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Abstract—We report a flexible energy harvesting circuit

fabricated by roll-to-roll compatible, solution-processable
methods. The circuit incorporates a supercapacitor fabricated
from a viscous carbon nanotube (CNT) dispersion, printed
Schottky diodes and a piezoelectric element. Used low-
temperature materials enabled component integration on
poly(ethylene terephthalate) (PET) substrate. The supercapacitor
was built with a paper separator and an aqueous NaCl
electrolyte. Together with carbon based electrodes, these
materials translated into a disposable and environmentally safe
electronic device. The energy harvested from mechanical
movement was used to drive a commercial electrochromic
display.

Index Terms— energy harvesting, piezoelectricity,
supercapacitor, printed electronics

I. INTRODUCTION

RINTED and organic electronics has attracted much
attention during the past decade due to benefits, such as

low-cost and high-volume manufacturing techniques, thin and
bendable structures and environmental friendliness.
Autonomous electronic systems [1] are one potential
application, which would greatly benefit from low-cost and
bendable printed circuits, including both power source and
interim energy storage. [2]

Numerous technologies have been developed to provide
energy for low power wireless systems. Piezoelectric devices
are one way to harvest mechanical energy from ambient
sources. Piezoelectric materials have also been used in
combination with printing technologies to produce functional
components for sensor application. Combining different
printing techniques is essential when the components in the
circuit differ in terms of their materials and structure.
Typically, conducting porous films are desirable in energy
storage applications [2], whereas in semiconductor
components a thin and homogeneous layer is required.

Recently, piezoelectric polyvinylidene fluoride (PVDF)
film sensors with CNT electrodes, printed with a flexographic
technique [3, 4], as well as gravure printed organic
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diodes [5, 6], were reported. Most recently, solution-
processable supercapacitors from a CNT dispersion were
reported [7, 8]. Here, we combine these previously developed
printed components into a circuit, where the supercapacitor is
charged with the energy provided by a piezoelectric element
excited by low-frequency harmonic motion. As a transducer
we used rolled PVDF films and, as a reference, a rigid
piezoceramic element. The printed organic diodes were used
as a passive rectifying circuit.

In this work we demonstrate an energy harvesting circuit
fabricated by mass manufacturing compatible methods. In
general, energy harvesting from low-frequency harmonic
motion is considered inefficient, since the maximum power
depends strongly on the frequency [9]. In this paper we
address these challenges in the case of the printed energy
harvesting circuit.

II. EXPERIMENTAL
A supercapacitor and organic diodes were fabricated on

poly(ethylene terephthalate) (PET) substrate (Melinex ST506
from DuPont). The circuit wiring was 100 nm thick copper
deposited by electron beam evaporation through a shadow
mask.

A. Supercapacitor assembly and characterization
The supercapacitor electrodes were fabricated from CNT /
xylan nanocomposite dispersion by a blade coating method,
adapted from earlier work [7, 8]. The multi-walled carbon
nanotube  (MWNT)  content  was  3.5  wt-%  and  that  of  xylan
1.75 wt-%. The electrodes were prepared by coating multiple
films on top of each other. The bottom electrode was
fabricated on the same substrate with the diodes, and the top
electrode was laminated on top (see Fig. 1). The separator film
used in the capacitors was TF4050 (Nippon Kodoshi Corp).
An  adhesive  film  (UPM  Raflatac)  was  used  to  attach  the
electrodes together, and to seal the electrolyte in between. The
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Fig. 1. The structure of assembled supercapacitor.

electrode

separator

adhesive

conducting
paste

copper wiring

PET

electrolyte



2

electrolyte was a 1 M solution of NaCl in water.
Electrode sheet resistances were studied by four-point

measurements. Supercapacitor capacitance and equivalent
series resistance (ESR) were determined by galvanostatic
discharge measurements according to an international IEC
62391-1 standard, Class 3 (“Power”) [10]. Measurements were
carried out with Zennium Electrochemical Workstation
(Zahner Elektrik GmbH). The supercapacitor was charged
from 0 V to 0.9 V with a one minute ramp, then held at 0.9 V
for 30 minutes. After this electrification time, the
supercapacitor was discharged with a constant current.
Supercapacitor capacitance was calculated according to

