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Abstract: Multifunctional capability, flexible design, and low-cost manufacturing are desired attributes for wearable
and bio-integrated electronics. Piezoelectric materials, in forms that offer the ability to bend and stretch, are
attractive for pressure/force sensors and energy harvesters. This chapter discusses how to fabricate
flexible/stretchable piezoelectric devices by use of electrohydrodynamical direct-writing technique. The
electrohydrodynamical direct-writing utilizes the stable high electrostatic field and tunable mechanical drawing
force to produce piezoelectric PVDF nanofibres with the  -phase formation through in situ electrical poling and
mechanical stretching. Bendable piezoelectric devices can be directly fabricated by depositing the poled nanofiber
onto thin polymeric substrate, and generate electricity under bending and lateral pressure. Further, highly
stretchable piezoelectric devices are electrohydrodynamically printed by consideration of self-organized in-surface
buckling of fiber-on-substrate system. The electrical output of the stretchable energy harvester is characterized that
the generated current is linearly ratio to the stretching frequency and strain, as well as the number of nanofibers.
Additionally, the stretchable devices generate electrical energy stably by the lateral pressure even in different
stretching status. Experimental and theoretical studies provide detailed insights into the energy conversion
mechanisms. This chapter provides detailed engineering design rules and paves a cost-effective and high-efficiency
manufacturing pathway for applications in wearable and bio-integrated electronics.
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Introduction
An emerging development trajectory in electronics focuses on wearable applications such as
health/wellness monitors, surgical tools, smart clothes, and artificial muscles

1,2

. Likewise, precision

tactile sensors might represent first steps toward realization of artificial, electronic skins that mimick
the full, multi-modal characteristics and physical properties of natural dermal tissues 3. Devices that
exploit mechanical motions as natural sources of power can be particularly valuable, because of the
potential applications in self-powered microelectronics and wireless sensor networks
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. The sum of

these small individually energies can be large enough to power electronic systems.
Flexible/stretchable, lightweight piezoelectric devices are key requirements for both sensors and
energy harvesters. Conventional piezoelectric materials, which are often in the form of bulk solids or
thin films, have low sensitivity in responding to small mechanical forces. They are also too stiff to be
fitted with a flexible/stretchable electronics system. One-dimensional nanomaterials have
demonstrated an excellent route for scavenging small mechanical energy from ambient environments
(such as irregular vibrations8, airflows9 and tiny human activities10-13). Energy harvester made of
inorganic nanowires have been reported to have higher energy conversion efficiency compared with
their micro-sized counterparts14-17. However, these inorganic nanowires are brittle and can only work
on a very small strain level, which is a big barrier for the integration of inorganic nanowires into
wearable electronic devices18.
Piezoelectric polymers are good alternatives for similar kinds of applications, because they can
exploit deformations induced by small force/pressure, mechanical vibration, elongation/compression,
bending or twisting3,5,19,20. They have higher strain level and thus are able to withstand larger
mechanical deformation. Additionally, piezoelectric polymers are attractive for their potential
advantages in terms of low manufacturing cost, high resistance to fatigue, and environmental
friendliness21. Among the known piezoelectric polymer, poly-vinylidene fluoride (PVDF) is the only
commercial product used as a piezoelectric membrane, due to its high piezoelectric activity and
chemical/mechanical stability22,23. Recently, several papers have reported the use of electrospinning
to produce PVDF nanofibres for energy haresting

3,24,25

, sensing and actuating3,5, either single

electrospun PVDF nanofibre5,25 or nanofibre mats18,26. Single PVDF nanofibre has been deposited
2

across a pair of electrodes using a near-field electrospinning process to harvest small mechanical
vibration25,27,28. A flexible power generator based on cyclic stretching–releasing of a piezoelectric
fine wire was reported to generate an electrical output of 20–50 mV, 400–750 pA, respectively12.
However, this type of energy harvester typically faces common problems such as low energy
conversion efficiency, complex post-process, and low stretchability.
Here, we report electrohydrodynamically printed, flexible/stretchable piezoelectric nanofiber
devices to meet the requirements of large deformation of bio-integrated electronics and wearable
electronics. Mechanoelectrospinning (MES) process can mechanically stretch and electrically pole
the untreated PVDF to transfer non-polarized  and  phases to polarized  -phase which is
necessary for generating piezoelectricity25. Additionally, it is able to control the diameter of these
fibers. These nanofibers are made of in situ electrically and mechanically poled PVDF with high
flexibility, large-deflection sensing and energy scavenging applications25. It is believed that the
newly introduced fabrication process could be the manufacturing foundation for a new class of
piezoelectric devices made of polymeric nanofibers.

