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We designed and fabricated a high performance spring-type piezoelectric energy
harvester that selectively collects current from the inner part of spring shell.
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Here we present a high performance spring-type
piezoelectric energy harvester that selectively collects
current from the inner part of spring shell. We analyzed the
main reason behind the low efficiency of the initial design
using finite element models and proposed a selective current
collecting design that can considerably improve the
electrical conversion efficiency of the energy harvester. We
found that the newly designed energy harvester increases
the output voltage by 8 times leading to an output power of
2.21 pW under impulsive load of 2.18 N when compared
with the conventional design. We envision that selective
current collecting design will be used in spring-based self-
powered active sensors and energy scavenging devices.

The mechanical energy generated by a vibrating structure and a
moving object is one of the most ubiquitous energies that can replace
or add to the existing power sources such as batteries that have a
limited energy storage capacity and lifespan.' Energy scavenging
from the mechanical energy is generally made through one of three
conversion mechanisms such as electrostatic, electromagnetic, and
piezoelectric effect.® Although each conversion mechanism has
advantages in different applications, piezoelectric conversion has
received the most attention for use as sustainable electrical power
supplies for portable and wireless electronics as well as wearable
devices.” The advantage of piezoelectric conversion is that they are
able to directly convert mechanical energy into electrical power. In
other words, the piezoelectric conversion needs no complex
geometries or numerous additional components, which lead to a
simpler device design in comparison to other mechanisms.®
Therefore, piezoelectric energy harvesting (PEH) has been
considered and explored as a simple technology able to scavenge
electrical energy converted from mechanical energy in our
surroundings.’'?

Piezoelectric energy harvesting systems (PEHSs) can be
classified into two types based on whether a piezoelectric harvester
(PEH) is newly installed as a standalone device or embedded in the
system. The first one is installed as a new stand-alone PEH; this type
of PEH are usually installed at a spot where the mechanical vibration
is generated, adding a working volume of PEH to the system. Most
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of the stand-alone PEHs consist of 2-D structures such as beam,
plate and film.>"*!> Although PEHSs of this type are simpler and
less spacious than the systems using other mechanisms such as
electromagnetic and electrostatic conversion, additional space and
components for the PEHs are still required for scavenging energy.
Moreover, the size of the PEH could only be reduced to a certain
size due to the fact that the harvested energy changes in accordance
with the size of the PEH. The second type uses the existing structure
as the substrate for the PEH. Such embedded systems do not need
significant additional space and weight for the PEH, which enable us
to convert otherwise wasted volume and energy into useful ones.

Recently, embedded PEHSs using spring-type PEHs have
received attention for their applicability to existing structures
without the needs to either significantly modify the design or add
volume.'®!7 Mechanical springs have been widely used as the
component of machineries, vehicles or constructions for damping the
external shock and stress. A few research groups developed three-
dimensional spring-type PEHs using P(VDF-TrFE) film'® or ZnO
nanowires film,"” which could effectively generate electricity using
applied mechanical stress. However, there is a remaining issue in the
earlier works of spring-type PEHs (SPEHs), which is their low
electrical conversion efficiency.

Herein, we report the main reason behind the low efficiency
using finite element models and propose the selective current
collecting design that can considerably improve the electrical
conversion efficiency of the SPEHs when compared to the
conventional ones reported in the literature.

We conducted Finite Element Analysis (FEA)'® using ABAQUS
6.13 to calculate the stress distributions on P(VDF-TrFE) film on a
spring. Shell elements were used for the P(VDF-TrFE) film because
the film thickness was small enough compared to the other
dimensions. Therefore, we only obtained in-plane stresses such as
611, O, and o, but ignored stresses in thickness direction. In
addition, it is well known that piezoelectric materials generate
electric voltages in response to applied mechanical loads. In case of
thin P(VDF-TrFE) film, only 6;; and o,, are related to the generation
of voltages, where 11- and 22- directions indicate axial and
circumferential directions of spring wire, respectively.'®
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Fgure 1 Sress distributions on (a) AVDF-TrFE) thin film coated on
the spring (original design) and (b) P(VDF-TrFE) thin film coated only
inner part of the spring (new design). When the ferroelectric
polymer is poled toward inner (the spring) direction, compression
force generates positive charges and tensile force generates
negative charges.

