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Abstract— This paper presents a microelectromechanical
systems (MEMS)-based energy harvester that is designed to
harvest electrical energy from an external source of ultrasonic
waves. The harvester features a novel 4-degree-of-freedom (DOF)
mechanical design that uses three translational resonance modes
and one rotational mode, with electrostatic transducers being
implemented to perform the conversion of mechanical to electrical energy. The 4-DOF design of the system allows energy to
be harvested regardless of the device’s orientation, which holds
particular benefits for potential applications that include the
powering of implanted biomedical devices. Full characterization
of the fabricated MEMS harvester is performed, which shows
that the device is able to generate electrical power outputs of
180, 189, and 49.1 nW due to ultrasonic excitation from the
x-, y-, and z-directions, respectively.
Index Terms— Energy harvesting, MEMS, ultrasonic, 4-DOF,
electrostatic transducer.

I. I NTRODUCTION

T

HE field of energy harvesting remains a very active area
of research due to the significant benefits it potentially
holds for remote and standalone electronic devices. At present,
the majority of portable, low-power systems including personal
electronic devices, wireless sensor nodes, and remote sensors
and actuators continue to rely on conventional batteries as their
main source of electrical energy due to their high specific
energy density and ease of use [1], [2]. However, the need
to replace batteries on a recurring basis represents a significant drawback, particularly when the application is deployed
remotely or is in a location with limited accessibility [3]. There
has therefore been much interest in developing techniques to
reduce the current level of dependence on batteries, and the
use of energy harvesting represents one possible solution.
Energy harvesting involves generating electrical power
from external sources of energy that may include mechanical motion, solar energy, temperature gradients, and fluidic
flow [4]–[6]. After appropriately conditioning the harvested
electrical power, it can be used to supplement the energy
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provided by a conventional battery, therefore increasing the
effective running time of the system and reducing the frequency of battery replacement. In certain cases, it may even
be possible for the harvested energy to become the system’s
sole source of electrical power, therefore removing entirely the
need for external charging.
Much of the current research involving energy harvesting
has focused on microscale, rather than macroscale implementations [7], [8]. This has been driven largely by rapid
reductions in the power consumption, size, and cost of sensing
platforms and other electronic systems [4]. As a result, there
has been a recent focus on the use of microelectromechanical
systems (MEMS) to implement energy harvesting techniques,
given their relatively straightforward fabrication processes and
ease of integration with external electronic systems [8], [9].
One example that stands to benefit from the use of
microscale energy harvesting is biomedical applications,
which are expected to make increasing utilization of electronic devices implanted within the human body [10].
These devices include drug pumps, cardiac defibrillators, and
pacemakers [11], and feature power consumptions that can
range from tens of microwatts to several milliwatts [11]–[13].
Conventional batteries continue to be used as the primary
energy source for such devices, meaning that surgery is usually
needed to replace the batteries on a periodic basis [14], [15].
There is significant interest in developing techniques to wirelessly transfer electrical energy to such implanted devices,
and one such approach is the use of inductive transfer via
electromagnetic waves [16], [17]. However, this method suffers from a number of potential limitations, including the
effect of electromagnetic coupling and greatly reduced transfer
efficiency at the distances typically associated with implanted
devices [18], [19]. As a result, the transmission of electrical
power through the body is of continuing research interest, and
one possible solution is the direct integration of a MEMS
energy harvester with the implanted biomedical device.
This paper presents a MEMS-based electrical energy
harvester that has been designed to use an external
source of ultrasonic waves for mechanical excitation. With
ultrasonic waves having previously been shown to be an effective method to both transfer energy to a receiver embedded
within soft tissue [20], [21] and mechanically stimulate an
implanted microdevice [22], [23], this represents a highly
suitable approach for implanted biomedical applications.
In a single-DOF system, any misalignment between the
energy harvester and the direction of the source of mechanical
excitation can lead to a significant reduction in the energy
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converted by the device. For example, the harvester presented
in [20] features 15 mm diameter disc-shaped PZT elements that
generate electrical energy from out-of-plane vibrations induced
by incident ultrasonic waves. While the use of a macroscale
PZT structure allows relatively high levels of electrical power
to be obtained, experimental testing showed that the power
output of the device drops quickly if the transmitter and
harvester are not optimally aligned. However, designing a
system with multiple mechanical degrees of freedom can
significantly reduce this problem by increasing the harvester’s
ability to respond to excitation from different directions. This
approach is particularly relevant for an application such as an
implanted harvester, where its orientation or position may not
necessarily be known with absolute precision.
The MEMS energy harvester presented in this paper implements a novel 4-degree of freedom (DOF) mechanical design
that allows the harvester to respond to external ultrasonic
waves via multiple, independent mechanical mechanisms. The
designed device builds on previous work involving MEMS
harvesters with multiple DOFs. In [24] and [25], a 2-DOF system was designed that allowed energy to be generated through
the mechanical oscillations of a mass along two orthogonal
in-plane directions. The system presented in [26] and [27]
featured an additional out-of-plane harvesting mode, resulting
in a 3-DOF design. The work presented in this paper extends
the direction of this previous research through the design of
a novel MEMS-based system with four independent DOFs
that allow the harvester to generate electrical energy in any
orientation.
Given that the energy harvester’s proof mass comprises
the majority of the device’s footprint, significant gains in
power density are achieved through the use of a multipleDOF harvesting mechanism that uses the same mechanical
structures to generate electrical energy via multiple resonance modes [28]. While multiple-DOF harvesting can be
implemented using several smaller 1-DOF harvesters arranged
in an orthogonal configuration, as noted in [19], the efficiency of ultrasonic power delivery falls with decreasing
receiver dimensions. Therefore, the implementation of a single
MEMS harvester with a multiple-DOF mechanical design
results in improved harvesting power density.
II. D ESIGN AND FABRICATION OF THE
4-DOF MEMS E NERGY H ARVESTER
The MEMS energy harvester presented in this paper is a
resonant mechanical system that is designed to be used in
conjunction with ultrasonic waves provided by an external
transmitter. The harvester is mechanically designed such that
the incident ultrasonic waves result in vibrations of the mass
structures within the harvester, which are then used to generate
electrical energy that may be supplied to an attached electrical
load.
Instead of possessing a basic, single-DOF mechanical structure, the MEMS harvester has been developed to include
tuned mechanical resonance modes in each of the x, y, and
z directions, with an additional rotational yaw mode around
the device’s z axis. This structure allows resonant mechanical
oscillations to be generated within the harvester irrespective of
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TABLE I
D ESIGN PARAMETERS OF 4-DOF MEMS E NERGY H ARVESTER