Experimental section
1) Mechanoelectrospinning for poled PVDF nanofiber
PVDF exists in several forms, such as  (TGTG'),  (TTTT), and  (TTTGTTTG')
phases, depending on the chain conformations as trans (T) or gauche (G) linkages. Among them, the

 phase has the most favorable piezoelectric property which is mainly based on the dipole
orientation in the crystalline phase11. So the key to get high piezoelectricity of PVDF is to achieve
high  crystal phase content and well oriented molecular dipoles. Usually, PVDF can be stretched
and poled to  -phase by a strong electric field 14,22,25.
Figure 1a shows the schematic of MES system. The nozzle-to-substrate distance ranges from
0.5~10 mm, far smaller than 10~30 cm adopted in traditional electrospinning
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. Besides a high

voltage exerted between nozzle and substrate like traditional electrospinning, MES adopts an
additional high-speed motion stage as the role of the person in “Chinese kite” to draw and
3

direct-write nanofibers. The motion stage is digitally controlled and hence stretches the jetting fiber
in programmable manner. Therefore, MES produces fibers based on the uniaxial stretching of a
viscoelastic solution by combination of stable electrostatic field and tunable mechanical force. Figure
1b illustrates the MES process: filling nozzle with functional ink → adjusting the applied voltage to
generate a stable jet from Taylor cone → Moving the substrate to draw the jet. When adjusting the
applied voltage, it first gradually increases to a critical value to jet the ink from the apex of the
Taylor cone, then decreases to a lower value just to stabilize the Taylor cone. In the last step, the
liquid jet undergoes extensive stretching as substrate moving, then attaches onto the substrate
orderly.
MES is able to precisely manipulate the position, size, and morphology of each electrospun
micro/nanofiber. Three key processing parameters are: 1) The nozzle-to-substrate distance,

hz-axis =hstraight  hwhipping , is tunable from 0.5 mm to 10 mm, to regulate the cross-sectional geometry
(i.e. circular or rectangular) as well as the shape (i.e. linear or serpentine) of the written structure. 2)
The applied voltage, U voltage , which dictates the dynamic behavior of jetting, as well as the fiber
diameter. 3) The translational speed, vsubstrate , which controls the mechanical drawing force and
hence the fiber diameter or ribbon width. The above three features make MES a versatile
direct-writing technique, which can fabricate abundant microstructures such as fiber array27,
serpentine structures29 and bead-on-string structures30.
Considering the high electrostatic field and mechanical drawing characteristics, MES is ideally
suited for producing piezoelectric nanofibres with the  -phase formation through in situ electrical
poling and mechanical stretching27,31. MES process can deposit straight PVDF fibers over a large
area (Figure 1c). When MES directly writes fibers onto a prestrained substrate, the fibers will buckle
into serpentine structures (Figure 1d) after releasing the prestrain. MES is a cost-effective and
high-efficiency way of direct-writing ultra-thin, flexible/stretchable and ultra-light piezoelectric
nanofibers/wires, making them more applicable in scavenging small mechanical energy.

4

Figure 1 (a) Schematic diagram of mechano-electrospinning process, (b) Steps of MES direct-writing: ink is
first filled in the nozzle and a drop forms at the end of the nozzle; when voltage is applied, the end drop is
jetted from the nozzle and a Taylor cone is formed; when substrate starts to move, a fine ‘jet chord’ is
formed between the meniscus and the contact point on the substrate. (c) and (d) are the direct-written fibers
(straight fibers and in-surface buckled fibers). (Syringe pump: 11 Pico Plus, HARVARD; Powersupply:
DW-P403 Dongwen; High-speed camera: Basler A504k)

