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Abstract
An electrostatic energy harvester with two-stage transduction is investigated for enhancement
of bandwidth and dynamic range. The harvester includes a primary proof mass with two main
transducers and end-stops for the proof mass functioning as secondary transducers. In the
small acceleration regime, the power is primarily obtained from the main transducers. In the
high acceleration regime, the mass impacts the end-stops and actuates the secondary
transducers, generating additional output power. The device is designed and fabricated using
the SOIMUMPs process and has a total active area of 4× 5 mm2. Under wideband
acceleration at high levels, the experimental results show that the total output power increases
to about twice the output power of the main transducers, while the 3 dB-bandwidth is enlarged
by a factor of 6.7 compared to the linear-response bandwidth at low levels. In comparison with
a reference device made with the same die dimensions, the two-stage device improves output
power instead of saturating when the maximum mass displacements of both devices reach the
same limit. Measurement of output power demonstrates that the device with the transducing
end-stops give an efficiency of 23.6%, while this value is 14.1% for the reference device with
the conventional end-stops, at an acceleration spectral density of Sa = 19.2× 10−3 g2 Hz−1.
The efficiency is improved about by 9.5% in the impact regime.

(Some figures may appear in colour only in the online journal)

1. Introduction

Recent developments in microelectromechanical systems
(MEMS) technology offer alternatives to using batteries in
the autonomous operation of remote sensors or actuators.
Energy harvesting from motion can supply electrical energy
for the replacement of batteries or for extending system
lifetime. A spring–mass system is typically used in energy
harvesters for scavenging power from ambient vibration.
Three common mechanisms for energy conversion applied
for harvesting systems are electromagnetic, piezoelectric and
electrostatic transduction [1–9]. In practical harvesters with
high quality factors Q, the proof mass motion is restricted

to avoid spring fracture under high acceleration, or simply
due to the finite die dimensions. Several harvester prototypes
have mechanical end-stops that enforce this restriction and
also provide an increase of bandwidth [10–18]. Use of
mechanical end-stops reveals a typical shortcoming that the
output power saturates or has only a minor rise under
large vibrations. This results from the proof mass reaching
the maximum displacement amplitude when impacting the
end-stops. Recent works have used macroscale piezoelectric
energy harvesting devices to scavenge output power also from
the impact mechanism [19–29].

Within the two-stage device principle, utilization of the
secondary transducers as end-stops gave a demonstrated
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Figure 1. Main features of the two-stage electrostatic energy harvester.

improvement of output power and bandwidth under sinusoidal
excitations in our own previous work [30]. By comparing to
a reference device of the same die dimension and maximum
displacement amplitude, the impact device gave a much
higher output power. In this work, a harvester prototype is
driven instead by wideband vibrations where the acceleration
waveform is unpredictable in practice. Therefore, we expect
no sharp transition to displacement limited operation with
increasing vibrations, but rather a gradually more frequent
and strong engagement of the end-stop transducers as the
main proof mass is more frequently accelerated beyond
the limit. Detailed characterization of the device concept
shows that improved efficiency and bandwidth enhancement
are achieved using additional transducing end-stops under
wideband excitations.

2. MEMS design and device

In our two-stage impact device, the mechanical end-stops
are provided by additional secondary transducing structures
within the same die. The two transducer types have different
functions in the compact MEMS device. At a low acceleration
level, the primary proof mass displacement is less than the
limit and almost no impact occurs. The output power of the
energy harvesting device is mainly obtained from the primary
one. However, a high acceleration level forces the main proof
mass displacement to the limit, impacting the end-stops and
activating the secondary transducers. Therefore, mechanical
energy from the impacts is converted to electrical energy and
adds to that from the primary transducers. As a result, the
total output power of the device can be increased substantially
under a high acceleration amplitude.

