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Abstract   Flexible strain wearable sensors have attracted considerable attention due to their advantages of low cost, lightweight, high sensitivity

and good flexibility. However, the strain sensors are easy to be damaged in an extreme humidity environment or by the wearer's sweat in the

process of use, resulting in detection disorder or even a short circuit. Furthermore, preparation of sensors with stable properties under extreme

environments is one of the most important research directions. To fill this gap, a flexible sensor was prepared by using polyurethane and carbon

nanotubes,  then  modified  by  polydopamine  and  1H,1H,2H,2H-perfluorodecane-mercaptan.  A  typical  tunnel  model  was  used  to  explain  the

working mechanism of the sensor, the sensitivity of the sensor is also explained and evaluated by the tunneling theory. The results show that the

sensor has good sensitivity (the sensor has a stable sensing signal output under a strain range from 2% to 300%) and stability over 8500 cycles. At

the same time,  the sensor has good superhydrophobicity,  the water contact angle reaches 152°,  and it  is  still  stable in a humid environment.

Moreover, this sensor shows excellent performance in monitoring human joint motion (such as finger, elbow, wrist and knee) and physiological

signals (such as speaking and drinking). This work provides an effective design method for the sensor which can be applied in a high humidity

environment.

Keywords   Wearable strain sensor; Polyurethane; Carbon nanotubes; Superhydrophobicity

Citation:  Lu, C.  C.;  Gao, W. C.;  Li,  P.;  Wu, W.;  Li,  R.  K.  Y.;  Zhao, H. Utilizing multilayer design of organic-inorganic hybrids to enhance wearable strain
sensor in humid environment. Chinese J. Polym. Sci. 2023, 41, 1037–1050.

 

INTRODUCTION

Wearable  strain  sensors  have  been  widely  applied  in  health
monitoring,  medical  tests  and  data  analysis.[1−6] However,  the
strain range of metal and semiconductor-based sensors is small,
leading  to  poor  wearable  properties.[7,8] Therefore,  the  strain
sensor needs to have a large strain range to meet its application,
which  can  be  solved  by  adding  conductive  filler  into  flexible
polymer  materials.[9−12] Currently,  the  conductive  filler  includes
carbon  nanomaterials  (such  as  reduced  graphene  oxide
(rGO),[4,13,14] carbon nanotubes CNT[15−23] and Mxenes[24])  metal
materials  (for  example,  silver  nanowires[25])  and  metallic  oxide
(like ZnO).[26] Polymer materials generally include polyurethane
(PU),[10,13,15,21,27] polydimethylsiloxane,[14,28,29] ecoflex®,[30] natural
rubber,[20,31,32] cellulose,[33] polyamide,[34,35] etc.

At  present,  many  strain  sensors  have  been  reported  to  be

prepared by adding conductive fillers to polymers. Zhan et al.
obtained  a  kind  of  highly  stretchable  thermoplastic  PU  pads
by electrospinning, which were then modified by in situ poly-
merization  and  ultrasonic  treatment  with  polyaniline  nano-
particles  and  graphene  oxide,  and  assembled  into  strain
sensors.[36] Seyedin et  al.  used scalable wet  spinning techno-
logy to produce Ti3C2Tx MXene/PU composite fiber, which can
be used as a strain sensor with both excellent sensitivity and
high  tensile  properties.[37] Although  the  sensors  reported
above  have  a  larger  strain  range  than  the  conventional
sensor, in the process of use, those strain sensors are easily af-
fected  by  extreme  humidity  and  the  wearer's  sweat,  which
may lead to their properties being unstable,  and even losing
the ability to convert strain signals.[38] To solve this problem, it
is  an  effective  method  to  construct  superhydrophobic  struc-
tures on the sensor surface.

In  this  work,  we  propose  a  simple  method  for  preparing
some flexible strain sensors that can be used in extremely hu-
mid  environments.  Firstly,  CNT  was  anchored  on  the  surface
of  PU  electrospinning  film  with  the  assistance  of  ultrasonic.
Then,  it  was  modified  by  polydopamine  (PDA)  and
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1H,1H,2H,2H-perfluorodecane-mercaptan (PFDM). In this pro-
cess,  PDA  was  introduced  as  an  insulating  layer  to  improve
the interface interaction between the film and CNT,[38] PFDM
has low surface energy, so it was grafted onto PDA to provide
superhydrophobicity.  The  results  showed  that  the  superhy-
drophobic  sensor  has  a  water  contact  angle  (WCA)  of  152°,
and has strong corrosion resistance (it can retain hydrophobi-
city in strong acid and alkali conditions). Regarding the sens-
ing properties, the sensor is stable and sensitive (the sensing
signal  is  stable  in  8500  cycles,  and  the  GF  is  about  3.43  at
0%−25% strain).  In addition,  as a wearable sensor,  it  showed
excellent performance in monitoring the motion of the joints,
such as fingers, elbows, wrists, and knees, as well as physiolo-
gical signals, such as vocalization and drinking.

EXPERIMENTAL

Materials and Chemicals
CNT,  PFDM  and  dopamine  hydrochloride  (DA-HCl,  98%)  were
supplied  by  Aladdin  Reagent  (Shanghai)  Co.,  LTD.,  China. N,N-
dimethylformamide  (DMF),  acetone,  Tris  (hydroxymethyl),
aminomethane hydrochloride Tris  HCl  (99%),  hydrochloric  acid
(HCl)  and  sodium  hydroxide  (NaOH)  were  obtained  from
Sinopharm Chemical Reagents Co., LTD. PU (Estane 2103-90AE)
was obtained by Lubrizol Inc., USA.