the direction of the ultrasonic excitation, and therefore enables
the device to produce electrical power in any orientation.
Each of the four harvesting modes features independent
electrostatic transducers to convert the mechanical energy of
the vibrating mass structures into electrical energy. While
piezoelectric transducers can provide higher electrical power
outputs, the nature of the microfabrication process means that
their use in MEMS energy harvesters is generally constrained
to out-of-plane operation. The 4-DOF MEMS energy harvester
therefore implements electrostatic transducers due to their ability to be flexibly designed for both in-plane and out-of-plane
operation. These electrostatic transducers are comprised of
interdigitated comb-finger electrodes, with the displacements
of the harvester’s mechanical structures being utilized to create
varying capacitances through variations in the overlap between
the electrodes. Table I provides a summary of the harvester’s
main design parameters, while the operation of each of the
harvesting modes is discussed below.
A. In-Plane Harvesting Modes
The MEMS harvester’s in-plane harvesting mechanism uses
a parallel kinematic design, and features a square, centrallypositioned mass structure. The mass is suspended by a series
of flexures, which are distributed around the edge of the
mass and allow it to mechanically displace along both the
x and y directions when a source of ultrasonic excitation
is directed towards the harvester. The dimensions of the
flexures are tuned so that entire structure possesses symmetric mechanical resonance modes along both of the device’s
in-plane directions.
The frequencies of these resonance modes are chosen to be
equal to the frequency of the intended ultrasonic excitation,
therefore maximizing the mechanical response of the harvester
and consequently maximizing its electrical power output. For
the designed system, a resonance mode frequency of 25 kHz
was selected as it is a common frequency for off-the-shelf
ultrasonic transmitters.
The harvester’s resonance modes were simulated in
CoventorWare, with Figs. 1a and 1b showing the finite element
simulations of the x and y modes, respectively.
Electrostatic transducers are implemented around the edges
of the device to harvest electrical energy from the vibrations
of the mass, with separate electrodes being utilized for the
x and y axes due to the decoupling nature of the flexures.
The transducers are configured as in-plane, overlap-varying
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around both the edge of the disc and on the surrounding ring
structure. In this case, the vertical oscillations of the mass
create a changing capacitance due to out-of-plane variations
in the overlap between the electrodes.
The rotational harvesting mode is nested within the central mass structure in a similar manner. A set of flexures
surrounding the circular ring at the center of the device
is designed so that the entire central harvesting structure,
which includes the out-of-plane mechanism, has a rotational
resonance mode around the z axis of the device. Suspended
structures fabricated from the substrate layer are again used
to mechanically reinforce the device layer and increase the
out-of-plane stiffness of the mass structures. As with the
other three resonance modes, this mode (shown in Fig. 1d)
is designed to be located at approximately 25 kHz.
C. Electrical Routing

