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Abstract: This paper presents a device for power harvesting from human motion. Piezoelectric disc
benders as functional part are sensitive to low frequency mechanical stimuli and aperiodic excitation. A
numerical model in ANSYS serves as a design tool to specify the disc benders for different load
applications. With the performance of 1.3 mW from 1 Hz stimuli, the generators are powerful to drive
small integrated circuits in wearable self-powered systems. The generators allover thickness of 4 mm
approves the simple implementation into the base of shoes. Low cost parts and a simple set-up were
chosen to facilitate the latter realization as industrial product.
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1. INTRODUCTION
The ascent of miniaturization and performance
enhancement
has
transformed
wearable
electronics to our ubiquitous daily attendant. LiIon rechargeable batteries are state of the art to
power such hand–held devices, e.g. mobile phone,
PDAs. However, the growth of battery technology
has remained stagnant compared to electronics in
the last decade, as stated in [1]. Since the range of
our new freedom is limited by the frequent act of
recharging a battery a basic question arises: Is
there an alternative to storage-based power
supply? In fact, the most discussed issue is where
to get the power from.
Apparently, power has to be gathered from the
users environment or from the user itself to
maintain full mobility. For this purpose, energy
harvesting from mechanical forces appears as a
promising candidate. Among the force
transducing materials, PZT and PVDF are the top
performers for power harvesting applications [2].
Starner [3] and later Niu [4] investigated the
energy available from human body motions. The
heel strike was found as the most powerful and
most simply accessible source. In the following
years shoe-mounted power generators based on
piezoelectric materials were presented by
Kymissis [5] and Shenck [6]. A different concept
was chosen by Prahlad [7] using dielectric
elastomers a the heel strike generator. All of them
achieved very competitive power outputs of
several mW. A closer look evidences, that the
expensive parts of theses generators and their

complicated set-up makes them to experimental
devices. With the spread of self-powered devices
in daily life in mind, cost effective parts and a
simple and modular design are required. This
work presents the design and fabrication of a
piezoelectric heel strike generator that can be
easily turned into an industrial product.
2. DESIGN
Functional part of our generators are PZT steel
composite discs (see Figure 1), which feature a
good performance at low costs and are available
in numerous sizes. With regard to the working
principle of the piezoelectric effect, a high stress
in the PZT layer is desirable. Engineering
mechanics shows that the highest stresses occur in
the plane of a bended composite structure. The
output for a clamped and pressure-loaded plate
was investigated by Kim [8-9]. In order to avoid
such complex treatment and to retrieve the

Fig. 1: Photograph of a piezoelectric disc bender.
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maximum energy, we have chosen a roller support
instead. Through its two degrees of freedom at the
circumference (see Figure 2), the piezo discs can
uniformly contract under loading and a larger
deflection and a uniform curvature are achieved.
The second and as well important advantage is the
simple mechanical implementation of the support.
The disc is placed into a staged cylinder. Under
loading, the disc slides over the edge which forms
a roller like bearing.

Fig. 2: Degrees of freedom of the roller support.
This design has been verified and optimized
with a reliable theoretical model. Although the
set-up does not look too different from the simple
Kirchhoff plate theory, a major assumption is not
satisfied. Through the possible shift in r-direction
the diameter remains not constant. For this reason
analytical theories can not be adopted to describe
the generator. Additionally, the retro action of the
generated voltage on the deflection is not
considered. Therefore numerical simulation tools
were used to model the piezoelectric device. The
3D coupled-field analysis was performed in
ANSYS. Solid226 was used for PZT (assuming to
be orthotropic) and solid95 for the steel sheet. A
10 degree section was created and meshed with 20
node bricks. For applying the roller support, we
have constrained the z-displacement of the discs
circumference at the supporting circle.

Figure 4: Comparison of the results from the
numerical simulation with measured values of
deflection and voltage.

Figure 3: Numerical simulation result for the
plate’s curvature.