Preparation of PU Film
PU  particles  were  dissolved  in  a  mixed  solvent
(VDMF/VAcetone=3/2)  to  prepare  the  spinning  solution.  Then  the
spinning solution was loaded into a 10 mL syringe. PU film was
obtained  by  electrospinning.  The  working  parameters  of
electrospinning  follow  the  previous  research  results  of  our
laboratory.[4]

Preparation of PU-CNT
The  CNT  was  dispersed  in  a  solution  of  ethanol  and  ultrapure
water  (V/V=7/3)  to  prepare  a  1  mg/mL  solution  assisted  by
ultrasonic  (20  kHz,  142.5  W),  CNT  was  completely  dispersed  in
the ethanol and water solution for half an hour. PU films (5 cm ×
2  cm  ×  120  μm)  were  placed  into  the  CNT  suspension,  and
ultrasonic treatment (20 kHz, 380 W) was carried out for 20 min.
The  obtained  film  was  labeled  as  PU-CNT  film  (label  it  as  PU-
CNT).  The  treated  film  was  taken  out  and  the  remaining  CNT
particles  on  the  surface  were  washed  by  ultrapure  water.  The
film was laid on a polytetrafluoroethylene (PTFE) plate and dried
in an air-blast drying oven at 50 °C for 30 min.

Preparation of PU-CNT-PDA
A  Tris-HCl  buffer  solution  with  a  pH  of  8.5  was  prepared  with
Tris-HCl  (7.88  g/L)  and  Tris  (121.14  g/L)  solutions,  quickly
weighing  a  certain  amount  of  dopamine  (dopamine  is  easily
oxidized  when  exposed  to  light  in  the  air).  The  buffer  solution
was  used  as  the  solvent  to  prepare  a  2  mg/mL  dopamine
solution. The PU-CNT-PDA film was obtained by immersing PU-
CNT in the above-configured dopamine solution (label it as PU-
CNT-PDA), after processing, the film was washed with ultrapure
water  to  wipe  off  undeposited  dopamine.  Finally,  the  film  was
also laid on the PTFE plate and dried in an air-blast drying oven
at 50 °C for 30 min.

Preparation of PU-CNT-PDA-PFDM
PU-CNT-PDA  was  placed  in  a  hydrothermal  reactor

supplemented with  20 μL of  PFDM.  The autoclave was  heated
to 120 °C,  and then the reactor was placed in the autoclave to
react  for  a  while  at  120  °C  to  ensure  that  the  PFDM vapor  can
fully  contact  the  surface  of  the  PU-CNT-PDA.  Finally,  PU-CNT-
PDA-PFDM film (label it as PU-CNT-PDA-PFDM) was obtained. It
should  be  emphasized  that,  in  addition  to  the  experiment  of
exploring the effects  of  PDA and PFDM treatment time on the
WCA  of  film,  the  dopamine  polymerization  time  and
fluorination  time  of  other  films  used  in  the  test  were  6  h  and
12 h, respectively.

Characterization of Sample Properties
Scanning  electron  microscopy  (SEM)  was  used  to  observe  the
surface morphology of PU film and modified conductive film at
different  stages.  Fourier  transform  infrared  spectroscopy  (FTIR)
was  used  to  determine  the  absorption  bands  of  the  films  at
different modification stages. The resolution of the test was set
as 4 cm−1, in scan range of 500−4000 cm−1, and the attenuated
total  reflection  (ATR)  mode  was  adopted.  The  graphitization
degree of CNT was determined by Raman spectroscopy with a
532 nm laser, 5% intensity, and 900 Gr/mm grating. The crystal
structures  of  the  films  at  different  stages  of  modification  were
analyzed using X-ray diffraction (XRD, SmartLab, Rigaku), which
was performed using Cu Kα radiation with 2θ values of 10°−80°
and  a  scan  speed  of  0.05  (°)·min−1.  X-ray  photoelectron
spectrometer (XPS) was used for the test, the operating voltage
was  12  kV,  the  scanning  range  was  0−1200  eV,  and  the  fine
spectrum  of  C,  N,  O,  F  and  S  elements  was  scanned.  The
mechanical  properties  of  the  materials  were  tested  by  a
universal tensile testing machine (Intersilon). Five-point random
sampling  was  conducted  on  the  samples  by  an  electronic
thickness  meter  to  obtain  the  average  thickness.  The  tensile
mode was selected to complete the test,  and the test rate was
set  at  20  mm·min−1.  The  tensile  strength,  Young’s  modulus
and elongation at break of each sample were measured for 5
times  and  averaged.  The  WCA  of  each  sample  was
determined by  a  Lux  contact  angle  analyzer  (3  μL/drop).  The
WCA was measured at three different points on the positive and
negative sides of each sample. Thermogravimetric analysis (TG)
was performed on the materials,  and the test temperature was
set  as  20−800 °C with the heating rate of  10 °C·min−1.  The test
was carried out in a nitrogen atmosphere with an airflow rate of
20 mL·min−1.

Measurement of Sensing Properties
A rectangular PU-CNT-PDA-PFDM film with a thickness of about
160  μm  was  selected.  Copper  strips  were  connected  at  both
ends  of  the  film,  the  sample  was  installed  on  the  universal
material  testing  machine  (Intersilon),  and  the  positive  and
negative  electrodes  of  the  electrochemical  workstation  were
respectively  connected  to  the  copper  strips  on  the  film  with
crocodile  wire.  The  time-current  test  mode  was  selected,  the
voltage was set at 10 V, the collection interval was 0.1 s, and the
frequency was set at 10 Hz. The 100 cycles of tests were carried
out  under  the  conditions  of  2%,  20%,  50%,  100%  and  300%
strain,  respectively,  and  the  10  cycles  of  them  were  captured
and  plotted.  Ohm's  law R=U/I was  used  to  calculate  the
instantaneous resistance of the film, and the responsivity of the
sensor  was  defined  as  ΔR/R0 to  describe  the  relationship
between  the  sensor  properties  and  the  applied  tension  (ΔR is
the  difference  between  the  real-time  resistance  and  the  initial

1038 Lu, C. C. et al. / Chinese J. Polym. Sci. 2023, 41, 1037–1050  

 
https://doi.org/10.1007/s10118-023-2905-7

 

https://doi.org/10.1007/s10118-023-2905-7


resistance R0). At the same time, PU-CNT-PDA-PFDM films were
connected  to  the  fingers,  elbows,  wrists,  knees  or  throat,  and
the  electrical  current  changes  caused  by  joint  motion  or
physiological  signals  were  recorded via an  electrochemical
workstation.