Fig. 1.
Finite element simulations of the harvester’s resonance modes.
(a) X-axis mode. (b) Y-axis mode. (c) Z-axis mode. (d) Rotational mode.

comb fingers, which result in a linear change in capacitance
with respect to the displacement of the mass.
B. Out-of-Plane and Rotational Harvesting Modes
Rather than consisting of a single solid mass, the structure
comprising the in-plane harvesting mechanism is subdivided
into a number of separate mechanical elements that form
the MEMS device’s out-of-plane and rotational harvesting
mechanisms. As a result, these mechanisms can be considered
to be serially nested within the in-plane harvesting structure.
The z-axis harvesting mode involves a circular disc at the
center of the device, which is connected to a surrounding ring
via an additional set of flexures. These flexures are tuned such
that a mechanical resonance mode is created that generates a
relative out-of-plane vibration between the disc and the ring.
The finite element simulation of this mechanical resonance
mode is shown in Fig. 1c.
To provide the necessary surface area for the mechanism
to be sufficiently excited by incident ultrasonic waves, the
circular disc has a relatively large diameter of 1.4 mm. However, this results in the disc possessing a very low mechanical
stiffness in the z direction, making it difficult to design a
suspension system that provides an out-of-plane mechanical
resonance at ultrasonic frequencies. This issue is resolved by
using the substrate layer of the MEMS die to provide extra
mechanical support for the disc, allowing it to remain rigid
in the vertical direction. As shown in the scanning electron
microscope (SEM) images of the device presented in Fig. 2,
a cross-shaped structure fabricated from the substrate layer is
suspended beneath the central disc. Additional flexures then
connect the disc to the surrounding ring structure, with the
flexures being designed to allow this out-of-plane mode to
again be located at approximately 25 kHz.
The electrostatic transducer for the out-of-plane harvesting
mode is implemented by including comb finger electrodes

The MEMS harvester uses a silicon-on-insulator (SOI)
fabrication process, which provides only a single conductive layer that may be used to route electrical paths from
the electrostatic transducer electrodes to bonding pads. This
makes it difficult to implement an electrical connection with
the out-of-plane and rotational harvesting mechanisms, which
are serially nested within the in-plane harvesting structure.
To overcome this issue, the suspended substrate structures used
to increase the rigidity of the device layer have also been
used to mechanically link adjacent structures in the device
layer while maintaining their electrical isolation due to the
buried oxide between the device layer and the substrate. This
makes it possible to design more complex paths for electrical
routing within the device layer, as is necessary for the electrodes at the center of the device. An overview of the MEMS
harvester’s electrical routing configuration is shown in Fig. 3.
D. MEMS Fabrication
The 4-DOF ultrasonic energy harvester was fabricated
using the commercial SOIMUMPs silicon-on-insulator MEMS
process provided by MEMSCAP [29]. This process provides
a 25 μm device layer comprising n-doped silicon and allows
mechanical structures to be created with a minimum feature
size and spacing of 2 μm. A buried oxide layer with a
thickness of 2 μm is used to electrically isolate adjacent structures within the device layer. SEM images of the fabricated
harvester are shown in Fig. 2.
The substrate of the MEMS die is a 400 μm thick layer
of silicon, which is patterned using a deep reactive ion etch
to release the mechanical structures within the device layer.
While most of the substrate beneath the harvester is removed
in this step, a number of suspended substrate structures are
allowed to remain that are used to mechanically connect
electrically-isolated sections of the harvester, as described
in Section II-B.
III. E XPERIMENTAL C HARACTERIZATION
A. Mechanical Resonance Analysis
For testing and characterization, the MEMS die containing
the 4-DOF harvester was affixed to a small PCB incorporating
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Fig. 2.
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Scanning electron microscope images of the fabricated 4-DOF MEMS harvester.