Figure 1 shows a schematic of the device design.
The two-stage electrostatic design consists of two types of
transducers: primary transducers and secondary transducers.
The primary transducers, taking up the largest part of the
area, are ordinary comb-drive capacitor structures connected
to a proof mass suspended by four linear springs. They are
overlap-varying anti-phase transducers. The primary proof

mass displacement amplitude is limited to a total of δmax =

10 µm. The active chip area is 4 × 5 mm2. A smaller
area is used for the secondary transducers, which have a
higher stiffness and function as end-stops for the primary
mass. The two secondary transducers are designed to limit
motion of the primary mass in both directions of motion.
Each secondary transducer has a gap-closing capacitor. The
overall mechanical stiffness is made piece-wise linear by
the contact between secondary and primary masses, which
aids in increasing the system bandwidth [12]. The contact
surfaces between the primary and secondary masses are
shaped as half-cylindrical bumps contacting on flat surfaces.
The distance between the primary and secondary masses
at equilibrium is δ1 = 6 µm. The primary mass hits the
secondary masses when their relative displacement is beyond
δ1. The secondary displacement is limited to a maximum
amplitude of δ2 = 4 µm by conventional end-stops. Thus, the
primary mass can be displaced to a maximum amplitude of
δmax = δ1 + δ2 = 10 µm during mutual interaction.

Figure 2 shows a close-up view of the spring design and
the impact area in the fabricated device. The springs of both
primary and secondary transducers are folded beams in order
to achieve a mechanically linear characteristic. The secondary
masses are much smaller than the primary mass. Therefore,
the resonance frequency of the primary transducers is much
lower than that of the secondary transducers. The primary
and secondary masses are accelerated in the same direction.
The device was fabricated in MEMSCAP’s SOIMUMPS
process, which is based on silicon micromachining of
silicon-on-insulator wafers with a handle substrate thickness
of 400 µm, a buried oxide layer with a thickness of 2 µm,
a doped silicon layer as the device layer with a thickness of
25 µm and a 0.52 µm-thickness pad metal. The maximum
aspect ratio of the device layer micromachining is 12.5. A
cavity under the proof mass is released by deep reactive ion
etch through the substrate. Further details of the process are
given in [31]. The fundamental parameters of the design for
the primary and secondary transducers are listed in table 1.
Further details on the device design are found in [30].
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Figure 2. Close-up view of the spring design, the capacitor and the impact area in the fabricated device.

Table 1. Parameters of the primary and secondary transducers.

Parameters
Primary
transducers

Secondary
transducers 1 and 2

Finger length 25 µm 55 µm
Finger width 2 µm 2 µm
Nominal overlap 10 µm 50 µm
Nominal gap 2 µm 5 µm
Spring length 530 µm 335 µm
Spring width 6.2 µm 6.2 µm
Mass 1.10 mg 0.05 mg

3. Experimental results

The experimental setup is implemented by gluing the devices
onto a printed circuit board, as shown in figure 3. The
mechanical vibration source is a shaker system, including a
vibratory exciter TIRA and its power amplifier. The output
ports are connected to the load resistances RL and amplifiers
acting as buffers for data acquisition. The data from the
input excitation signal and the output voltage are concurrently
measured and analyzed using National Instruments’ LabView
program with an NI-USB-6211 DAQ at a sampling rate of
12 kHz. This instrument is also able to control the acceleration
signal from the shaker system. The excitation signal is
measured by an accelerometer from PCB Piezotronics Inc.
model 352A56A.

3.1. Electrical characterization

An impedance characterization of a primary transducer was
performed using the Precision Impedance Analyzer 4249A
40 Hz–110 MHz, Agilent Technologies. The impact device
sample used here is a different sample from the same batch,
but with the same design that we investigated for harmonic
vibrations in [30]. The frequency was swept in the range
from 600 to 700 Hz with input sources of 10 V DC and
0.5 V AC, connected to one port of the primary transducers.

Figure 3. Sketch of the electrical setup for the two-stage
electrostatic energy harvester.

The impedance analysis gives a lowest value of 21.5 M�,
which was used for RL in investigating the performance of
the device in the narrowband regime [30]. The same value
of RL was then kept for evaluation of the output power
with wideband vibrations in this paper. The theoretically
optimal load resistance under wideband excitations is only
about 21.2% larger in the absence of load parasitics. Parasitic
capacitance due to the load in the measurement circuits further
reduces the optimal value. All transducers of the device
are connected to external loads with the same value RL for
simplicity and are biased at the same constant voltage Vb
connected to the movable electrodes during operation. The
following sections present experimental performance with a
chosen bias value of Vb = 12 V. The effects of the bias on

3
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Figure 4. Measured output power of the primary transducers for
different accelerations A = 0.04g, 0.05g and 0.08g at a bias voltage
Vb = 12 V.

output power of the impact device are discussed in detail in
section 4 when comparing to a reference device.