RESULTS AND DISCUSSION

Preparation and Characterization of
Superhydrophobic Flexible Strain Sensor
Fig.  1 shows  the  design  idea  of  the  superhydrophobic  flexible
strain sensor in this work. Figs. 2(a)−2(d) are the SEM images of
PU film, PU-CNT, PU-CNT-PDA and PU-CNT-PDA-PFDM and the
corresponding WCA, respectively. Firstly, PU film is prepared by
electrospinning  (Fig.  2a).  Secondly,  the  PU  is  immersed  in  the
CNT  dispersion,  and  with  the  help  of  ultrasonic,  the  CNT  is
anchored on the surface of the PU fiber (Fig. 2b). Then, PU-CNT
is immersed in a dopamine solution with a pH of 8.5. Dopamine
polymerization  occur  in  an  alkaline  environment,  and  PDA
formed, PDA is deposited on the surface of the PU-CNT (Fig. 2c).
Finally,  PU-CNT-PDA  and  PFDM  are  put  into  the  reactor,  the
fluorination  reaction  occur  under  high  temperature  and
pressure,  and  the  PU-CNT-PDA-PFDM  is  obtained  (Fig.  2d).  In
Fig. 2(a), the surface of the PU fiber looks smooth, but the whole
PU film is rough and shows hydrophobicity with a WCA of 120°.
In the dispersed medium (such as water and ethanol solution),
CNT  can  hit  the  fiber  surface  under  ultrasonic.  In  this  process,
CNT can interact with the fibers, and the PU fibers may soften or
even  partially  melt,  so  the  CNT  is  tightly  anchored  to  the  fiber
surface.[39,40] In addition, the roughness of the surface is further
improved, so the WCA increases to about 136°, as shown in Fig.
2(b).  PDA deposited on the surface of PU-CNT (Fig.  2c) can not
only  form  an  insulating  layer  but  also  be  regarded  as  an
anchoring  platform,  which  can  trigger  a  series  of  secondary
reactions.[41] Because  the  PDA  contains  more  hydrophilic
groups, the WCA value of PU-CNT-PDA decreases to 110°. In Fig.
2(d),  after  fluoride treatment,  the surface morphology of  PU-
CNT-PDA-PFDM  shows  no  obvious  change  compared  with
PU-CNT-PDA.  Furthermore,  due  to  the  PFDM’s  low  surface

energy,  the final  WCA value of PU-CNT-PDA-PFDM can reach
about  152°.  The  EDS  mapping  results  of  the  corresponding
elements  on  the  PU-CNT-PDA-PFDM  membrane  (Figs.  2e−2j)
prove that C, N, O, S and F are uniformly distributed on the fiber.

Fig.  3(a)  is  the  FTIR  spectra.  For  PU  film,  the  band  at  3318
cm−1 is  attributed  to  the  absorption  vibration  of  N―H,  and
the band at  1064 cm−1 is  attributed to the C―O―C stretch-
ing vibration.[42] In addition, the band at 1526 cm−1 is related
to the N―H bending and the C―H stretching.[15] When CNT
is  anchored  on  the  PU,  several  absorption  bands  of  the  PU
can be found to shift.  For  example,  the bands at  3318,  2938,
1729 and 1064 cm−1 decrease  to  3307,  2935,  1726 and 1061
cm−1,  respectively.  These  changes  indicate  that  the  interac-
tion  between  PU  and  CNT.  Compared  with  PU-CNT,  those
characteristic absorption bands of PU-CNT-PDA and PU-CNT-
PDA-PFDM  also  change.  It  is  worth  noting  that  the  band  of
PU-CNT-PDA-PFDM  at  1145  cm−1 belongs  to  the  C―F  bond,
representing the  PMDM that  is  successfully  grafted onto the
PDA surface.[41]

Fig.  3(c)  shows  the  Raman  spectra  of  the  films  and  CNT
used in this work. For the CNT, there are three typical bands,
D,  G  and  2D,  at  1346,  1584  and  2695  cm−1,  respectively,  as
shown  in Fig.  3(c),  reflecting  the  graphitized  structure  of
CNT.[43] When CNT is anchored on PU fibers, the D, G and 2D
bands of  PU-CNT shift  to  1343,  1595 and 2689 cm−1,  respec-
tively, which may be attributed to the interfacial stress trans-
fer  between CNT and PU fibers.  For  common carbon materi-
als, the D band is related to the disordered graphite structure,
the 2D band is related to the second-order overtone of a dif-
ferent vibration mode in a graphene-like structure, and the G
peak  represents  the  stretching  mode  of  the  C―C  bonds.[44]

The defect  density  in  CNT is  represented by the intensity  ra-
tio of D band to G band (ID/IG).  The higher the defect density
of CNT is, the higher the ID/IG value will be. Fig. 3(c) shows that
the ID/IG value of PU-CNT increases from 1.004 to 1.015, com-
pared to the CNT, due to the increases defects of the CNT un-
der  the action of  ultrasonic.[40] After  depositing PDA and PF-
DM  on  CNT,  the ID/IG value  decreases,  indicating  that  the
graphitization degree of  CNT is  improved during the modifi-
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Fig. 1    Design idea of the superhydrophobic flexible strain sensor.
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cation.  This  may  be  attributed  to  the  reducibility  of  PDA.  It
can  reduce  some  oxygen-containing  groups  of  CNT  during
the modification process (such as C―OH and C―O―C).[38] A
confocal  Raman  microscope  (inVia  Reflection,  Renishaw,  UK)
with  a  532  nm  laser  and  Leica  DM2700  objective  lens  (60×)
was used to record Raman spectral imaging according to the
characteristic  signal  of  the  D  band  of  CNT.  Meanwhile,  the
software Wire 3.2 is used to remove the cosmic rays and per-
form baseline correction on the obtained spectrum. It can be
seen that CNT is distributed evenly on the surface of PU-CNT-
PDA-PFDM, as shown in Fig. 3(b).