Fig. 4. Mechanical frequency response of the 4-DOF energy harvester along
the x-, y-, and z-axis directions.

at 22.36 kHz, 24.56 kHz, 24.90 kHz, and 30.68 kHz, which are
reasonably close to the desired harvesting frequency of 25 kHz.
Fig. 3. Layout of electrical routing paths for the MEMS harvester. Each color
denotes the sections that are electrically connected, with etched channels in
the device layer being used to provide electrical isolation between sections.

a hole, which allows the harvester’s suspended substrate structures to move freely during operation. Electrical connections
to the harvester’s electrostatic transducers were made through
the use of gold bonding wires.
The mechanical resonance modes of the fabricated harvester were experimentally obtained with the use of a Polytec
MSA-050-3D Micro System Analyzer (MSA). This system
uses three laser Doppler vibrometers to make high-resolution
measurements of the mechanical vibrations of a structure along
each of the x, y, and z directions. For this test, the resonance
modes of the MEMS device were mechanically excited by
adding a low-amplitude, wideband chirp signal to a 60 V DC
bias and applying it to the electrostatic transducers. The MSA
was used to measure the resulting vibrations at a point close to
the center of the harvester’s mass, with the resulting frequency
response measurements being shown in Fig. 4. It is evident
that this magnitude plot contains four significant peaks located

B. Visualization of Resonance Modes
To confirm that the four identified resonances are the
designed mechanical modes for energy harvesting, the MSA
was used to identify the shape of each of these modes. This
is achieved by performing a scan that involves measuring the
vibrations of the mechanically excited structure at a number
of defined points on the surface of the device. From these
measurements, a 3D visualization can be generated that shows
the nature of the harvester’s vibrations at each frequency
within the excitation bandwidth. The obtained mode shapes
at the four identified mechanical resonance frequencies are
shown in Fig. 5.
It is clear that the shape of these experimentally obtained
resonance modes are very similar to the designed modes shown
in Fig. 1. While the x and y modes are close to the desired
frequency of 25 kHz, being located at 24.57 kHz and 24.90 kHz
respectively, there is a greater level of variation for the z and
rotational modes, which in the experimental system are located
respectively at 30.68 kHz and 22.36 kHz.
One potential factor for these variations is imperfect etching
of the suspended silicon substrate structures associated with
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Fig. 6. The experimental setup used to test the MEMS harvester with the
ultrasonic transducer.

C. Electrostatic Transducer Testing and Frequency Response

Fig. 5.
3D representations showing the shape of each of the 4-DOF
harvester’s mechanical resonance modes. (a) X-axis mode. (b) Y-axis mode.
(c) Z-axis mode. (d) Rotational mode.

the z and rotational harvesting mechanisms. The mechanical
structures for these modes are serially nested at the center of
the device, and their smaller geometric size compared with
the x and y harvesting mechanisms means that the suspended
silicon substrate comprises a greater proportion of the mass of
these structures. As a result, any variation in the dimensions of
the suspended substrate components from their nominal values
due to inconsistencies in the fabrication process is likely to
result in more significant deviations in the frequencies of the
z and rotational modes from their designed values.