3.2. Sinusoidal excitations

The frequency response of the impact device under sinusoidal
excitations is considered as a first experimental check.
The frequency responses for various excitation levels are
illustrated in figure 4 at a bias voltage Vb = 12 V. For low
accelerations, the primary mass does not reach the secondary
masses. The primary transducers then behave as ordinary
comb-drive transducers in the linear regime and there is
negligible output power from the secondary transducers. The
output power is proportional to the squared acceleration
amplitude A2. For example, the measured output power
increases from 1.68 to 6.65 nW when increasing A from 0.038
to 0.076 g at the resonance frequency.

3.3. Wideband excitations

Performance of the impact device is primarily characterized
under random wideband excitations in order to observe
the dynamic interplay between the primary and secondary
transducers, and their achievable output powers. The
wideband signals are characterized by their acceleration
power spectral density (PSD), which is approximately
constant below a chosen cut-off frequency of 10 kHz. The
technique used to generate the wideband signals for the
system was described in our previous work [18], which also
shows an example spectrum. The chosen bandwidth of the
excitation signal implies that the actual vibration bandwidth is
limited by the shaker to 2 Hz–7 kHz. The acceleration PSDs
are increased from low to high levels to reach interaction
between the primary and secondary masses. The total output
power of the impact device is evaluated as the sum of the
primary and secondary outputs.

Figure 5 shows measured output voltages across the loads
for the primary and secondary transducers at low and high

Figure 5. Measured output voltages of primary and secondary
transducers for: (a) Sa = 3.5× 10−5 g2 Hz−1 and
(b) Sa = 16.7× 10−4 g2 Hz−1 at a bias voltage Vb = 12 V.

acceleration levels at a constant bias voltage Vb = 12 V.
A very small acceleration power spectral density (PSD) of
Sa = 3.5 × 10−5 g2 Hz−1 rarely causes the main mass to
impact the secondary mechanisms, although some secondary
outputs are seen due to direct excitation from the external
vibration source. Therefore, the primary transducer outputs
are dominant over the secondary transducer outputs, as
observed in figure 5(a).

In figure 5(b), a high acceleration PSD of Sa = 16.7 ×
10−4 g2 Hz−1 gives frequent impacts between the primary
and secondary masses. These internal impacts then become
a major source of excitation of the two secondary transducers
and their output voltages become substantial compared to the
small acceleration PSD regime. The secondary mechanisms
convert the excess kinetic energy of the primary mass to
electrical energy through the action of the secondary springs
and transducers, giving extra output power.

We can observe from figure 5(b) that the secondary
transducers display somewhat dissimilar waveforms and that
the dissimilarity is not entirely consistent over time, despite

4
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Figure 6. Measured output power of primary and of secondary
transducers versus acceleration PSD at a bias voltage Vb = 12 V.

their identical designs. This observation can be explained
by slightly different spring stiffness, distance between the
primary and secondary masses, and/or distance to the
rigid end-stops in the fabricated device. Thus, the dynamic
interplay between them leads to the dissimilarity of the
outputs. This is supported by the slight differences in phase
between the secondary transducer outputs observed in [30]
with a harmonic excitation.

Figure 6 illustrates the dependence of the primary and
secondary output powers on the acceleration PSDs. At low
excitation, the primary output power is greater than that of
the secondary output, which is extremely small. This is due to
the rare impacts between primary and secondary transducers.
Both output powers of the two transducers increase when
further increasing the acceleration PSD. Around Sa = 3.1 ×
10−4 g2 Hz−1, the internal impact becomes strong and results
in recognizable secondary output power. The primary output
power then grows at a lower rate while the secondary output
power increases proportionally to the acceleration PSD for
Sa > 3.1 × 10−4 g2 Hz−1. At Sa = 10.3 × 10−4 g2 Hz−1

the secondary output power is comparable to the primary
output power. It is about twice the primary power at Sa =