Fig. 3(d) shows the XRD spectra of PU films during different
modification  processes.  As  shown  in Fig.  3(d),  for  neat  PU
films,  a  large  diffraction  peak  appears  at  2θ=20.21°,  which  is
generally believed to be related to the short-range regular or-
der structure of PU hard and soft magnetic domains and the
disordered structure of the amorphous phase of PU matrix.[15]

In  addition,  the  characteristic  diffraction  peak  of  the  PU  can
be  clearly  identified  in  different  modification  processes,
which indicates that the crystal structure of PU film does not

change significantly after anchored CNT modification, but the
diffraction  peak  becomes  wider  at  the  same  time,  which
means that  CNT affects  the good short-range microstructure
phase of soft and hard segments of the PU matrix, this may be
due to the strong interfacial interaction between CNT and PU
fibers, and the steric effect of CNT anchored on the fibers also
affects  the  ordered  aggregation  of  the  soft  and  hard  phases
of PU matrix.[45] At the same time, it can be seen from the XRD
spectra  combined  with  Raman  spectra  that  the  graphitiza-
tion degree of conductive film increased after the addition of
PDA  and  PFDM,  so  that  the  interaction  of  hard  segments  in
PU  is  destroyed  and  more  amorphous  and  disordered  struc-
tures formed, as a result, the 2θ strength of PU-CNT-PDA and
PU-PDA-PFDM films is a little lower than that of PU-CNT films.

The  chemical  composition  of  PU-CNT-PDA-PFDM  and  the
chemical  environment  in  which  all  elements  are  located  can
be  characterized  by  XPS  (Figs.  3e−3j).  As  shown  in Fig.  3(e),
the  presence  of  C,  N,  O,  N  and  F  elements  in  the  composite
film can be seen in the full spectra. It is well known that CNT
has  a  graphitized  structure,  and  the  surface  carbon-contain-
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Fig. 2    (a) SEM image of PU fiber film and its WCA, (b) SEM image of PU-CNT fiber and its WCA, (c) SEM image of PU-CNT-PDA fiber and
its WCA, (d) SEM image of PU-CNT-PDA-PFDM fiber and its WCA, (e−j) EDS of C, N, O, F, S corresponding elements in PU-CNT-PDA-PFDM.
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ing groups generally  include C―C (284.80 eV),  C―O (287.99
eV) and O―C＝O (289.61 eV) (Figs. 3f and 3h).[46] Meanwhile,
as shown in Fig.  3(f),  CF2―CH2 (286.17 eV),  CF2―CF2 (291.88
eV), and CF2―CF3 (294.10 eV) appear in the XPS spectra of C
1s,  representing the  successful  reaction of  PFDM on the  sur-
face of the film, this is also confirmed by a peak of 689.11 eV
in  the  XPS  spectrum  of  F  1s  (Fig.  3i).  The  peaks  at  400.17  eV
and 402.30 eV in the N 1s spectra belong to N―C and N―H,
respectively (Fig. 3g), the presence of N 1s also indicates that
PDA has been successfully deposited on the fibers of PU-CNT
(Fig.  3g).[47] S  2p  spectrum  is  generally  used  to  assess  the

chemical bonds between alkanethiols and substrates. Accord-
ing  to  previous  studies,  catechol  and  amino  groups  of  PDA
can provide active sites for aldehyde or thiol groups in Schiff
base  or  Michael  addition  reactions.[41] As  shown  in Fig.  3(j),
C―S and S―H are formed on PU-CNT-PDA-PFDM, represent-
ing the successful introduction of thiols.

TG is  carried out to research the thermal  properties  of  the
materials.  The  TG  and  derivative  thermogravimetric  (DTG)
curves  of  PU  and  PU-CNT-PDA-PFDM  are  shown  in Figs.  3(k)
and 3(l).  A two-step degradation process can be observed in
the DTG curve.  The first  step is  related to the decomposition
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Fig. 3    (a) FTIR spectra, (b) Raman spectral imaging describes the distribution of CNT on the surface of PU-CNT-PDA-PFDM, (c) Raman spectra, (d)
XRD patterns; (e−j) XPS spectra of PU- CNT-PDA-PFDM: (e) full spectrum, (f) C 1s peak fitting, (g) N 1s peak fitting, (h) O 1s peak fitting, (i) F 1s peak
fitting, (j) S 2p peak fitting, (k) TG curves of PU and PU-CNT-PDA-PFDM; (l) DTG curves of PU and PU-CNT-PDA-PFDM.
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of the urethane in the hard segments, and the second step is
attributed  to  the  decomposition  of  PU  soft  segment.[48] As
shown in Fig.  3(k),  the char residues of  PU and PU-CNT-PDA-
PFDM  at  750  °C  are  5.95%  and  11.98%,  respectively,  indicat-
ing that  the  thermal  properties  of  modified  PU fiber  may be
improved. It can be seen in Fig. 3(l) that the temperatures cor-
responding  to  the  maximum  loss  rates  of  PU  and  PU-CNT-
PDA-PFDM are 366 and 428 °C, respectively. This further sug-
gests  that  the  continuous  modification  of  CNT  and  PDA  can
positively affect the improvement of thermal stability. The im-
proved thermal stability of PU-CNT-PDA-PFDM further proves
the  good  dispersion  of  CNT  on  PU  fiber  surface  and  the
strong interaction between CNT and PU fiber.

Superhydrophobicity and Corrosion Resistance of the
Superhydrophobic Flexible Strain Sensor
The WCA of  a  material  is  generally  determined by  two factors.
The  lower  the  surface  energy  and  the  rougher  the  surfaces  of
materials  are,  the larger  the WCA will  be.[49,50] In  this  work,  the
electrospinning  method  provides  a  rough  surface,  and  the
PFDM could lower the surface energy. To evaluate the effect of
dopamine  polymerization  time  on  PFDM  graft  reactions  on
polymer surfaces and the effect of fluoride time on the WCA of
the film, two experiments are conducted: (1) The polymerization
time  of  dopamine  on  PU-CNT  film  is  altered,  and  the  fluoride
time is  fixed at  12  h.  (2)  The polymerization time of  dopamine
on PU-CNT film is  fixed at  6  h,  and the fluoride time is  altered.
Fig.  4(a) shows the influence of dopamine polymerization time
on the WCA. When the dopamine polymerization time is 6 h, the
WCA  reaches  its  maximum  value  (152°).  Because  the
polymerization  time  of  dopamine  is  short,  and  the  surface  of
fibers  cannot  be  completely  covered  by  PDA,  the  grafting  of
PFDM  onto  PDA  is  prevented.  On  the  contrary,  when  the
polymerization time of  dopamine is  more than 6 h,  the reason
for the decrease in WCA may be attributed to the fact that the
PDA  forms  a  thin  layer  on  the  fiber  and  decreases  the  surface
roughness  of  the film. Fig.  4(b) shows the influence of  fluoride
time on the WCA, it can be found that the WCA increases with
the increase in fluoride time. When the fluoride time reaches 12
h,  WCA  reaches  its  maximum  (150°),  and  there  is  no  obvious
change in WCA after 12 h.  Therefore,  when the polymerization
time of dopamine is 6 h and the fluoride time is 12 h, the WCA of
PU-CNT-PDA-PFDM reaches its maximum (152°).