Figure la shows the stress distribution in P(VDF-TrFE) film
deposited on the spring. We calculated o, and o5, in P(VDF-TrFE)
film and visualized their sum in Figure la that is responsible to
electric current. From the simulation result we found that there are
two main current components with opposite polarities through the
outer and the inner parts of the SPEH. The shell element in the outer
part of the spring is subject to a positive force (tension) while the
shell element in the inner part of the spring is subject to negative
force (compression). Therefore, each of the opposite forces generates
electrical charges with opposite polarities.

When the spring is loaded with compressive force of 3.08 N, the
forces applied to the elements in the outer and the inner parts of the
spring are 61.5 N and -68.6 N, respectively, as listed in Table 1. As a
result, the net force is -7.1 N, which the SPEH is subject to and
contributes to the overall generated electrical current from the SPEH.

Based on the analysis above, we propose a new design for SPEH
to enhance the conversion of mechanical force to electrical charges.
The main feature of the new design is to block the current from the
outer part of spring and selectively collects the current from the
inner part of the spring. In order to realize the design, we coated the
outer part of P(VDF-TrFE) film with an electrically insulating film.
While the insulating film blocks the current from the outer part of
the spring, the SPEH generates an electrical current induced by the

Table 1 Summations of forces applied on the elements by element.

Summation on element by element (N/ coil)

Design
Positive Negative Net
Original 61.5 -68.6 -71
New 0.0 -68.6 -68.6
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RAgure 2 Schematics of the fabrication process of newly designed
SPEH.

negative force acting on the inner part of the spring as shown in
Figure 1b. As a result, when the newly designed SPEH is loaded
with compressive force of 3.08 N, the net force acting on the inner
part is -68.6 N which increases the output power by 9.67 times when
compared with the initially designed SPEH.

Figure 2 shows the schematic of fabrication process to make
SPEH with the selective current collecting design. Firstly, P(VDF-
TrFE) solution and a spring were prepared. The precursor solution
was prepared by dissolving 20 wt% P(VDF-TrFE) (VDF:CH2-
CF2/TrFE:CHF-CF2, 75/25) in methyl ethyl ketone solvent (MEK).
Stainless steel spring was a commercially available one (Hyundai
Spring, Inc.), with a wire diameter of 0.89 mm, an outer spring
diameter of 15.03 mm and a length of 40.28 mm, respectively. The
spring had 6 turns. The spring constant was measured by placing a
mass of 500 g at the end of the spring. Before the dip-coating
process, the spring was cleaned using acetone and ethanol and then
dried for 1 hour in vacuum of less than 1 kPa. The spring was
immersed into the solution for 30 s. The spring was then withdrawn
from the solution at a pulling speed of 10 mm/min using the dip-
coater (TL0.01, MTI Corporation, Inc.). The coated P(VDF-TrFE)
was left to dry for 1 h in ambient condition. To have a uniform
coating of P(VDF-TrFE) film on the spring, we flipped the spring
upside down and repeated the coating process. Then, we annealed
the coated spring to increase the crystallinity of P(VDF-TrFE) film
at 130°C for 6 h in ambient condition. After cooling the spring to
room temperature, we used the nail polish solution (nail polish, ECO
TOP COAT, Innisfree Inc.) to form an insulating film on the outer
part of the spring. After drying the spring for 1 h, we masked both
ends of the spring using Teflon tape while leaving the middle one
third of the spring unmasked. Afterwards, we coated Al electrode on
top of the spring by thermal evaporation. To obtain uniform and
conformal coating on the spring, we repeated the Al coating process
while rotating the spring about its long axis with an interval of 120°
for three times. Finally, we removed part of the Teflon mask to
electrically connect to the core electrode, which is the spring itself,
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Figure 3 Fots of (a) vertical displacement of the original SPEH under
cyclical compression stress, and (b) resulting output voltage signal
generated as a function of elapsed time. Comparative plots of (c)
vertical displacement of the newly designed SPEH under cyclical
compression stress, and (d) resulting output voltage signal
generated as a function of elapsed time.

and poled the P(VDF-TrFE) film between core-electrode and
surface-electrode with a bias voltage of 400 V for 1 hour using the
high voltage DC power supplier (Series FC, Glassman High Voltage,
Inc.).

We conducted a comparative experiment between the original
and the new designs to evaluate the improvement of the performance
in terms of the output voltage generated by the applied force to the
spring. In addition to the SPEH with the selective current collecting
design (“new design), we fabricated an SPEH using the process
described in our previous report'® and designated it as the original
design. We compared the output voltages from both the original and
the new designs using the same cyclic displacement condition as
shown in Figures 3a and c.