16.7× 10−4 g2 Hz−1.
The measured output power of the primary transducers

under various acceleration PSDs, Sa, at a bias voltage Vb =

12 V are shown in figure 7. At Sa = 0.9 × 10−5 g2 Hz−1,
the primary mass infrequently hits the end-stops. The primary
transducers perform linearly at small levels of Sa, giving a
maximum peak of the output PSD at a resonance frequency
f0 = 637.6 Hz with a 3 dB-bandwidth of 8.9 Hz. Large Sa
leads to the primary mass impacting the secondary mass. Then
the primary transducers behave nonlinearly. Similar to devices
with rigid end-stops, the displacement limitation of the
primary mass by the secondary structures makes the primary
structure behave as a stiffening-spring device [30, 32–34].
The resonance frequency of the primary transducer is shifted
to higher frequencies and the corresponding 3 dB-bandwidth
also increases with increasing Sa. For example, a resonance
frequency of f0 = 649.7 Hz and a 3 dB-bandwidth of 21.1 Hz

Figure 7. Measured PSDs of the primary outputs for acceleration
PSDs: 0.9× 10−5, 3.1× 10−4 , 4.9× 10−4, 8.6× 10−4 and
16.7× 10−4 g2 Hz−1 as shown at a bias voltage Vb = 12 V.

Figure 8. Measured PSDs of the secondary outputs for acceleration
PSDs: 3.1× 10−4 , 4.9 ×10−4, 8.6× 10−4 and
16.7× 10−4 g2 Hz−1 as shown at a bias voltage Vb = 12 V.

are the results for Sa = 3.1 × 10−4 g2 Hz−1. For Sa =

16.7× 10−4 g2 Hz−1, the resonance frequency is increased to
f0 = 677.0 Hz and the 3 dB-bandwidth is enlarged to 60.4 Hz.
This indicates that the 3 dB-bandwidth is increased by a factor
of 6.7 when increasing the PSD from Sa = 0.9 × 10−5 to
16.7× 10−4 g2 Hz−1.

Figure 8 shows the measured output PSDs of the
secondary transducers for different Sa. At low Sa, we already
saw in figure 6 that the secondary output power is negligible
due to little or no activation from impacts of the primary mass.
When reaching Sa = 3.1×10−4 g2 Hz−1, the effect of impacts
are noticeable in figure 8 as a peak in the secondary-structure
spectrum at about twice the resonant frequency of the primary
transducer. When increasing from Sa = 3.1× 10−4 to 16.7×
10−4 g2 Hz−1, the frequent internal impacts between the
two structures lead to a substantial increase of the secondary
output PSDs. The output PSD of the secondary transducers
rises considerably on the low frequency side of the response.
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a) b)

Proof mass

Figure 9. A schematic illustration of comparison between the impact and reference devices: (a) an impact device with two-stage
transduction using the end-stops designed as secondary transducers and (b) a reference device with rigid end-stops. Proof mass motion of
both devices is limited by a maximum displacement amplitude δmax.

For example, at Sa = 16.7 × 10−4 g2 Hz−1, the frequency
response of the secondary transducer is approximately flat
from f = 200 Hz to f = 2f0 = 1354 Hz. The output of the
secondary transducers is mainly driven by the motion of
the primary mass through the internal impact force to the
secondary mass.

4. Comparison with reference device performance

Further evaluation of the device concept under wideband
excitations is carried out through a comparison with a
reference device as illustrated in figure 9. The reference
device is designed in the same manner as the primary
structure, including a big proof mass and two overlap-varying
transducers. The device is identical in design to the one
characterized in [18, 30], but is a different sample from the
batch for the present investigation. The proof mass has the
same die dimension and the same maximum displacement
amplitude δmax = 10µm as the impact device. In the reference
design, ordinary rigid end-stops are used to confine the proof
mass motion. Due to the omission of secondary transducers,
the reference device has a somewhat bigger proof mass and
more capacitor fingers in the transducers. In addition, the
mechanical quality factors Qm of the primary and reference
transducers are 160 and 205 respectively, based on their
impedance characterization. Therefore, the output power of
the reference device is higher than that of the impact device
at low excitation levels. The load value of the reference
transducers is determined as described in section 3.1, giving
RLr = 14.8 M�. The nominal capacitance is 1.3 pF and the
proof mass is 1.2 mg for the reference device, as compared
to 1.17 pF and 1.1 mg for the primary transducers of the

Figure 10. Comparison between measured total output PSDs of the
impact and reference devices for Sa = 16.7× 10−4 g2 Hz−1 at a
bias voltage Vb = 12 V. Subfigure shows frequency responses of
both devices for A = 0.05 g harmonic vibration.

impact device. For example, at A = 0.05 g, as shown in a
subfigure in figure 10, the maximum output powers are 3 nW
and 3.4 nW respectively for the impact and reference devices
at their resonance frequencies. The suspending springs were
adjusted in width to achieve the same nominal resonance
frequency. However, due to variant over-etching during device
fabrication, their measured resonance frequencies differ by
1.3%. The resonance of the reference device is f0 = 645.8 Hz
and the impact device has f0 = 637.6 Hz.

