PRX ENERGY 1, 033004 (2022)

Impact-Loss-Compensated Wideband Vibrational Energy Harvesting Using a
Hybrid BaTiO3;/SU-8 Nanocomposite as the Active Layer
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Mechanical impact-induced nonlinearity proves to be effective in the tunable broadening of the
frequency response in vibrational energy harvesters at various size scales. However, the substantial impact-
induced power loss in impact-driven energy harvesters (IDEHs) negates such advantages. Here, an in situ
power compensation mechanism is introduced to recover the impact-induced losses, and thereby, substan-
tially enhance the energy harvesting efficiency. The proposed scheme is realized by designing an IDEH,
where a dual transduction barium titanate/SU-8 based nanocomposite is used as the active layer. The piezo-
electric transduction of the nanocomposite is used for conventional wideband power generation from the
IDEH, whereas the additional triboelectric property enables the impact-induced loss compensation. The
proposed improvement is quantified using a suitably defined figure-of-merit “power integral” (PI) that
integrates the total power generated over the entire operational frequency range. The PI shows a shift from
the region of impact loss to the region of compensation at input accelerations of < 1.5 g. Through suit-
able device engineering, the hybrid IDEH is experimentally shown to achieve 3.3 times power gain with
bandwidth broadening of 5.4 Hz over conventional IDEH designs, which translates to 100% PI recovery.
The underlying physics of the proposed method is independent of the device scale and is explained using

a coupled numerical model.
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I. INTRODUCTION

Recently, energy harvesting from ambient sources has
emerged as a viable solution for resolving the critical chal-
lenge of “powering a billion sensors” within the technolog-
ical paradigm of the Internet of things [1]. Consequently,
harvesting useful electrical power from ambient mechani-
cal vibrations has attracted immense research interest due
to their wide abundance in the majority of application
scenarios, including wearable electronics, industrial moni-
toring, structural monitoring, and the automotive industry.
[2]. Conventional vibrational energy harvesters (VEHSs)
are typically modeled as a second-order spring-mass-
damper system, which provides maximum output power
at resonance with a very narrow bandwidth, as defined by
the Q factor of the system. A slight shift in the excitation
frequency reduces the output power drastically. However,
the majority of available ambient mechanical vibrations
are either frequency varying (stationary or nonstation-
ary) or wideband in nature. The so-called linear VEHs
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are not suitable to scavenge electrical energy from such
sources efficiently. Several bandwidth broadening mech-
anisms are reported to overcome the “gain-bandwidth”
dilemma, including multimode excitation [3,4]; resonance
frequency tuning [5,6]; array-based harvester design [7,
8]; and, most popularly, the introduction of controlled
nonlinearity into the system dynamics for widening of
the frequency response [9—11]. However, such wideband
mechanisms usually require strict dimensional constraints,
complex designs, and larger size implementation to aug-
ment an improved bandwidth. Resonance frequency tuning
can be achieved using various mechanical and electrical
techniques that are, however, not useful in most applica-
tions, as the energy required to implement tuning is often
higher than the power harvested due to the added design
complexity. On the other hand, multimode or array-based
designs offer discrete frequency peaks with an increased
device footprint, which reduces the power density signif-
icantly. By comparison, nonlinear oscillator based VEHs
with monostable, bistable, or multistable potential wells
can improve the off-resonance performance considerably
[12]. Nonlinear spring structures with Duffing and higher-
order polynomial restoring forces are adopted to widen
the frequency response, as they can be suitably integrated
onto various substrates [13—15]. However, they suffer
from inherent hysteresis and multistability, which restrict
their applications in real-life scenarios, especially under
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random low-amplitude ambient excitation [16,17]. The
snap-through (bistable or multistable) harvester design
can potentially overcome such shortcomings but requires
a significantly larger acceleration amplitude to initiate
the large-amplitude interwell oscillations [18]. Moreover,
conventional methods of introducing bistability require a
repulsive magnetic interaction or prestressed beam design,
which are either not scalable or hard to implement at the
miniaturized scale [19].