= −
/

,                  (1)

where dV/dt is the voltage decline between 80 % and 40 % of
0.9 V. ESR was calculated from

= ,                   (2)

where  is the voltage drop (IR drop) at the beginning of the
discharge phase. Here I is the discharging current determined
by the selected device class in the standard. Cyclic
voltammograms  at  voltage  ramp  rates  from  5  mV/s  to  100
mV/s were also recorded with the Zennium potentiostat. The
energy stored in the supercapacitor is

= ,                   (3)

and the maximum power that can be delivered to the load is

=
×

.                   (4)

Here V is the supercapacitor voltage. [11, 12]

B. Rectifying diode circuit
The gravure printing method used to fabricate the diodes

was  adapted  from  earlier  work  [5].  The  diodes  were  used  to
form a passive rectifier circuit used in voltage doubler
configuration [13]. A schematic picture of the circuit is shown
in Fig. 2.

On the bottom, the deposited copper layer functioned as the
diode cathode. The used semiconductor was 12.5 %
poly(triarylamine) (PTAA) obtained in solution from Merck
Chemicals Ltd. On top, Acheson Electrodag PM-460A from
Henkel was used as the diode anode. The paste ink was diluted

with n-propylacetate to suit gravure printing. The weight ratio
of PM-460A to n-propylacetate was 13:1. Diode I-V
characteristics were measured with Keithley 236 source-
measure unit.

C. Piezoelectric elements
PVDF ((CH2-CF2)n) is a piezoelectric material having a

solid structure with approximately 50-65 % crystallinity [14].
In this study 28 µm and 110 µm thick PVDF films
(Measurement Specialties, Inc) with screen printed silver ink
metallization were used. Table I lists the typical properties of
the 28 µm thick PVDF material [15]. A rigid piezoceramic
element (round disk, ⌀ 14 mm, on a metal plate) was used as a
reference for the PVDF material.

An external force compressing the film generates a charge
to appear at the electrodes. PVDF is an anistropic material and
thus its electrical and mechanical properties differ depending
on the direction of the external force. The generated surface-
charge density D is defined by

= = ,                 (5)

where Q is the charge, A is the electrode area, d3n is the
piezoelectric coefficient and Xn is the applied stress [15]. The
coefficient d3n has two subscripts – the first refers to electrical
axis and the second to the mechanical axis defined in Fig. 3.
The electrical axis is 3, and the mechanical axis n can be 1, 2
or 3. Typical operation modes for PVDF sheet elements are
presented in Fig. 3.

To maximize the charge developed by the mechanical input,
the PVDF sheets (size 230 mm × 15 mm) were made into
rolls. The sheets were rolled along the mechanical axis 1 to
operate both in 33- and 31-modes.

D. Sensitivity measurements
 To evaluate the operation, the sensitivities of the

Fig. 2. The circuit structure. The semiconductor in the diodes is sandwiched
between copper (cathode) and silver (anode) layers. The silver layer is cut,
and the diode in the middle is short-circuited.

Supercapacitor Piezoelectric
element

Fig. 3. Two piezoelectric operation modes defined by the conventional axis
definition: the 33-mode (a) and the 31-mode (b).

TABLE I
TYPICAL PROPERTIES OF 28 µM PVDF MATERIAL [15].