Figure 10 shows a comparison between the measured
total output PSDs of the impact and reference devices at
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Figure 11. Comparison of total output powers between the impact
and reference devices under increased acceleration PSDs at a bias
voltage Vb = 12 V.

an acceleration PSD of Sa = 16.7 × 10−4 g2 Hz−1. The
contribution of the secondary output PSDs leads to the total
output PSD of the impact device being generally higher than
that of the reference device in the low and high frequency
regions. The internal impact between the secondary and
primary masses shifts the resonance frequency of the impact
device from 637.6 to 677.0 Hz, higher than that of the
reference device 663.8 Hz due to the stiffening effects. For
both devices, the response bandwidth of the total output
power is also increased by the internal impacts. Around the
resonance frequency of the impact device, the total output
PSD is roughly that of the primary transducer at a small
acceleration PSD. The measured 3 dB bandwidths are 60.4 Hz
and 88.6 Hz respectively for the impact and reference devices.
The resonance peak of the output PSD for the impact device
is 6.5× 10−5 µW Hz−1, higher than that of reference device
of 4.6× 10−5 µW Hz−1.

Figure 11 shows a comparison of the measured output
power of the two devices under increased acceleration PSDs
at a bias voltage of Vb = 12 V. At low levels of the acceleration
PSDs, the total output power of the reference device is higher
than that of the impact device since most of the output
power of the impact device is obtained from the primary
transducers. When the proof mass hits the end-stops, the
reference output slowly increases and then exhibits saturation
for increasing Sa. The extra harvested power from the impacts
on the transducing end-stops causes the total output power
of the impact device to continuously increase, instead of
saturating as the power does for the reference device with
conventional end-stops. The total output power 12.9 nW of
the impact device is comparable to that of the reference device
at an acceleration PSD Sa = 8.6 × 10−4 g2 Hz−1. For Sa =

19.2× 10−4 g2 Hz−1 the total output power is increased up to
26.1 nW for the impact device, while the output power of the
reference device is 15.4 nW.

The output powers of both reference and primary
transducers are linearly proportional to the input acceleration

Table 2. Reference device parameters.

Parameters Value

Proof mass, m (mg) 1.2
Spring stiffness, km (N m−1) 19.2
Damping constant, b (N s m−1) 2.37×10−5

Nominal capacitance, C0 (pF) 1.3
Parasitic capacitance, Cp (pF) 7.5
Parasitic load capacitance, CL (pF) 5.0
External load, RLr (M�) 14.8
Total electromechanical coupling factor, k2 (%) 1.8

PSDs for low excitation levels. The output power in this linear
regime is given by

P =
mSa

2
rLk2Qm

1+ (1/Qm + k2Qm)rL + r2
L

(1)

where rL is the normalized load resistance, Qm is the
open-circuit mechanical quality factor and k2 is the
electromechanical coupling factor [35]. The coupling factor
can be determined in the linear regime by decoupling the
common and differential mode behavior, since the reference
device consists of two anti-phase electrostatic transducers.
The relevant parameters can be written as [18, 37]

k2
=

2C2
0V2

b

x2
0(C0 + Cp + CL)km + 2C2

0V2
b

, (2)

rL = RL(C0 + Cp + CL)

√
K

m
, (3)

K = km +
2C2

0V2
b

x2
0(C0 + Cp+ CL)

(4)

where x0 is the nominal overlap of capacitors, km is the spring
stiffness, C0 is the nominal capacitance, Cp is a parasitic
capacitance in parallel with the variable capacitance and CL
is a parasitic capacitance in parallel with the external loads
RL.