2) Fabrication of bendable PVDF nanogenerators
PVDF fibers were direct-written onto flexible PET/PI substrate through MES, to obtain high
uniform straight fibers for making bendable devices. In the MES process, the PVDF solution20 was
delivered using a syringe pump at a feed rate of 300 nL/min. A stainless steel nozzle was adopted as
an electrode, and the ground collector was a metal plate ﬁxed on a moving stage. A high voltage was
exerted between nozzle and collector to pull out the jet. The applied voltage was 1.3 - 1.7 kV, the
nozzle-to-collector distance was 3 - 10 mm, and the moving speed was 100 - 300 mm/s.
3) Fabrication of stretchable PVDF nanogenerators
PVDF fibers were direct-written onto a prestrained PDMS substrate through MES, to obtain
high uniform buckled fibers for making stretchable devices. This approach contains three key steps:
prestraining the elastomeric substrate, direct-writing of straight fibers, and releasing the prestrained
substrate. In the second step, the PVDF solution was delivered using a syringe pump at a feed rate of
600 nL/min. The applied voltage was 1.5 kV, the nozzle-to-collector distance varied from 4 mm to 10
mm to tune the fiber cross-section shape from ribbon to circle, and the moving speed of the substrate
was adjusted from 200 to 400 mm/s. Based on MES, the sectional area and shape (the width and
height) of the fiber are tunable via changing process parameters like voltage, speed and
nozzle-to-collector distance.
5

Results and Discussion
1) The polarization of β phase in PVDF
The electrohydrodynamically direct-written PVDF nanofibers have high piezoelectricity even
without post-processing5. Fourier transform infrared (FTIR) spectra of the fibres were collected in
attenuated total reflectance mode (ATR) using a VERTEX 70 spectrophotometer (Bruker, Germany).
Samples were placed on top of the ATR set and scanned from 1600 to 400 cm−1. The samples are
mainly made in three steps: scrape some fibers deposited on Si wafer, add a bit BaCO3 power and
pulverize them homogeneous, and press them into bread totally. Figure 2(a) shows the fourier
transform infrared spectroscopy (FTIR) transmission spectrum of the PVDF fibers electrospun with
applied voltages varying from 1.3 kV to 1.7 kV, at the case of V=300mm/s and H=10mm. One can
indicate that polar β phase bands appear distinctly at 511, 600, 840 and 1275 cm-1 and the non-polar
α phase are not obvious (411, 795, 1402 cm-1)32,33. In order to determine the fraction of the content of
β phase, infrared spectroscopy absorption bands at 795 and 840 cm-1 are chosen to characterize the α
and β phase. The relatively faction of β phase can be calculated by using34
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where K  6.1104 cm2 / mol and K   7.7 104 cm2 / mol . X is the degree of crystallinity of
each phase, A is the absorption bands for α and β phase.
Figure 2(b) shows that F(β) increases monotonously with the applied voltage, but converges to
about 60%. For the electric poling effect, the cells of the α phase chain rotate to align their dipole
moments in the direction favored by the external electric field, which increase the β phase content.
The tunable mechanical drawing force, resulted from moving substrate, has also large influence
on the relatively faction of β phase, as shown in Figure 2(c) and (d). When the speed varies from 0 to
350 mm/s, F(β) linearly increases by 8% at the case of U=1.7kV and H=10mm. Larger speed
corresponds to larger mechanical drawing force, which results in more chains aligned27,31. It indicates
that the mechanical drawing force is effective for β phase transformation, and this is an advantage of
MES over traditional electrospinning.
6

Figure 2 FTIR transmission spectrum of PVDF nanofibers: (a) transmission of PVDF with applied voltage
between nozzle and substrate; (b) the relatively faction of the β-phase with applied voltage between nozzle
and substrate; (c) transmission of PVDF with the speed; (b) the relatively faction of β-phase with the speed.

2) Flexible piezoelectric devices based on individually aligned nanofibers
The flexible piezoelectric device contains four layers as shown in Figure 3a: PET substrate (100
μm), Cu electrode (20 μm), PVDF fibers (~5 μm) and PDMS capsulation layer (~200 μm). The
PVDF fibers are not located at the neutral surface since the modulus

of PDMS (~2 MPa) is much

smaller than those of PET (200 MPa) and Cu (~110GPa). The electrical contacts are established to
the ends of fiber arrays on a flexible PET substrate, and the formed devices reveal large current and
voltage responses to even minute excitation (pressure and bending).
The electric properties of the PVDF fibers were characterized through a semiconductor
characterization system (KEITHLEY 4200-SCS) and a probe system (CASCADE SUMMTI 11000).
Figure 3b shows the generated current and voltage of a piezoelectric PVDF device under bending.
The current and voltage have opposite signs, because the current flows through the PVDF fibers (like
current flows through a battery) is from low potential to high potential. The measurements showed a
periodic alternation of positive and negative output peaks, corresponding to the application and
releasing of the bend, respectively. Both current and voltage responses increase with the PET
7