To  test  the  corrosion  resistance  of  PU-CNT-PDA-PFDM  at
different pH conditions and whether PU-CNT-PDA-PFDM can
maintain  hydrophobicity  under  different  strains.  The  influ-
ence  of  different  conditions  on  the  wettability  of  PU-CNT-
PDA-PFDM is investigated. Figs. 4(c) and 4(d) describe the in-
fluence  of  different  pH  and  strain  conditions  on  the  WCA  of
the  PU-CNT-PDA-PFDM,  and  it  can  be  seen  that  the  WCA  of
PU-CNT-PDA-PFDM  can  still  maintain  about  140°  even  in
strong  acid  solution  (pH=1)  and  base  solution  (pH=13).  As
shown  in Fig.  4(d),  due  to  the  surface  roughness  of  the  PU-
CNT-PDA-PFDM being damaged during the stretch, the WCA
decreases,  but  the  droplet  remains  spherical  in  the  tensile
process, and the WCA can reach 146° at 100% strain. Figs. 4(e)
and 4(g) show the digital photos of the films before and after
modification,  respectively.  After  modification,  the  film  re-
mains soft and can be folded. Notably, we add artificial sweat
salt,  HCl  (pH=2)  and  NaOH  (pH=12)  drops  onto  the  PU-CNT-

PDA-PFDM  which  at  0%  strain  and  100%  strain  respectively.
As shown in Figs.  4(f)  and 4(h),  different droplets  are still  full
and round on the surface of the PU-CNT-PDA-PFDM, and the
WCA  is  above  140°,  which  also  provides  the  foundation  for
the application of the PU-CNT-PDA-PFDM under extreme con-
ditions.

Sensing Performance and Sensing Mechanism of the
Superhydrophobic Flexible Strain Sensor
In  order  to  verify  the  stability  of  the  sensor  under  high
frequency  and  fast  signal  response,  it  is  necessary  to  test  the
dynamic  resistance  of  the  sensor. Fig.  5(a)  shows  the  dynamic
resistance of the PU-CNT-PDA-PFDM sensor in ε=2%, 20%, 50%,
and 100% cyclic tensile tests,  and these sensing signals are the
10 cycles in the tests. During the test, the sensing signals in the
previous several cycles are discarded because they are unstable,
the  value  of  ΔR/R0 increases  rapidly  under  the  first  cycle  of
stretching, and ΔR/R0 cannot be recovered to its initial value in
time after the release of the tension. One of the reasons is that
the irreversible macromolecule segment motion in the polymer
materials causes permanent damage to the conductive network
in the sensor. After the first few cycles, the sensing signals begin
to be stable,  because polymer materials tend to return to their
original  configuration  to  maintain  their  thermodynamic
equilibrium state after the stress is released. It can be seen from
Fig.  5(a)  that  in  the  different  tests,  the  response  modes  of
sensors  are  the  same.  At  the  same  time,  as  shown  in Fig.  5(b),
the response patterns of sensing signals at different frequencies
of  tensile  strains  are  similar,  this  property  is  essential  for
obtaining reliable responses to different external stimuli.  Those
indicate  that  the  prepared  sensor  has  good  stability  for  cyclic
stretching  and  continuous  response.  As  a  strain  sensor,
response  speed  is  a  very  important  performance  parameter,
which  represents  the  speed  at  which  the  sensor  converts  the
external  strain  into  an  electrical  response.  Response  speed  is
usually  evaluated  by  response  time  and  recovery  time.  The
shorter  the  response  time  and  recovery  time,  the  better  the
sensor  can  reflect  the  corresponding  situation  in  real  time,
which  is  very  important  in  human  movement  and  health
monitoring. The tensile speed is set at 300 mm/min to minimize
errors  caused by loading time and unloading time,  so that  the
sensor is loaded with a 2% quasi-transient step strain. As shown
in Fig.  5(c),  it  is  measured that the response time and recovery
time of the sensor causing 90% of the current change under this
strain  and  tensile  rate  are  150  and  140  ms,  respectively.  The
results  confirmed  that  the  prepared  sensor  could  respond
quickly to external strain.

Impressively, when the sensor is stretched to a large strain,
the shoulder peak appears in the curve during the tension re-
lease  process,  as  shown  in Fig.  5(d).  In  general,  the  shoulder
peak is  caused by competition between the destruction and
recovery  of  the  conductive  network  during  the  test.  The
sensor curves of relatively small strains (2% and 20%) (Fig. 5a)
show  no  obvious  shoulder  peak,  while  the  sensor  curves  of
large strains (300%) (Fig. 5d) show an obvious shoulder peak,
which  can  also  be  observed  in  other  polymer-based
sensors.[12] This  phenomenon  may  be  caused  by  the  disori-
entation of the conductive network induced by fibers during
the  tension  release  process.  In  this  process,  the  resistance
changes  because  the  separated  fibers  tend  to  be  in  random
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orientation  and  contact  with  each  other,  especially  for  the
random orientation of fibers perpendicular to the tensile dir-
ection.  In  addition,  because  the  contact  points  between  the
fibers parallel  to the tensile direction are reduced during the
tension release process, which can offset the reduction in res-
istance  to  some  extent.  The  generation  of  shoulder  peaks
may  be  caused  by  the  competition  between  the  two  factors
mentioned  above.  It  is  generally  believed  that  a  small  strain
will  cause slight damage to the conductive path and make it