Figure 5: Schematic sequence of deflection and
electrode potential for one load pulse.
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Additionally, the center point motion was
restricted to the z-direction to prevent the plate of
shifting sideways. Figure 3 depicts the curvature
results on the modeled disc section. The center
displacement and the generated electrode potential
were calculated. Figure 4 shows the comparison
of the numerical results with measurements. Due
to the good coincidence, the numerical model can
serve as a tool to specify the disc benders for
different load cases, and furthermore to predict the
generated charge. In order to ensure a reliable
operation the maximum deflection for a maximum
strain of 0.35% ([10]) was determined from the
numerical analysis, and incorporated into the
housing design.

Since the device forms a power generator, all
optimizations are focused on the enhancement of
the power output. The “environment” was
optimized by the choice of the roller support.
However, also the generator has to be treated.
Basically the disc bender can be seen as capacitor
with a time-dependent charge. The stored charge
grows linear with the capacitors surface area. For
this reason multilayer disc benders were
fabricated by gluing together single discs and
intermediate electrodes periodically.

Figure 6 which displays the results, it can be seen,
that output power increases in accordance to the
theory by the layer number. Next, the generators
capability to charge a 1000 µF capacitor was
determined. A passive full bridge rectifier with
1N5804 diodes was used to demodulate the
voltage. Figure 7 shows the charging sequence of
the capacitor for different resistive loads. The
detail graph shows the rise of the capacitor
voltage for the first few steps.

4. EXPERIMENTAL
For the basic investigations discs consisting of a
120 µm PZT layer with 25 mm diameter sintered
onto a 100 µm steel shim with 35 mm diameter
were used. The loading conditions from the
pneumatic
actuator
are:
F = 10 N,
ontime = 0.2 sec, frequency = 1 Hz. First, the
resulting deflection is detected with a laser
distance sensor and second, the generated voltage
is monitored on an oscilloscope. The sequence for
one load pulse is depicted in Figure 5. It can be
seen, that the electrode potential should be
relaxated during the constant displacement to
retrieve the full backward voltage from the step
back into the non-deflected state. Under ideal
conditions, both phases will deliver the same
amount of energy.
To confirm the performance enhancement of a
multilayer set-up, the output power of different
layered generators was evaluated. For the reason
of comparison, the load was adjusted in such a
way that all generators show the same deflection.
So the load is averaged to 10 N per layer. From

Fig. 6: Comparison of the output power versus
resistive load of generators with different number
of layers.

Figure 7: Charging sequence of a 1000µF
capacitor with different resistive load.
3. DISCUSSION
During the design, attention was paid to meet
the maximum output with a set-up as simple as
possible. By the choice of the roller support, the
largest possible disc deflection and a uniform
curvature are achieved. At the same time the
support is easy to fabricate since no complex
bearing is necessary. With this functionality our
generator overcomes the set-up of [8,9] by
multiple. A possibility to further increase the
output power is to optimize the area relation
between PZT and base. Compared to other shoemounted energy harvesting devices, the functional
part is commonly available, cost effective and
durable. The whole set-up is simple and contains
only a few parts.
A numerical model was developed to serve as
design tool to predict the generated voltage. As
shown in Figure 4, the curvature values have only
one sign. This proofs that the curvature is
homogeneous as preset by the mechanical design
of the generator. Accordingly only charges of one
polarity occur on each electrode and internal
shortcut currents are avoided. The excellent
accordance between the numerical results and the
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measurements is shown in Figure 3. Furthermore,
to specify the disc benders for different load
conditions, the limits of load and deflection were
determined. The attained values were utilized for
the housing design to ensure a durable operation.
The deflection is limited by the cavity depth of the
support. Figure 8 shows an assembled generator in
a lab-housing. Both parts of the housing can be
fabricated by injection molding which supports
the industrial realization.

facilitated through its smart modular design and
the use of low cost parts. Beside the major
application as power supply for wearable
electronics, the generator can operate as selfsufficient sensor. For instance as an impact
messenger for patients wearing orthotics it might
ensure a faster healing of injuries of the lower
limbs, e.g. fractures and tendon cracks.
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