Having verified the frequency and shape of the fabricated
MEMS harvester’s mechanical resonance modes, the device’s
electrostatic transducers were tested to confirm that they are
able to generate an electrical output due to the mechanical oscillations of the mass structures. For this test, the
MEMS harvester was mechanically excited using a Prowave
250ST180 ultrasonic transmitter, which was selected as its
center frequency of approximately 25 kHz is relatively well
matched with the resonance frequencies of the device’s harvesting modes. The transmitter was positioned close to the
harvester and was electrically driven by a 20 Vrms periodic
chirp signal. A photo of the experimental setup is shown
in Fig. 6.
Each of the harvester’s four transducers were supplied with
a 60 V DC bias provided by an external voltage source.
As electrostatic transducers require an initial electrical charge
to generate electrical energy from mechanical vibrations,
a number of methods for providing this bias are demonstrated in the literature. These include integrating electret
materials with a quasi-permanent electrical charge [30], [31]
or implementing a power conditioning circuit that uses a
portion of the harvester’s converted electrical energy to prime
the transducers [32]. For the purpose of testing the 4-DOF
harvesting mechanism presented in this paper, an externally
supplied bias is sufficient, however a practical implementation
of the system would likely utilize a standalone biasing method.
Each of the four transducers (x/y/z/rotational) was individually tested, being connected one at a time to the input
of a HP35670A signal analyzer. For each transducer, three
frequency response measurements of the transducer’s output
were recorded while the ultrasonic transmitter was separately
oriented along the x, y, and z axes of the harvester. The
resulting frequency responses for each transducer are shown
in Fig. 7.
The obtained frequency responses show that the primary resonance for each transducer is at essentially the same frequency
as its corresponding mechanical resonance mode, previously
identified via the MSA in Section III-B. These results therefore
demonstrate that the mechanical resonances of the MEMS
harvester are successfully converted into electrical energy by
the electrostatic transducers.
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direction of the rotational mode is around the z axis of the
device, this result is to be expected as this mode is similarly
sensitive to excitation from any in-plane direction.
These results show that the response of each of the MEMS
harvester’s electrostatic transducers is strongly dependent on
the direction of the applied ultrasonic excitation, as expected,
and therefore confirm that the mechanical modes of the device
are effectively decoupled.
IV. U LTRASONIC T RANSMITTER BANDWIDTH T UNING

Fig. 7. Frequency response measurements of the output of each electrostatic
transducer. Excitation is provided by an ultrasonic transmitter directed along
each of the three primary device axes. (a) X-direction. (b) y-direction.
(c) z-direction. (d) Rotational transducers.

Furthermore, it can be seen that for the x, y, and z-axis transducers, the dominant peak in the frequency response achieves
its maximum amplitude only when the direction of the applied
ultrasonic excitation matches the transducer being tested; for
example, the magnitude of the x-axis transducer’s response
is greatest when the ultrasonic waves are transmitted from
the x direction, and similarly for the y and z-axis transducers.
In contrast, the frequency response of the rotational transducer
indicates that almost identical outputs are produced when
excitation is provided from the x and y directions. Since the

As described in Section II, the 4-DOF MEMS energy harvester was designed such that the four mechanical resonance
modes used for energy harvesting would each be located at
approximately 25 kHz. This frequency allows the device to be
well matched with commercial ultrasonic transmitters such as
the Prowave 250ST180 used in this paper, which also features
a 25 kHz center frequency. However, the previous characterization results indicate that in the fabricated device, the
desired mechanical resonance modes are located at 22.36 kHz,
24.57 kHz, 24.90 kHz, and 30.68 kHz. With the 250ST180
ultrasonic transmitter having a bandwidth of 1.5 kHz, this
means that the mechanical response of the two modes located
outside of the transmitter’s bandwidth (the z-axis and rotational modes) will be significantly reduced, therefore lowering
the harvester’s potential energy conversion efficiency. Due to
the generally narrow bandwidths of ultrasonic transmitters in
general, it was not feasible to obtain a commercially available
transmitter that is better matched with the fabricated device’s
resonance modes than the model already used.
However, it was demonstrated in [33] that it is possible to
modify the frequency response of a piezoelectric ultrasonic
transmitter through the addition of passive electrical components in series with the transmitter. By carefully selecting
appropriate component values, the response of the ultrasonic
transmitter used within these tests could therefore potentially
be tuned to better match the dynamics of the fabricated MEMS
energy harvester, and thus improve the device’s electrical
power output. The procedure used to carry out this task is
briefly described here.
A useful electrical representation of a piezoelectric ultrasonic transmitter is shown in Fig. 8a. To determine the corresponding component parameters Rs , L s , Cs , and C p for the
Prowave 250ST180 transmitter used for testing, the frequencydomain impedance of the transmitter was first obtained by
performing a frequency response measurement involving its
input voltage and current. The impedance of the circuit shown
in Fig. 8a is derived to be given by:
s 2 C1p + s L sRCs p + Cs L1s C p


Z (s) =
C +C
s 3 + s 2 LRss + s CspL s Csp

(1)

A least squares method was then used to identify the
parameters Rs , L s , Cs , and C p such that the impedance Z (s)
best fits the experimentally obtained impedance measurement.
The component values were obtained to be Rs = 550 ,
L s = 147 mH, Cs = 0.265 nF, and C p = 2.31 nF, with
a frequency response plot showing the match between the
resulting Z (s) and the actual transmitter impedance being
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Fig. 8.
(a) Electrical model of a piezoelectric ultrasonic transmitter.
(b) Transmitter model with added series resistor and inductor for bandwidth
tuning [33]. (c) Final ultrasonic transmitter circuit used for measurement of
the MEMS harvester’s power output. The circuit includes the transmitter,
compensating elements, voltage amplifier, and a voltage source generating
four sinusoidal outputs at the frequencies of the MEMS device’s resonance
modes.