thickness and the bending frequency and curvature. For example, Figure 3c-d shows the output of a
device to cycling bending tests at 1 Hz, 1.6 Hz and 2.3 Hz on a home-made flexural endurance tester.
The maximum current (4 nA) and voltage (150 mV) were observed at 2.3 Hz. Up to 1,000 cycles of
bending and releasing tests revealed no significant changes in electrical output. These characteristics
make fiber arrays promising as building blocks for ultrasensitive piezoelectric devices.

Figure 3 (a) The structure of a bendable PVDF energy harvester; (b) the output current and voltage of the
harvester bend and release at a frequency of 0.4 Hz; (c) and (d) are the current and voltage generated at
various bending frequencies with 50 PVDF fibers.

Figure 4 Experimental and theoretical studies of responses of piezoelectric devices. (a) Schematic illustration
of an analytical model for the coupling of mechanical deformation and piezoelectric response during bending.
(b) Measured voltage response of an array of PVDF fibres under cycling bending at 1 Hz.

During compression, the sample buckled to generate a bent shape (Figure 4a), with curvature
consistent with simple mechanics considerations.The measurements showed a periodic alternation of
8

positive and negative output peaks, corresponding to the application and release of the buckling
stress, respectively (Figure 4b). The top and bottom insets show photographs of the device during
bending and release, respectively. Both responses increased with PI thickness and bending frequency.
As with applied pressure, simple analytical models can account for the behaviours under
bending. Under compression the PI substrate of length LPI buckles into a sinusoidal form represented
by the out-of-plane displacement w  A 1  cos  2 x3 LPI  2 , where the origin of coordinate x3 is
at the center of the substrate, and the amplitude A is related to compression L of the substrate by

A   2   LPI  L 35. Here the critical compression to trigger buckling, ~2 μm for 225 μm -thick
and 6 cm-long PI substrate, is negligible as compared to L  3 cm in the experiments. The strain
along the poling direction x3 at the mid-plane of the fiber array is given by  33   w  tPI  tPVDF  2 ，
where t PI and tPVDF represent the thickness of PI and PVDF. Its strain 11 along x1 direction and
electric field E3 along the poling direction are obtained from the constitutive relation

0  c1111  c13 33  e31E3

(2)

D3  e3111  e33 33  k33 E3

(3)

where, D3 is the electric displacement along the poling direction, and it is a constant to be determined.
For short-circuit current measurement between two ends of the PVDF fiber array, the voltage across
the length of PVDF LPVDF is zero, which, together with the above equations, gives

D3  2e L LPI  tPI  tPVDF  LPVDF  sin  LPVDF LPI 

(4)

where, e  e33   c13 c11  e31 is the effective piezoelectric constant. The current I is then obtained
from I  tPVDF wPVDF D3 , where wPVDF is the width of PVDF fiber array. For a representative
compression L  Lmax 1  cos  2 t T  4 with the maximum compression Lmax  3 cm and
2

period T=0.5 and 1 second as in experiments, the maximum current is given by
I max  2  e 

 tPI  tPVDF  tPVDF wPVDF
LPVDF T
9

L

Lmax
sin  PVDF 
LPI
 LPI 

(5)

For a thickness of PI substrate tPI= 225 μm as in experiments, Eq. (5) gives the range of
Imax=27 nA for T=0.5 s and Imax=14 nA for T=1 s, while experiments give Imax=33 nA and Imax=26 nA
for T=0.5 and 1 s, respectively. Here the effective piezoelectric constant for the fiber arrays is taken
as e  2.1 C m2 , which is larger than that for films (~-0.4 C/m2)37 because of the strong anisotropy
of arrays due to their fibrous structure.
For voltage measurement, V is no longer zero. The electric displacement becomes

D3  2e L LPI  tPI  tPVDF  LPVDF  sin  LPVDF LPI    k LPVDF V

(6)