On the other hand, VEHs with end stops produce a
nonlinear impact force that results in a sudden drop in
O factor, leading to a flat wideband frequency response
with a simple device design that can be customized at dif-
ferent size scales [20,21]. Recently, impact-driven energy
harvesters (IDEHs) have reported 200% increase in fre-
quency bandwidth [22]. However, such significant band-
width improvement due to the piecewise linear frequency
response is attained at the cost of reduced output power.
The impact-induced power loss is substantial, and the over-
all efficiency is lower than that of the non-impact-driven
VEHSs [23,24]. Thus, impact due to the stoppers can lead
to insufficient energy transduction where a considerable
impact-induced power loss negates the widened band-
width. Such designs are, however, compelling, as they do
not suffer from any hysteresis or require a special arrange-
ment for the bandwidth widening mechanism. Hence, it
will be really beneficial to use the end stoppers, as part of
the harvester structure, as an additional energy generation
component rather than just a loss-inducing mechanism.

Here, we aim to address the abovementioned challenges
by designing a highly efficient IDEH where a hybrid
BTO/SU-8 based nanocomposite is used for dual-energy
transduction, facilitating a unique energy compensation
route via its piezoelectric and triboelectric properties to
overcome the impact loss that affects the net energy
harvesting efficiency. Section II introduces the impact-
loss compensation mechanism supported suitably with a
detailed material characterization. Section III presents a
detailed theoretical framework of the proposed piezoelec-
tric and triboelectric hybrid IDEH (HIDEH). Finally, in
Sec. 1V, we analyze the experimental parametric study
to delineate different operational regimes by a suitably
defined figure-of-merit of “power integral” (PI).

I1. IMPACT-LOSS COMPENSATION MECHANISM

The concept of the dual transduction nanocomposite-
based VEH is illustrated in Fig. 1. It depicts the output
power of a VEH as a function of the operational frequency
for a linear piezoelectric energy harvester (LPEH) [25],
piezoelectric IDEH (PIDEH) [26], compensating tribo-
electric energy harvester (CTEH) [27], and the combined
HIDEH. The LPEH exhibits a characteristic narrowband
response, wherein the cantilever free-end displacement is
constrained within the initial gap between the beam and
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FIG. 1. [Illustration of the principle of impact-energy-loss

compensation using the proposed HIDEH.

stopper. As evident from Fig. 1, the peak power decreases
significantly for a PIDEH, owing to the impact-induced
power loss. On the other hand, impact induces contact
between the triboelectric layers (nanocomposite and stop-
per) in the case of the CTEH. The impact-induced con-
tact and the relative separation (approach) between the
contacting layers is fundamental for producing the tri-
boelectric output. Hence, the CTEH output response is
significantly larger for the given frequency range. Combin-
ing the PIDEH and CTEH results in the HIDEH response,
which inherits a large output and a wider bandwidth. The
proposed design recovers the impact-induced loss by sub-
stituting the existing impact-loss-generation mechanisms
(stoppers) with a impact-loss-compensation mechanism
(stopper with dual transduction nanocomposite).

The BTO/SU-8-based HIDEH is fabricated on an
ITO-coated polyethylene terephthalate (PET) sheet sub-
strate. Figure 2(a) shows the device schematic and
identifies all the layers. An optimized 20% weight
ratio BTO/SU-8 nanocomposite thin film is developed
using the detailed fabrication steps given in Fig. Sl
within the Supplemental Material [39]. The combina-
tion of highly piezoelectric BTO nanoparticles embed-
ded within the SU-8 matrix [Fig. 2(c)] produces a
high-performance nanocomposite with high compliance,
uniform strain distribution, and improved sustainability.
The piezoelectric properties of the BTO/SU-8 nanocom-
posite were extensively studied in our previous work [28].
However, such nanocomposites also show triboelectric
behavior due to the polymeric nature of the SU-8 base
matrix [29]. The developed BTO/SU-8 nanocomposite is
attractive in terms of ease of preparation, low-temperature
processing, photopatternability for large-scale fabrication,
etc. Additionally, by combining piezoelectric and tribo-
electric transductions into a single thin film, the BTO/SU-8
nanocomposite avoids the requirement for additional fab-
rication steps. Elaborate details about the piezoresponse
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FIG. 2. (a) Schematic of the proposed device. Inset shows the
relative charge distribution between nanocomposite and tribo-
electric electrodes. (b) As-fabricated device prototype. (c) SEM
image of the optimized nanocomposite.