easier  to  recover  after  tension  release.  However,  a  larger
strain  will  cause  serious  damage  to  the  conductive  network
and  lead  to  fierce  competition  between  the  destruction  and
reconstruction  of  the  conductive  path  during  the  recovery
process. As shown in Fig. 5(f), the ΔR/R0-t curve of the sensor
is tested for 8500 cycles over a long work life to demonstrate
extreme stability at 20% strain. No obvious signal fluctuation
can  be  observed  in Figs.  5(f)  and  5(e),  indicating  that  the
sensor has good stability and durability. The stripping test of
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Fig.  4    (a)  The influence of  deposition time of  PDA on the superhydrophobicity  of  the film;  (b)  The influence of  fluoride time on the
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the adhesive tape is also conducted to evaluate the adhesion
of CNT on the film, and the results show that CNT is difficult to
strip from the film, further indicating that there is a strong in-

terface  interaction  between  CNT  and  PU,  as  shown  in Fig.
5(h).  By  comparing  the  sensing  signal  of  the  sensor  before
and after stripping (Figs. 5g and 5i),  it is found that the sens-
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Fig. 5    (a) ΔR/R0-t curve of the sensor at 2%, 20%, 50% and 100% strains for 10-cycles; (b) ΔR/R0-t curve of the sensor at different frequencies; (c)
Response time and recovery time test; (d) ΔR/R0-t and stress-strain curves of the sensor at 300% strains for 10-cycles; (e) Partial amplification of
8500-cycle test; (f) ΔR/R0-t curve of the sensor for 8500-cycle test; (g) Sensor signal before the tape is stripped; (h) Digital photos of adhesive tape
on the sensor before and after stripping; (i) Sensing signal of the sensor after the tape is stripped.
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ing signal has little change, the reason may be that the sensor
before  stripping  has  residual  strain  after  tensile,  and  the  ini-
tial resistance value has slightly changed. Through the above
sensing  signal  test,  it  can  be  seen  that  the  PU-CNT-PDA-PF-
DM  sensor  simultaneously  shows  excellent  sensitivity  to  dif-
ferent  tensile  frequencies  and  strains,  rapid  response  ability,
excellent stability, and durability.

To prove that  the PU-CNT-PDA-PFDM sensor can maintain
its  reliable  sensitivity  and  stability  in  a  humid  environment,
we  evaluate  the  sensing  properties  of  the  PU-CNT-PDA
sensors  in  an  environment  with  100%  humidity  (in  the  pro-
cess  of  testing,  using  a  spray  humidifier  to  spray  artificial
sweat,  which  simulates  the  motion  perspire  humidity  envir-
onment),  the  results  of  the  sensing  signal  are  shown  in Fig.
6(a).  At  the end of  the 5th test  cycle,  the PU-CNT-PDA sensor
appears  to have an abnormal  sensing signal.  The signal  fluc-
tuation is large, and the sensor loses its stability. However, the
signal  of  the  PU-CNT-PDA-PFDM  sensor  remain  stable
without significant fluctuation, as shown in Fig. 6(b).  In addi-
tion, the PU-CNT-PDA-PFDM sensor is immersed in water for 2
days,  and  it  is  found  that  the  PU-CNT-PDA-PFDM  sensor  still
remain stable after 1000 cycles (Fig. 6d). Fig. 6(c) shows a loc-
al magnification of the sensing signal in Fig. 6(d). Through the
above sensing signal test, it can be observed that the PU-CNT-
PDA-PFDM  sensor  shows  a  stable  signal  under  extreme  hu-
midity and a sweating environment.  The above performance
further supports the sensor playing a role in the practical ap-
plication.

In order to further understand the sensing mechanism and
electrical response of the PU-CNT-PDA-PFDM sensor. We first
test the mechanical properties of PU film in different modific-
ation  processes.  The  mechanical  properties  of  them  are
shown in Fig. 7(a). It can be seen from the stress-strain curves
of  the materials  that  the mechanical  properties  of  the modi-
fied  film  are  improved.  Compared  to  the  PU,  the  tensile

strength  of  the  PU-CNT-PDA-PFDM  increases  from  4.20  MPa
to  7.69  MPa,  Young's  modulus  increases  from  1.11  MPa  to
2.19 MPa and the elongation at break increase from 402% to
432%.  The  reasons  for  the  improvement  of  mechanical  pro-
perties may include three parts: (1) Under the action of ultra-
sonic,  CNT  is  anchored  on  the  surface  of  PU  fiber,  and  they
pull  the  fiber  closer  by  connecting,  thus  reducing the  slip  of
the fiber in the tensile process.[35] (2) Due to the uniform dis-
tribution of CNT on the PU fiber surface and the good interfa-
cial  interaction  between  CNT  and  PU  fiber,  effective  stress
transfer is promoted. (3) After the conductive fiber is wrapped
in a PDA layer, the PDA layer can effectively transfer the stress
during  the  tensile.  In  a  word,  the  excellent  mechanical  pro-
perties  can  meet  the  wearable  requirements  of  the  flexible
strain sensor.

Sensitivity is an important parameter of the sensor. Fig. 7(b)
shows the curve of resistance change rate (ΔR/R0) and strain ε
during a single tensile test. The sensitivity of the sensor is usu-
ally  quantified  by  the  gauge  factor  (GF=d(ΔR/R0)/dε, ε is  the
strain). As shown in Fig. 7(b), when the strain of the sensor is
0%−25%,  25%−50%  and  50%−100%,  the  GF  value  of  the
sensor  is  3.43,  1.51,  and  0.56,  respectively  (GF  values  corres-
pond  to  the  slopes  at  three  different  stages  of  the  curve,  as
shown by the red line in Fig. 7b). As we know, this is not a rel-
atively high value. However, through the comparison of some
superhydrophobic  strain  sensors  that  have  used  CNT  as  a
conductive  filler  in  recent  years,  as  shown  in Fig.  7(c),  it  is
found that the sensor shown in this work still has the leading
performance.[10,16−21,29,51,52] The  above  performance  further
supports the sensor playing a role in the practical application.