Magnitude frequency response of transfer functions a) VI for
in
the uncompensated ultrasonic transmitter, and b) VIc for the compensated
in
ultrasonic transmitter. The vertical lines indicate the frequencies of the
fabricated harvester’s resonance modes.

Fig. 10.

response of the ultrasonic transmitter is therefore given by:
I
=
Vin
s2 +

Fig. 9. Measured impedance of Prowave 250ST180 ultrasonic transducer
and fitted model.

shown in Fig. 9. It is clear that the fitted model provides a
good match with the measured transmitter impedance.
Using the model shown in Fig. 8a, the acoustic power
produced by the ultrasonic transmitter is proportional to the
current I flowing through resistor Rs [33]. The frequency

Ic
=
Vin


s4 +

L c Rs + L s Rc
Lc Ls




s3 +

1
Ls s
Rs
Ls s

+

(2)

1
L s Cs

whose Bode plot is shown in Fig. 10a. As expected, the
figure shows a narrowband response with a peak at approximately 25 kHz.
By adding a compensating resistor Rc and inductor L c in
series with the ultrasonic transmitter (as in Fig. 8b), the circuit
can be tuned such that the frequency response of the ultrasonic
transmitter features a second peak at a different frequency.
In this case, the frequency response of the compensated
transmitter is given by (3), shown at the bottom of this page.
By selecting Rc = 330  and L c = 17.7 mH, the frequency
response of the compensated circuit (shown in Fig. 10b) was
tuned to widen the bandwidth of the transmitter and allow each
of the MEMS energy harvester’s four designed modes to be
excited with a similar amplitude. While the absolute amplitude
of the peaks in the compensated circuit are slightly lower
than for the uncompensated circuit, the improved transmitter
bandwidth is highly valued as it allows for a more useful

1
C p Lc Ls s

C p L c + C s L s + C s L c + C p C s Rc Rs
C p Cs L c L s




s2 +

C P Rc + C s Rc + C s Rs
C p Cs L c L s


s+

1
C p Cs L c L s

(3)
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Fig. 11. Frequency domain measurement of the signal used to drive the
ultrasonic transmitter while testing the harvester’s power output. The signal
contains four sinusoidal components at the frequencies of the harvester’s
identified resonance modes.
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Fig. 12. Waveforms showing the rising voltage on the storage capacitor
following the activation of the ultrasonic transmitter. The test was performed
three times, with the transmitter being separately aligned with the harvester’s
x, y, and z axes.

evaluation of the harvester’s ability to generate electrical power
via each of its mechanical modes. The compensated ultrasonic
transmitter is therefore used for the power measurement tests
performed in the following section.
V. H ARVESTED P OWER M EASUREMENT
The 4-DOF MEMS harvester’s ability to provide electrical
energy to an external load was demonstrated by charging
a storage capacitor. Each of the device’s four electrostatic
transducers were again supplied with an external 60 V DC
bias, and individual full-wave diode rectifiers were used to
provide a DC voltage from the harvested electrical energy.
A 1 μF low-ESR electrolytic capacitor was used to store the
energy generated by the harvester, while a Stanford Research
Systems SR560 low-noise voltage preamplifier connected to
an oscilloscope was used to monitor the change in voltage on
the capacitor.
The ultrasonic excitation for the MEMS harvester was again
provided by the Prowave 250ST180 ultrasonic transmitter,
using the compensating circuit as described in the previous
section. In order to maximize the mechanical response of the
harvester, and thus maximize the generated electrical power,
the driving signal for the transmitter was constructed by
summing four sine waves whose frequencies match those of
the harvester’s mechanical resonances previously identified
in Section III-A. This signal was generated by a Zurich
Instruments HF2LI lock-in amplifier and amplified using an
FLC Electronics A400DI voltage amplifier such that each of
the four frequency components has an amplitude of 10 Vrms .
A frequency domain measurement of the driving signal is
given in Fig. 11, which shows the four frequency components
at approximately 22.4 kHz, 24.5 kHz, 24.9 kHz, and 30.7 kHz.
Fig. 8c shows a schematic diagram of the transmitter’s driving
circuit.
The ultrasonic transmitter was positioned approximately 5 cm from the MEMS harvester and aligned with the
device’s x axis. Following the activation of the transmitter,
the rising voltage on the storage capacitor was monitored
until reaching a steady state value. The test was repeated after
realigning the transmitter with the y axis of the harvester, and
similarly for the z axis.