In the original design, the average amplitude of displacement
wave was 4.52 mm (standard deviation (SD) = 0.11 mm) under
applied vertical force of up to 3.05 N (spring constant was 337.9
N/m) while the frequency of the wave was 2.43 Hz. Figure 3b shows
the output voltage signal from the SPEH under the applied cyclical
vertical force. We were able to collect the output voltage signals
from the SPEH using a digital oscilloscope. The average high and
low peak voltages were 0.061 V (SD =0.029 V) and -0.045 V (SD =
0.026 V), respectively. The average peak-to-peak voltage was 0.106
V (SD =0.0049 V).

In the new design, the average amplitude of displacement wave
was 4.56 mm (SD = 0.06 mm) under applied vertical force of up to
3.08 N while the frequency of the wave was 2.47 Hz. The average
high and low peak voltages were 0.371 V (SD =0.029 V) and -0.514
V (SD =0.0029 V), respectively as shown in Figure 3d. The average
peak-to-peak voltage was 0.885 V (SD = 0.038 V), of which value is
8.22 times higher than that of the original design.

The simulation result using FEA predicts that the selectively
collecting current design increases the output power by about 9.67
times based on the ratio of net force acting on the original and the
new designs, which is in a good agreement with the experimental
results. We think that the discrepancy between the experimental and
simulation results resulted from the incomplete shielding effect of
the insulating film.(See supplementary information).

We measured the output voltage generated by the SPEH under an
impulsive load by dropping a weight of 25 g from various heights as

This journal is © The Royal Society of Chemistry 2014
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RAgure 4 (a) Schematic diagram of the experiment in which the SPEH
is impacted by a descending weight of 25 g. (b) Plots of average
peak-to-peak voltages generated from SPEH as a function of initial
gap height between the weight and the SPEH. Error bars represent
the standard deviations. Plots of (c) vertical displacement of the
SPEH when impacted from the height of 5 cm, and (d) resulting
output voltage signal generated as a function of elapsed time.

shown in Figure 4a. Figure 4b shows the plots of the average peak-
to-peak voltage generated from the SPEH as a function of
descending height. We found that the output voltage increased
linearly with an offset at 0 cm as the height increased.

Figure 4c shows the plots of the vertical displacement of the new
design SPEH induced by the impact of the falling weight of 25 g
from a height of 5 cm, which leads to a displacement of up to 5.7
mm. Figure 4d shows the output voltage signal generated as a
function of the elapsed time. The maximum average peak to peak
voltage was 4.82 V (SD=0.47 V).

We measured the output voltage generated by the SPEH as a
function of the load resistance in order to find the optimal electrical
loading condition to maximize the output power. The output
voltages were measured under an impulsive load by dropping a
weight of 25 g from a height of 5 cm. Figure 5a shows the plots of
the average peak-to-peak voltage generated by the SPEH. We found
that the output voltage increased monotonously as the resistance
increased. We calculated the output power using the output voltage
and the load resistance, of which plot is shown in Figure 5b. The
SPEH generated maximum peak power of 2.21 pW under impulsive
load of 2.18 N when the load resistance was 6.6 MQ.

The output power of 2.21 pW is the highest record reported from
SPEHs due to several reasons including our new design of selective
current collection and the unique way to collect the electricity via
impact experiments. There are currently two prior reports on the
spring-type energy harvesters, and one from Wang’s group reported
open-circuit voltage of up to 0.3 V and short-circuit current of up to
8 nA under the external force of 15.2 N, which results in a peak
power of about 2.4 nW, which is about ten times smaller than the
peak power of 26.4 nW obtained from our new design under similar
type of low frequency cyclic loading.

In conclusion, we designed a high performance spring-type
piezoelectric energy harvester that selectively collects current from
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Fgure 5 Plots of (a) output peak-to-peak voltage and (b) resulting
output power generated from SPEH as a function of the load
resistance. Error bars represent the standard deviations. The SPEH
generated maximum peak power up to 2.21 yW under impulsive
load of 2.18 N at the load resistance of 6.6 MQ.

inner part of spring shell. Our design was based on the finding that
there are currents with opposite polarities between outer and inner
parts of spring shell within SPEH that results in decrease of output
power. We found that the newly designed SPEH generates peak
power up to 2.21 pW under impulsive load of 2.18 N due to the
selective current collecting design that increases the output voltage
by 8.22 times. We envision that selective current collecting design
will be used in spring-based self-powered active sensors and energy
scavenging devices.
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