In  order  to  fundamentally  understand  the  tensile  sensitiv-
ity  of  the PU-CNY-PDA-PFDM sensor,  SEM is  used to observe
the micromorphology of the sensor in different tensile states.
Figs.  7(d)−7(f)  show the SEM images of  the sensor at ε=20%,
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Fig.  6    (a)  ΔR/R0-t curve of  PU-CNT-PDA sensor for  25-cycle at  100% humidity;  (b)  ΔR/R0-t curve of  PU-CNT-PDA-PFDM sensor for  25-
cycle  at  100% humidity;  (c)  Partial  amplification of  1000-cycle  test;  (d)  ΔR/R0-t curve  of  PU-CNT-PDA-PFDM sensor  for  1000-cycle  after
soaking in water for 48 h.
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50% and 100%,  It  can be seen that  in  the case of ε=20%,  no
obvious  damage  occurs  in  the  shell  coated  on  the  fiber  sur-
face. When the ε=50%, the shell on the fiber surface has some
obvious  cracks,  the  conduction  pathway  has  been  damaged
to  some  extent.  When  the  strain  increase  to  100%,  the  con-
duction pathway is seriously damaged, which further verifies
the phenomenon of acromion in the above PU-CNT-PDA-PF-
DM sensor under large strain.

In  this  work,  the  change  in  resistance  can  be  explained
based on the tunnel model proposed by Simmons. Based on
the  tunnel  model,  the  electrical  conductivity  of  the  strain
sensor  is  related  to  both  the  physical  contact  between  the
sensing elements and the gap between the sensing elements
(generally  defined  as  a  tunnel).  When  the  adjacent  conduct-
ive fillers are very close to each other (about 1−2 nm), there is
still electron transport. In addition, some studies have shown
that  the  impact  of  electron  tunneling  on  the  resistance  is
greater  than  the  contact  resistance.  That  is  to  say,  although
the  overlapping  conductive  filler  separation  distance  is  not
far,  beyond the minimum distance of electron tunneling, the
resistance will change significantly, which further proves that

the  sensor  has  a  greater  GF  value  and  higher  sensitivity  at
0%−25%.[53] Figs. 7(g)−7(i) show the schematic diagram of the
tunneling  theory.  During  the  working  process,  due  to  the
good elasticity of the polymer substrate, the strain sensor can
still return to its initial form after deformation. The total resist-
ance of  the PU-CNT-PDA-PFDM is  a function of  both the res-
istance  through  each  conductive  particle  and  the  PU
matrix.[54] Assuming  that  the  resistance  of  the  PU-CNT-PDA-
PFDM is constant everywhere, the resistance of the path per-
pendicular to the current can be ignored. When tension is ap-
plied to both ends of the PU-CNT-PDA-PFDM, some conduct-
ive  fibers  are  separated  from  each  other,  and  the  contact
points  between  conductive  fillers  are  reduced,  at  the  same
time,  the  gap  (tunnel)  distance  of  the  conductive  filler  in-
creases,  leading  to  an  increase  in  resistance.  Moreover,  the
higher  the  tensile  strain,  the  fewer  the  contact  points,  the
farer the distance of conductive fillers, and the actual number
of  conductive  paths  is  further  reduced.  So,  the  number  of
conductive  particles  and  conductive  paths  play  important
roles  in  resistance.  The  total  resistance  can  be  described  by
Eq. (1):[54]
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Fig. 7    (a) Stress-strain curves of PU and PU-CNT-PDA-PFDM; (b) The relative resistance change (ΔR/R0) of the sensor as a function of strain; (c)
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R =
L(Rm + Rc)

N
(1)

where R, Rm,  and Rc are  the  resistances  of  the  composite
material, the resistance between two adjacent particles, and the
resistance  of  one  particle,  respectively. L is  the  number  of
particles  forming  a  conductive  path,  and N is  the  number  of
conductive  paths.  According  to  Simmons’  model,  when  the
degree  of  separation  between  particles  is  very  large,  no
current flows through the separation between particles, but if
the  separation  is  small,  tunnel  currents  may  flow  through  it,
and the tunneling current I generated under a certain applied
voltage is given by Eq. (2):[55]

I =
3
√

2mφ
2s

( e
h
)2
Vexp (−4πs

h

√
2mφ) (2)

where m and e are  the  mass  and  charge  of  the  electron,
respectively, h is  Planck’s  constant, V is  the  voltage, s is  the
average  distance  between  conductive  particles,  and φ is  the
barrier  height  between  adjacent  particles,  which  can  be
obtained  by  the  subtraction  of  the  polymer’s  work  function
from  the  conductor’s.  Because  the  electron  tunneling
probability depends on the thickness of the insulating barrier,
almost all  the tunneling occurs within a small  area.  Let a2 be
the  effective  cross-sectional  area  for  electron  tunneling,  then
the resistance Rm between two adjacent particles can be given
by the following Eq. (3):[55]

Rm = V
a2I

= 8πhs
3a2γe2

exp (γs) , γ = 4π
h

√
2mφ (3)

Since  the  resistance  between  two  adjacent  particles  is
much greater than the resistance of one particle (Rm is much
larger  than Rc),  the  resistance  of  the  particle  can  be  ignored
(Rm + Rc ≈ Rm).  Substituting  Eq.  (3)  into  Eq.  (1)  obtains  Eq.
(4):[56,57]

R = L
N
( 8πhs

3γa2e2
) exp (γs) (4)

when  the  tension  is  applied  to  the  sensor,  according  to  the
tunnel  model,  the  tunneling  distance  between  adjacent
particles  changes  from s0 to s (the  change  of  the  distance
between  particles  from s0 to s satisfies  a  linear  function  under
axial stress), and the number of conductive paths changes from
N0 to N. The change of s0 and N0 can be expressed as following
Eqs. (5) and (6):[57]

s = s0 (1 + Kε) (5)

N = N0exp [− (Aε + Bε2 + Cε3 + Dε4)] (6)

where s0 and N0 are  the  tunneling  distance  between  adjacent
particles in the initial state and the number of conductive paths
in  the  initial  state,  respectively.  The ε is  the  uniaxial  strain
generated  by  the  sensor. A, B, C and D are  constants. K is  a
constant that depends on the type of conductive particles and
the  measurement  conditions.  Thus,  ΔR/R0 can  be  obtained  by
substituting Eqs. (5) and (6) into Eq. (4):

ΔR
R0

=
R − R0

R0
= R
R0

− 1 = (N0s
Ns0

) exp [γ (s − s0)] − 1

= (1 + Kε) exp [γ (s − s0) + (Aε + Bε2 + Cε3 + Dε4)] − 1

(7)