The output power of the reference device is considered
as a comparison source to observe the power enhancement
of the impact device concept. Therefore, the reference device
is characterized in full detail using an LTSPICE simulation
model. All model parameters are found by fitting the model
to the experimental results in the linear regime and are given
in table 2. With the input power Pin = mSa/2 [36, 38],
the measured efficiency of both devices is estimated by
the quantity η = 2P/mSa and the linear theory calculation
(1) shows the efficiency of the reference device under the
wideband excitations to be

η =
rLk2Qm

1+ (1/Qm + k2Qm)rL + r2
L

. (5)

In the linear regime with low levels of the acceleration PSDs,
the efficiency of the reference device is 64.1%. The linear
theory calculation agrees with the experimental results for
the reference device, as shown in the inset in figure 11. The
efficiency of the reference device is significantly reduced
in the nonlinear regime when the acceleration PSDs are
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Figure 12. Measured output powers of the impact and reference
devices under increased bias voltage Vb at Sa = 8.6× 10−4 g2 Hz−1.

sufficiently large to drive the proof mass to impact the
end-stops frequently. The practical motion limit considerably
reduces further increase of the output power in the reference
device performance. For example, the efficiency is decreased
from 64.1% down to 14.1% for Sa = 19.2 × 10−4 g2 Hz−1.
However, at this acceleration PSD level, the efficiency of the
impact device is 23.6%, which is about 9.5% higher than
that of the reference device efficiency. This demonstrates that
the two-stage device principle with extra power extracted
from the end-stops improves the efficiency compared to the
reference device with the same device dimension and the same
maximum displacement amplitude δmax.

Figure 12 shows the effects of the bias voltage Vb on the
outputs at Sa = 8.6 × 10−4 g2 Hz−1 where the powers of the
impact and reference devices become approximately equal,
see figure 11. For the impact device, the obtained power of
the primary transducers increases with the bias Vb, but high
bias-values are required to obtain significant benefits from the
gap-closing transducers of the end-stops. The output power
will be quadratic in Vb at a given displacement amplitude
for all the transducers types. The gap-closing transducers
of the end-stops differ from the overlap-varying primary
and reference transducers in displaying electromechanical
softening, as opposed to stiffening, with increasing bias.
In addition, the gap-closing transducers are particularly
ineffective at small displacements, due to small capacitance
changes, and therefore benefit from the larger displacements
made possible by their lowered stiffness at higher bias. The
output power of the secondary transducers becomes equal to
that of the primary transducers at Vb = 13 V. Comparing to the
reference device, the total output power of the impact device
is less for Vb ≤ 10 V due to the small contribution of the
secondary structures. The impact device gives comparable and
higher output power than that of the reference device for only
Vb ≥ 11 V.

As shown in the sketch in figure 3, both the primary
and secondary transducers are biased by the same voltage
in our experiments. The admissible bias for the secondary

transducers, even though they are symmetric, is limited
by pull-in. From the design parameters, we estimated
the static pull-in voltage to be Vpull-in = 20.1 V without
inclusion of parasitic capacitance effects. This point motivates
further investigations on an experimentally more complicated
configuration with separate biases for the primary and
secondary transducers, permitting independent optimization
for the two types of transducers.

The results of the device comparison show that the impact
device requires a certain acceleration level to activate the
secondary transducers effectively to give an advantage, as is
the case beyond Sa = 8.6 × 10−4 g2 Hz−1 in figure 11. This
can be attributed to the secondary structures being rather stiff
and their gap-closing transducers being insensitive to small
changes of their nominal gap. To reduce this ‘acceleration
gap’ in future work, it is therefore of interest to investigate
more compliant secondary structures and also to investigate
methods to make the end-stop transducer more sensitive
to small electrode displacement. Such optimization of the
transducing end-stops would make the device efficiency even
closer to the linear-regime value under displacement limited
operation.

5. Conclusion

The utilization of end-stops as additional secondary trans-
ducers has been investigated by design of a two-stage
impact device and by its characterization under wideband
vibrations. A sufficiently strong ambient vibration drives the
primary proof mass to its maximum displacement, allowing
additional power to be obtained from the internal impacts.
This secondary power can be comparable to the primary
output power in this device design. The extra contribution
from the transducing end-stops gives higher output powers
and enhanced performance efficiency in comparison with use
of ordinary end-stops constraining the proof mass motion. As
an extra feature, the nonlinearity of the impact mechanism
increases the response bandwidth of the impact device.
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