The current I  tPVDF wPVDF D3 is also related to the voltage V and the resistance R of the
voltmeter by I=V/R, which gives V R  tPVDF wPVDF D3 , or equivalently

L
dV
LPVDF
t t

V  2  e  PI PVDF sin  PVDF
dt kRtPVDF wPVDF
k
 LPI

 d L
.

 dt LPI

(7)

For L  Lmax 1  cos  2 t T  4 and the initial condition V  t  0   0 , the maximum
2

voltage is given by
Vmax  2  e 

L
 Lmax
R  tPI  tPVDF  tPVDF wPVDF
.
sin  PVDF 
T
LPVDF
 LPI  LPI

(8)

For a thicknesses of PI substratetPI=225 μm and a resistance of the voltmeter R = 70 M in
experiment, Eq. (8) gives a range of Vmax=2.1 V for T=0.5 s and Vmax=0.85 V for T=1 s, while
experiments give Vmax=1.3 V and Vmax=1.0 V for T=0.5 and 1 s, respectively3.
3) Stretchable energy harvesters based on in-surface buckled nanofibers
The stretchable piezoelectric devices can be fabricated by direct-writing the straight nanofibers
on prestrained substrate using MES process, followed by releasing the prestrain. The buckling modes
of nanofibers, such as out-of-surface buckling and in-surface buckling as shown in Figure 5(a, b), are
determined by the cross-section shape of the nanofibers 5, which can be tuned by process parameters
(e.g. nozzle-to-substrate distance, applied voltage, moving speed of substrate). The electrospun
nanofibers were examined with a laser scanning confocal microscopy (LSCM, KEYENCE
VK-X200K). The fiber diameter and cross-section were obtained from LSCM images via image
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analysis software VK-X Series. It can be noted from Figure 5 (c, d) that the applied voltage and the
nozzle-to-substrate distance have different effect on the cross-section morphology. The former
controls the flow of solution at the nozzle, and larger flow corresponds to larger width and height of
the deposited microstructures. The latter controls the solidification degree of the jetting fiber, and
higher solidification results in thinner and taller cross-sections. Figure 5d shows that the extreme is
circular cross-section with equal width and height.

Figure 5 (a) Out-of-surface buckled fibers; (b) In-surface buckled fibers); (c) The width and height of
electrospun fibers versus the applied voltage; (d) The width and height of electrospun fibers versus the
nozzle-to-substrate distance; (e) The critical strain versus the height-to-width ratio of fiber and the o
Young’s modulus ratio of substrate to fiber; (f) The critical strains for two buckling modes at ̅
.

As in-surface buckled fibers are more suitable for stretchable piezoelectric devices for their
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stable mechanical behavior, then the question is how to generate in-surface buckled fibers by
adjusting MES parameters, or what’s the key factors that influence the buckling mode/direction. A
mechanical model through least-energy principle are discussed36. For a given fiber-on-substrate
system, the buckling mode with lower total energy (including the bending energy and membrane
energy of fibers, and substrate energy) is favorable.
The deflection of the micro/nanofiber on substrate can be described as v1  vm1 cos k1 x and

v2  vm2 cos k2 x (Subscript 1 and 2 denote out-of-surface buckling and in-surface buckling
respectively), where vm1 and vm 2 are the buckling amplitude, k1  2 / 1 , k2  2 / 2 , 1 and

2 are the buckling wavelength, and the coordinate

x is along the fiber axis.

For the out-of-surface buckling system, the bending energy per unit length of the buckled
micro/nanofiber is
U b1 

k1
2

2
k1
0



EI
 2v
1
Eb I b1 ( 21 )2 dx  b b1 k14vm2 1
2
x
4

(9)

Where Eb is Young’s modulus of fiber and I b1 is the moment of inertia in out-of-surface
direction.
The membrane strain of fiber is  m1  du1 / dx  (dv1 / dx)2 / 2 , u1 and v1 represent axial
displacement and normal deflection respectively. Since Young’s modulus of PVDF fiber is much
larger than that of PDMS substrate, the effect of shear stress on buckling is negligible, which gives a
2 2
constant membrane strain in the buckled fiber as  m1  k1 vm1 / 4   pre , where  pre is the

compressive strain in the micro/nanofiber due to the relaxation of the stretched substrate. The
membrane energy in the micro/nanofiber is
U m1 

1
1
1
Eb A m2 1  Eb A( vm2 1k12   pre )2
2
2
4

(10)