Fig. 13. Instantaneous electrical power output of MEMS harvester, calculated
from the time varying voltage changes on the storage capacitor.

The results of this test are given in Fig. 12, which shows
the time-domain change in the capacitor’s voltage following
the activation of the ultrasonic transmitter at t = 0. The three
voltage traces represent the results of the individual tests where
the transmitter was separately aligned with each of the device’s
primary axes. Based on these results, the change in the energy
stored on the capacitor was calculated using the equation
E = 12 C V 2 , where C is the value of the capacitor and V is the
measured instantaneous voltage on the capacitor. The slope of
the time varying change in energy was then used to obtain
the MEMS harvester’s instantaneous electrical power output,
which is shown in Fig. 13. From this plot, the peak value of the
power generated by the harvester is determined to be 180 nW,
189 nW, and 49.1 nW when the ultrasonic transmitter is aligned
with the x, y, and z axes, respectively.
These results confirm that the MEMS harvester has the ability to generate electrical power regardless of the direction of
the applied ultrasonic excitation. Fig. 14 shows a comparison
of the power densities of the current 4-DOF MEMS harvester
and previously reported 3-DOF and 2-DOF MEMS ultrasonic
harvesters [25], [27]. From this comparison, it is evident
that the current device provides a significant improvement in
generated power when the ultrasonic waves are directed from
the x and y directions. This can be attributed to the addition of
the rotational harvesting mode that is unique to the design of
this system, and which has been shown to respond effectively
to excitation from the in-plane directions.
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of MEMS vibration energy harvesting. Future research may
therefore include exploring how this structure can be implemented to harvest electrical energy from ambient vibrations
with both linear and rotational components.
R EFERENCES

Fig. 14. Comparison of harvested electrical power densities for the 4-DOF
MEMS energy harvester (this work), a 3-DOF harvester [27], and a 2-DOF
harvester [25]. The performance of each device resulting from ultrasonic
excitation along the x, y, and z directions is shown.

Future work will involve adapting the energy harvester’s
power management circuitry to be more specifically targeted
towards a practical biomedical implementation. This would
likely involve incorporating flyback components to allow the
electrostatic transducers’ bias to be provided from the harvested energy, as well as a charging circuit that is optimized
for trickle charging an energy reservoir such as a battery or
supercapacitor.
VI. C ONCLUSION
Building on previous research into multi-DOF MEMS
energy harvesting systems, this paper has presented a 4-DOF
MEMS harvester that uses externally generated ultrasonic
waves for mechanical excitation. The device has been mechanically designed to possess three mechanical resonance modes
along the x, y, and z axes of the device, as well as an additional
rotational mode around the z axis. This configuration allows
the harvester to generate electrical power in any orientation,
even when the external ultrasonic transmitter is not precisely
aligned with the MEMS device. Potential applications of
this energy harvester include providing electrical power for
devices implanted within the human body, with an ultrasonic
transmitter placed above the skin being used to provide the
required excitation.
Characterization of the fabricated MEMS device confirmed
that the shape of each of the designed resonances are as
expected, and the decoupled nature of each of these modes
was verified by exciting the device using ultrasonic waves
from multiple directions. To increase the mechanical excitation
of the harvester, the frequency response of the ultrasonic
transmitter was tuned according to the frequencies of the
harvester’s modes through the implementation of a compensating electrical circuit. The charging of a storage capacitor
was demonstrated, with the MEMS harvester providing peak
electrical power outputs of 180 nW, 189 nW, and 49.1 nW
resulting from ultrasonic excitation from the x, y, and z
directions, respectively.
While the present device is envisioned to be useful in
applications such as powering implanted biomedical devices,
the general concept of a resonant mechanical structure with
four degrees of freedom is highly applicable to many forms
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