[− (Aε + Bε2 + Cε3 + Dε4)] = f (ε) [γ (s − s0) − f (ε)]
φ

make , so the 

can  be  expressed  as  the  tunnel  barrier  height  ( )  and  the
relationship between the change of the conductive path (N), so

we could obtain Eq. (8):

wεn = [γ (s − s0) − f (ε)] (8)

the  function  of  ΔR/R0 and  strain ε can  be  obtained  by
substituting  Eq.  (8)  into  Eq.  (7),  which  can  be  described  by
Eq. (9):

ΔR
R0

= (1 + Kε) exp (wεn) − 1 (9)

in  Eq.  (9),  the  constant K represents  the  change  rate  of  the
distance between adjacent particles, and the constants w and n
represent  the  change  in  the  number  of  conductive  paths,
K=0.575, w=1.602,  and n=0.739  can  be  obtained  through  the
fitting.  Those  parameters  play  crucial  roles  in  the  conductivity
and  sensitivity  of  the  sensor.[57] It  can  be  seen  in Fig.  7(b)  that
the tunneling theory concurs well with the experimental results.
So  the  tunneling  theory  can  well  explain  a  series  of  resistance
changes caused by stretching of the PU-CNT-PDA-PFDM sensor.

Practical Application: Full Range of Human Motion
and Physiological Detection
As  a  sensor,  the  PU-CNT-PDA-PFDM  sensor  can  also  convert
human  motion  signals  into  electrical  sensing  signals. Fig.  8(a)
shows the motion diagram of the finger bending or straighting,
and  the  monitoring  curve  of  finger  bending  and  straighting
sensing  signals.  The  labeled  peak  signal  is  the  sensor  signal
when  the  finger  bends,  and  the  bottom  signal  represents  the
straightening  of  the  finger.  Similar  to  finger  motion,  wrist
motion  also  has  similar  sensing  signals,  as  shown  in Fig.  8(b).
Only because the strain of wrist motion is small,  the amplitude
variation  of  sensing  signals  is  also  small. Fig.  8(c)  shows  the
motion diagram of the elbow motion and the sensing signal of
the  elbow  motion.  The  peak  signal  represents  elbow  bending,
and the signal at the bottom represents elbow straight. Fig. 8(d)
shows the motion diagram of the knee motion and its sensing
signal.  Similar  to finger motion and elbow motion,  the sensing
signals  of  knee  motion  have  a  similar  peak  signal  and  bottom
signal  corresponding  to  the  bending  and  straighting  of  the
knee.  By  monitoring  the  motion  of  the  fingers,  elbows  and
knees,  it  can  see  when  the  joint  motion  range  is  small,  the
sensor  strain  is  small,  and  the  change  in  ΔR/R0 is  also  small.
Similarly,  a  large  motion  range  will  cause  a  large  change  in
ΔR/R0.  Therefore,  the  PU-CNT-PDA-PFDM  sensor  can  monitor
the  motion  of  human  joints.  In  addition,  we  also  test
physiological  signals  such  as  drinking  and  vocalization.  When
the  subjects  drink  water  continuously,  continuous  and  stable
sensing  signals  can  also  be  monitored  (Fig.  8e).  We  install
sensors on subjects’ throats to monitor the vocal cord motion
during vocalization. Fig. 8(f) shows the monitoring curve of the
throat  sensing  signal.  The  subjects  said  two  words  during  the
test:  "Sensor"  and "Hello."  The peak characteristics  of  detection
signals  are  different  for  different  detection  words.  In  addition,
we  test  the  sensor's  ability  to  transform  motion  signals  in
different  environments.  Video  S1  (in  the  electronic
supplementary information, ESI) is used as a control to show the
response  of  finger  joint  motion  and  corresponding  electrical
signals.  Video  S2  (in  ESI)  shows  the  finger  joint  motion  and
corresponding  electrical  signal  response  after  artificial  sweat
drops  are  dropped  on  the  sensor  surface  during  the  sensor
work.  These  results  show  that  the  sensor  has  a  sensitive
electrical  response  to  the  small  strain  caused  by  joint  motion,
and it  can be applied to an environment of high humidity and
sweat.  Based  on  the  above  tests,  it  can  be  proved  that  our
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sensor  can  be  used  to  monitor  different  joint  motions  and
physiological  signals  of  the human body.  Thus,  we believe our
sensor can be used in the future.

CONCLUSIONS

In this work, PU film is obtained by the electrospinning method,
and CNT is anchored on the fiber with the help of ultrasonic, so
that  the  PU-CNT  has  conductivity.  Finally,  PDA  and  PFDM  are
used to modify the conductive film. Because the PFDM grafted
on  the  PDA  has  low  surface  energy,  the  WCA  of  the  obtained
sensor  reaches  152°.  Compared  with  neat  PU,  the  Young's
modulus,  elongation  at  break  and  tensile  strength  of  PU-CNT-

PDA-PFDM are significantly improved. Furthermore, this sensor
under  different  strains  can keep an excellent  sensing response
pattern.  Even  in  the  simulated  100%  humidity  environment  or
after 8500 tensile tests, the sensing signal is stable and changes
little.  In  different  pH  solutions  and  strain  conditions,  the  water
droplets on the surface of the sensor can remain spherical, and
the  WCA  is  above  140°.  At  the  same  time,  the  response
mechanism  and  sensing  mechanism  of  the  sensor  in  this
research  are  explained  by  tunneling  theory.  The  sensor  is  also
suitable  for  the  monitoring  of  human  joint  motion  and
physiological  signals  (such  as  finger  motion,  elbow  motion,
knee motion, wrist motion and throat motion),  which supports
the application prospect of this multilayer flexible strain sensor
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Fig. 8    Wearable strain sensors based on PU-CNT-PDA-PFDM are used to monitor various human motions. (a) A finger motion diagram
and monitoring curve  generated by  finger  motion;  (b)  Wrist  motion map and monitoring curve  generated by  wrist  motion;  (c)  Elbow
motion diagram and monitoring curve generated by elbow motion; (d) Knee motion diagram and monitoring curve generated by knee
motion;  (e)  Throat  motion  diagram  and  monitoring  curve  generated  by  throat  motion  (drinking);  (f)  Throat  motion  diagram  and
monitoring curve generated by throat motion (vocalization).
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in wearable electronic products.
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