCS  semiconductor  parameter  analyzer,  while  the  memory
state  is  read  through  a  voltage  excitation  (also  output  by  a  20  V
DAC).  At  the  data  processing  layer,  the  source-drain  current  is
converted  into  a  digital  signal  via  an  analog-to-digital  converter
(ADC), and a binary data stream (0/1) is generated after threshold
comparison. Finally, the encoded data is transmitted in real-time to
a mobile terminal via a BLE module and visualized as ASCII code
within  a  custom-developed  Android  application.  The
corresponding ASCII table is provided in Table S2 in the ESM. As
illustrated  in Fig.  4(a),  the  wireless  perception-storage  integrated
system primarily consists of an OTFT pressure sensor array, an FG-
OTFT  memory  array,  a  lower-computer  hardware  circuit  for
voltage output and acquisition, and an upper-computer system for
data processing and display. When pressure is applied to the OTFT
sensor  array,  the  system utilizes  the  DAC and voltage amplifier  to
supply a 20 V reading voltage to measure the source-drain current
of  the  transistor-based  pressure  sensors.  Based  on  the  acquired
current  values,  the  4200-SCS  analyzer  applies  program/erase
voltages  to  the  FG-OTFT  memory  for  programming/erasing
operations.  The  ADC  then  converts  the  source-drain  current  into

 

Figure 4    (a)  Schematic  diagram illustrating the principle  of  the sensing-storage monolithically  integrated system. (b)  Detailed physical  diagram of  the sensing-storage
monolithically integrated system and its display on a mobile phone interface.
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0/1  data,  which  are  transmitted  via  Bluetooth  to  a  mobile
application  for  real-time  display. Figure  4(a) shows  the  schematic
diagram  of  the  designed  monolithic  perception-storage  system,
while Fig. 4(b) displays the physical implementation, including the
OTFT  pressure  sensor  array,  FG-OTFT  memory  array,  hardware
circuitry, Bluetooth module, and mobile application interface.

The term “system” referred to in the text specifically denotes the
sensing-storage functional unit, which is a monolithically integrated
module  comprising  a  pressure  sensor  and a  floating-gate  memory
on a  unified flexible  PET substrate.  This  integrated unit  is  entirely
fabricated  via  solution-processable  methods,  achieving  both
physical  and  functional  integration  of  the  sensing  and  storage
modules on a flexible platform. Consequently, at the device level, it
eliminates the mechanical mismatch and complex interconnections
inherent in traditional hybrid rigid-flex integration schemes.

The  PCB  board  shown  in Fig.  4(b) serves  as  the  peripheral
testing and signal conditioning circuit, designed to provide electrical
excitation,  signal  readout,  and  wireless  transmission  functions  for
the flexible sensing-storage unit. In the practical demonstration, the
flexible  integrated  unit  is  connected  to  the  PCB  via  fine  wires  to
verify its system-level operational feasibility. This separated design is
adopted  for  experimental  convenience  and  does  not  compromise
the  completeness  or  independence  of  the  flexible  integrated  unit
itself.  In  future  work,  the  peripheral  circuits  could  be  further
flexibilized  using  flexible  electronics  technologies  to  realize  a  fully
flexible integrated system.

To  validate  the  functional  characteristics  of  the  monolithic
perception-storage  integrated  system,  20  g  weights  were  first
applied  at  different  spatial  positions  on  the  sensor  array.
Experimental  results  demonstrated  that  the  pressure  sensor  array
generated distinct source–drain current responses corresponding to
the  applied  pressure  levels.  Based  on  these  current  signal
characteristics,  programming/erasing  voltage  control  was  precisely
applied  to  the  memory  array  manually  via  a  4200-SCS
semiconductor  parameter  analyzer  (Fig.  5(a)).  As  shown  in
Figs. 5(b)−5(e), the system successfully wrote the 7-bit ASCII codes
of four letters “T” (1010100), “Y” (1011001), “U” (1010101), and “T”

(1010100)—into  the  memory  array.  It  is  noteworthy  that  the  first
two  bits  in  the  9-bit  FG-OTFT  memory  array  were  specifically
designed as check bits  (“10”).  This design ensures that  subsequent
memory  cells  can  only  perform  programming/erasing  operations
when  the  verification  condition  is  satisfied.  By  integrating  a
Bluetooth transmission module, the system can wirelessly transmit
the programming status of the memory cells to a mobile application
in  real  time,  enabling  visual  reading  and  verification  of  the  data
stored in the memory array. This design not only achieves reliable
conversion from pressure information to digital  encoding but  also
significantly  enhances  the  observability  and  operability  of  system
data.

 5    Conclusions
In  summary,  we  have  developed  a  P3HT-based,  fully  solution-
processed,  sensing-storage  monolithically  integrated  system
specifically  designed  for  wearable  physiological  monitoring
applications. The system integrates a flexible OTFT pressure sensor
with a floating-gate OTFT memory array on a single PET substrate,
thereby  eliminating  rigid  silicon-based  memory  components  and
the  associated  mechanical  mismatch  and  complex  interconnects.
The memory device displays a large 18 V memory window under
±80  V  programming/erasing,  long-term  charge  retention  beyond
105 s,  stable  operation  after  3000  bending  cycles,  and  excellent
device-to-device uniformity, satisfying the requirements for reliable
data  storage  in  deformable  electronics.  The  P3HT OTFT pressure
sensor  provides  a  broad  pressure  range  (0–40  kPa),  a  rapid
response time of 34 ms, and robust mechanical and environmental
stability  (up  to  5000  bending  cycles  and −20  to  60  °C).  When
laminated onto the finger joint, wrist, and human throat, the device
produces  clear  and  reproducible  current  changes  in  response  to
finger  flexion,  wrist  bending,  and  intermittent  coughing,
confirming  its  capability  for  monitoring  joint  motion  and
respiratory-related  physiological  information  in  real  time.  By
encoding  pressure-induced  current  signals  into  7-bit  ASCII  data
within a 1 × 9 memory array, supplemented by two check bits for
error control, and wirelessly transmitting these data via Bluetooth to

 

Figure 5    (a)  Schematic  diagram  illustrating  the  operational  process  of  the  monolithic  perception–storage  system.  (b)–(e)  Interface  displays  of  the  mobile  application
corresponding to the writing of standard ASCII codes for the characters “T”, “Y”, “U”, and “T” into the memory array, respectively.
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a  mobile  application,  the  system  realizes  on-board  storage  and
visual  verification  of  physiological  events  on  a  flexible  substrate.
Benchmarking  against  previously  reported  flexible  OTFT-based
pressure  sensors  and  organic  memory  devices  demonstrates  that
our  integrated  platform  combines  a  faster  sensing  response  and
extended  data  retention  with  mechanical  flexibility,  offering  clear
advantages for continuous physiological monitoring. These features
position  the  proposed  P3HT-based  sensing-storage  system  as  a
promising  candidate  for  future  electronic-skin  technologies  and
wearable  medical  electronics.  Our  future  work  will  focus  on
optimizing  the  device  fabrication  process  to  enhance  performance
while  reducing  the  operating  voltage  from the  current  ±80  V to  a
safer and more practical level for wearable applications, along with
improving charge retention time to meet the requirements of long-
term wearable monitoring.

 Electronic Supplementary Material: Supplementary material (Figs.
S1–S3  and  Tables  S1–S2)  is  available  in  the  online  version  of  this
article at https://doi.org/10.26599/NR.2026.94908532.
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