Symbol Quantity Value
d33 Piezoelectric coefficient -33∙10-12 C/N
d31 Piezoelectric coefficient 23∙10-12 C/N
k31
kt

Electromechanical
Coupling Factors

0.12
0.14

Y Young’s modulus 2∙109-4∙109 N/m2

C Capacitance 380 pF/cm2

ε Permittivity 106∙10-12-113∙10-12 F/m
ε/ε0 Relative permittivity 12-13
ρ Mass density 1.78∙103 kg/m3

T Temperature range -40 to +80…100 °C
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manufactured PVDF rolls were measured. The sensitivity
measurement setup, shown in Fig. 4, is presented in detail in
Refs. [16] and [3]. Briefly, Brüel & Kjaer Mini-Shaker (Type
4810) was used to provide a dynamic excitation force. A
sinusoidal input for the shaker was provided with a Tektronix
AFG3101 function generator. The force was measured with a
high-sensitivity dynamic force sensor (PCB Piezotronics
209C02) and the PVDF roll output with a custom-made
combination of a charge amplifier and a 16-bit AD-converter.
The sensitivity is obtained by dividing the PVDF roll output
charge with the dynamic force. Thus, the unit of sensitivity is
pC/N.

In sensitivity measurements, a static force of 3 N was
adjusted to keep the PVDF roll in place. A dynamic excitation
force of about 1.3 N and frequency of 2 Hz were used. The
sensitivity of each PVDF roll was measured from four points
in the middle of the roll and the mean sensitivity value is
presented in the results.

E. Energy harvesting setup
According to a quantitative model [17], the efficiency of a

piezoelectric energy harvester is

= /( + × ),           (6)

where k is the electromechanical coupling coefficient and
is the mechanical quality factor. Additionally, the efficiency
increases with decreasing dielectric loss factor (tan ) [18].
All of these parameters depend on frequency, and the best
efficiency is achieved at the resonance frequency of the
piezoelectric element [19, 20].

In energy harvesting experiments with the Mini-Shaker
setup, a sinusoidal control signal was used to achieve
harmonic motion at 10 Hz frequency, and both static and
dynamic force amplitudes were monitored. For demonstration
purposes the piezoelectric elements were also tested by
treading the elements by foot with approximately 2 Hz
frequency. The energy stored in the supercapacitor was used
to switch the state of a printed 10 mm x 10 mm electrochromic
display element (Acreo Swedish ICT).

III. RESULTS AND DISCUSSION

The thickness of the supercapacitor electrodes was
approximately 10 µm, and their sheet resistance 12-14 Ω/sq.
The circuit as a whole is shown in Fig. 5.

The capacitance of the supercapacitor was approximately 20
mF, and ESR was 100 Ω. Cyclic voltammograms, recorded at
different ramp rates between 0 V and 0.9 V, are presented in
Fig. 6. Their rectangular shape indicates good capacitive
behavior.

Diode I-V curves are shown in Fig. 7. It can be seen that the
amount of charge delivered to the supercapacitor is negligible
when the output voltage generated by the energy source is
below 2 Volts. To get the diodes in their conducting state, the
piezoelectric element has to provide at least this much voltage.
This is a challenge considering energy harvesting in low-force
applications, since the surface-charge density in the PVDF
films is directly proportional to the applied stress, according
to Eq. 5.

The results of the sensitivity measurements are shown in
Table II. They revealed remarkably higher sensitivities when
compared to the  coefficient given by the manufacturer
( = −33 pC/N [15]). This is mainly due to the operation
also in -mode, as well as the structure of the roll: the same
force is applied to several locations of the roll simultaneously.
The lower sensitivity of the thicker PVDF film is probably due
to the stiffer material properties. The sensitivity of the PVDF
roll is mainly related to the amount of deformation of the
rolled films.

Fig. 4. The sensitivity measurement setup (a), and a rolled PVDF film pinned
under the moving head (b).

Holder
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Static force sensor

Dynamic force

Metal plate

Position
adjustment

PVDF roll

Fig. 5. The integrated energy harvesting circuit prototype with the
piezoceramic element attached.