Where A is the area of cross-section of the fiber.
The elastomeric substrate is modelled as a semi-inﬁnite solid, since its thickness is several orders of
magnitude larger than that of the micro/nanofiber. The out-of-surface buckled fiber imposes a normal

12

stress traction to the surface of the substrate, which takes the form of T1  P1 cos(k1x) , where

P1   Eb Avm1k12 (k12vm2 1 / 4   pre )  Eb Ib1vm1k14 37. Due to this traction, the normal displacement of a
point

on

the

top

surface

vsub1  P1 cos(k1x)[W (1    ln 2)  (

of

distance

y

to

the

micro/nanofiber

center

is38

W
W
W
W
W
 y) ln(k1 |  y |)  (  y) ln(k1 |  y |)] / ( E s ) , where,
2
2
2
2
2

Es  Es / (1  s 2 ) is the plane strain modulus of substrate, Es and  s are the elastic modulus and

Poission's ratio of the PDMS substrate,   0.577 is Euler’s constant and W is the width of the
interfacial contact region. The strain energy per unit length in the substrate can be obtained via
divergence theorem as

U s1 

k1
2

2
k1
0



P1 cos(k1 x)
P12
kW
v
dydx

(3  2  2ln 1 )
W /2 2W sub1
4 ES
2
W /2

(11)

The total energy in the micro/nanofiber-on-substrate can be obtained as
U tot1  U b1  U m1  U s1 

1

1

1

P cos k x(v
1

1

sub1

 vm1 cos k1 x)dx

0

Eb I b1 4 2 1
P12
kW
1 2 2
3 2 2

k1 vm1  Eb A( pre  vm1k1 )( pre  vm1k1 ) 
(3  2  2 ln 1 )
4
2
4
4
4 ES
2

(12)

where, the last integration represents the work across the fiber/substrate interface39. The
minimization of U tot1 with respect to vm1 and k1 gives
U tot1 

 c1 

ES
Eb

1
Eb A c1 (2 pre   c1 )
2

(13)

I b1 9 16
3 1 W 4 ES
( 
/ (3  2  2ln  ln
))
A 16
9
4 2 16 Eb I b1

(14)

where  c1 is the critical buckling strain, or the minimum strain needed to induce buckling. The
micro/nanofiber only compresses when  pre   c1 , and buckles out-of-surface when  pre   c1 .
For the in-surface buckling system, the bending energy U b 2 and membrane energy U m 2 of
the micro/nanowire are the same calculation with out-of-surface buckling, i.e. U b 2 

13

Eb I b 2 4 2
k2 vm 2 ,
4

U m2 

1
1
Eb A( vm2 2 k22   pre )2 , I b 2 is the moment of inertia in in-surface direction. The substrate
2
4

energy U s 2 is different as the substrate bear lateral force in in-surface buckling while normal force
in out-of-surface buckling. The lateral stress traction also takes the form of P2 cos(k 2 x) , where

P2   Eb Avm2k22 (k22vm2 2 / 4   pre )  Eb Ib 2vm2k24

37

. Due to the lateral stress traction, the lateral

displacement of a point on the top surface of distance y to the micro/nanowire center is
1
W
W
W
W
W
vsub 2  P2 cos(k 2 x)[W (
   ln 2)  (  y) ln(k 2 |  y |)  (  y) ln(k 2 |  y |)] / ( E s )
1  s
2
2
2
2
2

The strain energy of substrate per unit length is U s 2 

40

.

k2
P22 3  s
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(
 2  2ln 2 ) .
ij ij

2 V
4 ES 1  s
2

The minimum energy of the in-surface buckling system can be represented as
U tot 2  U b 2  U m 2  U s 2 

1

2
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2

2
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 vm 2 cos k2 x)dx

0
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)
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4
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(15)

where the last integration represents the work across the fiber/substrate interface39. The minimization
of U tot 2 with respect to vm 2 and k 2 gives
U tot 2 

c2 

ES
Eb

1
Eb A c 2 (2 pre   c 2 )
2

Ib 2 1
5 1 W 4 ES
(  2 / (5  2  2ln  ln
))
A 2
7 2 16 Eb I b 2

(16)