Piezoelectric elementSupercapacitor

Diode circuit

Fig. 6. Supercapacitor cyclic voltammetry (CV) curves.
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When the piezoelectric elements (listed in Table II) were
driven with the Mini-Shaker, the dynamic force was
approximately 1–3 N, depending on the signal amplitude from
the function generator. This stimulation resulted in much
higher charging speed with the piezoceramic element. The
supercapacitor charging curves, measured when the elements
were driven at 10 Hz frequency, are presented in Fig. 8. The
charging curves, measured when the elements were treaded by
foot at approximately 2 Hz frequency, are presented in Fig. 9.
 The efficiency of energy harvesting depends on the
coupling coefficient (k) and the quality factor ( ), according
to  Eq.  6.  The  coupling  coefficient  of  the  used  PVDF  film
(Table I) is significantly smaller than those of piezoceramics
(typically 0.5–0.7) [19]. Furthermore, dielectric losses in
piezoceramics are practically insignificant (loss factor in a
range of 0.002–0.02), whereas the dielectric loss factor of
PVDF is approximately 0.25 [21]. It has also been reported
that dielectric losses in metallized PVDF films sharply
increase with lowering frequency [22].

In comparison to the results obtained with the Mini-Shaker
setup, the supercapacitor charging speed with the
piezoceramic element was significantly lower in the treading
experiment. In contrast, the charging speed obtained with the
rolled PVDF film was only reduced by approximately 50%.
The sensitivity values presented in Table II were measured
from  the  middle  of  the  PVDF  roll.  Instead,  when  measuring
from the edge of the roll, higher sensitivity values were
obtained (3000–4000 pC/N for the 28 µm film). The higher
sensitivity at the edges is probably due to larger bending of the
roll. This may also explain the operation in the foot treading
measurements: when the PVDF roll was mounted under foot,
the roll was flattened completely. These results suggest that

the rolled PVDF sheets are better suited for energy harvesting
applications with a sufficiently large displacement. In
addition, multiple rolls can be used to multiply the output. [23]

After the supercapacitor was first charged to 0.7 V using the
piezoceramic element, the supercapacitor was connected to the
electrochromic display, where slow switching occurred. As
can be seen from Fig. 10, good contrast was achieved.

The supercapacitor voltage dropped instantaneously when
current was drawn, but recovered to a level approximately 50
mV lower than before switching. According to Eq. 3, this
translates into 25 µJ energy consumption. The sudden drop is
probably related to slow movement of the electrolyte ions in
the porous electrodes (high ESR), which restricts the available
power, according to Eq. 4. The following recovery of the
voltage could be due to charge re-distribution within the
device [24].

IV. CONCLUSIONS

In this work we reported a flexible energy harvesting circuit
built from printable components, including a supercapacitor,
organic diodes and a piezoelectric element, and demonstrated
the concept in a practical application. The rolled PVDF film
elements gave out considerably higher sensitivity values than
the d33 value reported by the manufacturer. Despite similar

Fig. 7. The diode I-V curves. A schematic of the harvester circuit is shown as
inset.

TABLE II
MEASURED SENSITIVITIES OF THE PVDF ROLLS.

Element Thickness Sensitivity
Rolled PVDF films
(size 230 mm × 15 mm)

110 µm 1200 pC/N
28 µm 2800 pC/N

Piezoceramic (⌀ 14 mm) 3700 pC/N

Fig. 8. The capacitor charging curves, when the piezoelectric elements were
driven by sinusoidal signal at 10 Hz frequency and low force (1-3 N).

Fig. 9. The capacitor charging curves, when the piezoelectric elements were
treaded by foot at approximately 2 Hz frequency.
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sensitivity values measured for the PVDF rolls and the
piezoceramic reference element, the rolls were less effective in
harvesting mechanical energy than the rigid ceramic element.

The considerable losses in the energy harvesting stem from
two sources. On one hand, the diode I-V characteristics
present a challenge, since a relatively high voltage is required
to get the diodes in their conducting state. On the other hand,
the low coupling coefficient of PVDF and its high dielectric
loss factor cause additional losses.

Based on the results from the energy harvesting
experiments, the performance of the rolled PVDF films is
improved by maximizing the caused distortion. Hence, the
rolled PVDF films are better suitable for energy harvesting
applications where considerable force is applied. The rolled
elements would be also of use in sensory applications, where
high sensitivity is required. We showed that the energy
harvester can be used in an application where the energy
stored to the supercapacitor is used to switch an
electrochromic display.
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