(17)

where  c 2 is the critical buckling strain or the minimum strain for in-surface buckling. The
micro/nanofiber buckles in-surface once the prestrain  pre reaches  c 2 .
For a micro/nanofiber on an elastomeric PDMS substrate system, the buckling mode with
smaller total energy is favorable. Comparison of the two total energies through Eqs. 13 and 16 gives
the conclusion that the buckling mode with smaller critical buckling strain is energetically favorable.
To clarify the influence of fiber cross-section to buckling mode, the critical buckling strains for
elliptical cross-sections 5, which are close to the actual fiber sections, are studied as shown in Figure
14

5e. When ̅

(

for PVDF fiber, and

for PDMS

substrate), buckling mode transformation point (intersection point) is h w  0.88 as shown in
Figure 5f, i.e. in-surface buckling is always favorable if h w  0.88 . The green (red) rectangles in
Figure 5f represent finite element simulation results of out-of-surface (in-surface) buckling with
different aspect ratios, which is consistent with the theoretical analysis. In-surface buckled fibers can
keep in surface during the fiber-on-substrate system pressed or stretched which will be discussed
later. It establishes the foundation for the stable generation of electrical output under different
stretching conditions.
Stretchable piezoelectric devices made up of in-surface buckled fibers are fabricated and tested
as shown in Figure 6a. The stretchable energy harvester is fixed on a home-made tensile platform.
When the tensile platform reciprocates, the piezoelectric PVDF nanofibers generate current or
voltage which is characterized by a semiconductor characterization system (KEITHLEY 4200-SCS).
Figure 6b shows the current (~1.2 nA) and voltage (~40 mV) measured from a stretchable
piezoelectric device (3 cm long between electrodes) consisting of ~120 in-surface buckled PVDF
fibers under cyclic tensile and release (30% strain, 0.5 Hz) test. The results demonstrate both high
stretchability and high piezoelectricity of the fibers.
Figure 6c shows that the output current increases with the applied strain  applied (20 fibers,
0.5Hz). The applied strains  applied are 40%, 70% and 100%, and the output current increases from
0.33 nA to 0.75 nA and 1.1 nA. Figure 6d exhibits the average maximum currents are 0.65 nA, 1.62
nA and 2.8 nA, corresponding to the frequencies f applied of 0.2 Hz, 0.5 Hz, 0.8 Hz, respectively (40
fibers,  applied  70% ). It can be found from Figure 6 (e) and (f) that the output current increases
linearly with the stretching frequency and the number of the fibers, respectively. These results show
that the performance characteristics of buckled piezoelectric PVDF fibers are consistent with
fundamental piezoelectric theory i fiber  d33 E fiber Afiber  applied 19, where i fiber is the generated current,

d33 is the piezoelectric charge constant, E fiber is the Young’s modulus, the cross-sectional area
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Afiber is proportional to the number of fibers, and the applied strain rate  applied is proportional to

 applied  f applied . When more PVDF fibers are integrated, and stretched with larger strain and
frequency, the response current is larger. Since MES is able to manipulate fibers individually, a
stretchable piezoelectric generator with accurate output current can be fabricated.

Figure 6

Response of stretchable piezoelectric devices. (a) Photograph of the tensile test platform. (b)

Output current and voltage of device consisting of 120 PVDF fibers measured with respect to time under
an applied strain of 30% at 0.5 Hz. (c) and (d) are the piezoelectric behavior of in-surface buckled fibers
on PDMS substrate tested with different applied strains and different cycling frequencies. (e) The output
current versus the stretch and release frequency (70%, 40 fibers). (f) The output current versus the
number of fibers (70%, 0.5 Hz).

Figure 7(a) and (b) show that when the device is stretched under different applied strains, its
16

sensitivity to pressure is maintained ideally. Namely the electrical respondence of in-surface buckled
fibers to pressure is not affected by the external tensile strain obviously.The main reason is that the
buckled fibers can keep in surface at various stretching status, as shown in Figure 7(c) and (d). The
in-surface buckled fibers avoid the sudden change of deformation of fibers when subjected to the
vertical compression. This characteristic make in-surface buckled fibers very suitable for
applications of stretchable pressure sensors under various tensions. It should be emphasized that
buckled PVDF fibers on elastomeric substrates can be stretched over 100% applied strain (limited by
the failure of PDMS), much larger than the strain (~8%) of the reported piezoelectric generator or
sensor41.

Figure 7 The piezoelectric effect of in-surface buckled PVDF device under stretching status: (a)
schematic diagram of piezoelectric device under various stretching status; (b) the current generated
under 30%, 70% and 100% applied strains; (c) and (d) are the top view and the oblique view of in-surface
17

buckled fibers under the applied strain 0%, 30%, 70%, and 100%. The bars denote 50 μm.

To evaluate the sensitivity under pressure quantitatively, a soft elastomer delivered well defined
levels of pressure to the arrays3. Devices, formed simply by establishing electrical contacts to the
ends of a ribbon shaped sample of fibre arrays on a flexible support, reveal large response to even
minute applied pressures. The aligned PVDF fibre arrays were placed on 75–150 and 225 μm thick
kapton film, and electric connections were established with copper films (25 μm thick) and silver
paint (Ted Pella Fast Dring Silver Paint, 160040-30). Open loop voltage measurements were
performed by using a DAQ (SMU2055) USB multimeter (6.5 digit resolution, Agilent Technologies)
with input resistance of R = 70 MΩ. Short-circuits current measurements were performed with a
Semiconductor Parameter Analyzer (4155C Agilent Technologies). Figure 8b shows well-behaved,
linear variations in the output voltage with pressure, for various values of the effective contact areas
between 9 and 36 mm2 (squares with sides Leff ; Figure 8a), with slopes between 0.41 and 0.79
mV/Pa. For a given pressure (10 Pa, Leff = 3 mm), the output voltage does not change significantly
with length of the fiber array.

Figure 8 The output responses of piezoelectric devices. (a) Schematic illustration of an analytical model for
the response of arrays of PVDF fibres under applied compression -p along x1 direction over the effective
contact length (Leff). LPVDF is the total length of the PVDF fibre array. (b) Experimental (symbols) and
theoretical (lines) pressure response curves at different Leff.

Theoretical model was established to discover the mechanism of electricity generation3. The
analytical models can capture the piezoelectric behaviors. Consider a resultant projected component
of piezoactive dipoles along the longitudinal axis of the PVDF nanofibers, x3, as induced by the
deformation and external force (Figure 8a). The fiber array is isotropic with elastic, piezoelectric, and
dielectric constants cij, eij, and kij, respectively. For an applied compression -p along the x1 direction
18

over an effective contact length Leff, the strain 11 and electric field E3 along the poling direction are
obtained from the constitutive relation

 p  c1111  e31E3

(18)

D3  e3111  k33 E3

(19)

where, D3 is the electric displacement along the poling direction, and is zero for vanishing free
charge density on the surface; the in-plane strains  22   33  0 because the PVDF fiber arrays
(elastic modulus ~ 200 MPa) are bonded to the much thicker and stiffer plastic substrate (elastic
modulus 2.5 GPa). The voltage across Leff is then given by
V

d
Leff p
k

(20)

2
where, d  e31 c11 and k  k33  e31
c11 are the effective piezoelectric and dielectric constants,

respectively. For d k  0.14 V  m N , Eq. (20) agrees well with the experimental results shown in
Figure 8a for a wide range of pressures p and the three effective contact lengths Leff = 3, 4.5 and 6
mm used in the experiments3. The value of d k reaches or exceeds those achieved in films with
extreme stretching and poling (e.g., ~ 0.045-0.094 Vm/N 42). Eq. (20) also suggests that the voltage is
independent of the total length LPVDF of the PVDF fiber arrays, which is also consistent with
experimental results of Figure 8b.

Conclusion
Highly bendable and stretchable nanogenerators with individually controlled fibers are directly
written onto PET substrate and prestrained elastomeric PDMS substrate by using MES, respectively.
The process realizes direct-write the PVDF fiber and in situ obtain piezoactive  -phase in one step,
without further electrical poling. Stretchable piezoelectric generator exhibit excellent response in
extremely large applied strain (more than 100%). Additionally, a stretchable piezoelectric device
with in-surface buckled fiber array shows the stable current output under various applied strains
owing to its in-surface deformation. The theoretical models for bending and stretching are
19

established to show the mechanism of electrical generation. The collective results suggest that
stretchable piezoelectric PVDF devices can be fabricated by cost-effective electrohydrodynamic
direct-writing, with attractive stretchability and potential to be integrated into stretchable electronics.
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