force microscopy, kelvin probe force microscopy (KPFM),
x-ray diffraction, and scanning electron microscopy (SEM)
measurements are given in the Supplemental Material [39]
to further support the claim of the dual piezoelectric and
triboelectric properties of the % weight ratio optimized
nanocomposite. The fabricated device prototype, shown
in Fig. 2(b), has a footprint of 3 x 1 cm? on a 150-um
substrate with nanocomposite thickness of 6.5 um. An
additional proof mass of 1.2 g is epoxy bonded to bring
the working frequency of the device below 50 Hz. A par-
tially covered copper tape on top of the nanocomposite
with dimensions of 1 cm x 1 cm x 150 um forms piezo-
electric electrode C2. The copper triboelectric electrode
Cl (3cm x 1 cm x 150 um) covers the entire 1-mm-thick
glass stopper, while the underlying ITO layer on the PET
substrate acts a common ground electrode, C3.

This paper focuses on high acceleration amplitude vibra-
tions that initiate the impact of the cantilever beam with
the stiff triboelectric electrode. The piezoelectric and tri-
boelectric responses of the device are measured using a
closed loop controlled electrodynamic shaker, as shown
in Fig. S8 within the Supplemental Material [39]. The
output terminals, triboelectric (C1—C3) and piezoelectric
(C2—C3), are connected to two channels of a digital oscil-
loscope (PicoScope 3000 series) using load resistances of
10 and 100 M, respectively. Piezoelectric, triboelectric,
or both effects co-occur, depending on the acceleration
amplitude, and thereby, divide the operation into pre- and
postimpact regions. Upon contact between the Cu elec-
trode and the nanocomposite film, electrical charge is
transferred as a consequence of the large difference in
work functions [30,31]. This transfer induces the opposite
charge on the other side of the nanocomposite thin film,
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FIG. 3. Time responses of (a) piezoelectric, (b) triboelec-
tric, and (c) hybrid outputs of the HIDEH device at 1-g input
acceleration.

resulting in a net triboelectric current pulse (/;;) between
C1 and C3. Furthermore, the deformation-induced strain
in the nanocomposite produces piezoelectric polarization
that results in a piezoelectric current (/pz) between C2 and
C3. The hybrid output accumulates both responses and
is acquired by shorting C2—C3 and measuring the output
with respect to C1. The sign of /pz is determined by the
direction of effective polarization of the nanocomposite.
Therefore, the hybrid current, Iy, is either suppressed,
Ihyp = Iy — Ipz, or enhanced, Iy, = Iir + Ipz, depending
on the value of /pz. Figure 3 is shown to clarify the dif-
ference between piezoelectric, triboelectric, and hybrid
responses during the impact duration at 1-g acceleration
and at a frequency of 50 Hz. The piezoelectric response
[Fig. 3(a)] damps down after the impact, while the tri-
boelectric response becomes more prominent during the
impact (contact) between the electrode and the nanocom-
posite. The physical impact between contacting layers
results in the induction of maximum strain in the piezo-
electric layer; hence, the sudden peak in the response
is observed [24]. Meanwhile, the impact triggers contact
between the nanocomposite layer and the stiff triboelec-
tric electrode, resulting in complete charge neutralization,
which appears as a voltage spike across the load resistor.
The hybrid output combines both responses and provides
a larger output compared to the stand-alone piezoelectric
response, which, however, depends on the phase difference
between different responses.
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III. THEORETICAL FRAMEWORK

Both triboelectric and piezoelectric transduction mech-
anisms of the developed IDEH can be represented by the
simplified capacitive models given in Egs. (1)~3), (6), and
(7). For triboelectric modeling, the electric field across the
nanocomposite and air is given by Eq. (1) [32,33].
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The triboelectric voltage induced across the electrodes
is contributed to by the electric field components of the
nanocomposite and air. Hence, the instantaneous triboelec-
tric voltage, vy, is given by Eq. (2). Here, Exc, Eair, q(7),
o, A, exc, €ir, Ri, 8, A, and z are the electric field across
the nanocomposite, the electric field across air, the instan-
taneous triboelectric charge, the surface charge density on
contacting materials, the effective area of contact, the effec-
tive permittivity of the nanocomposite, the permittivity of
air, the load resistance for triboelectric output, the thick-
ness of the nanocomposite, the initial gap between con-
tacting layers, and the cantilever free-end displacement.
The dual-energy scavenging system can be represented by
a set of coupled differential equations, Eqgs. (4)~(7). The
electrostatic force, F,, developed between the contacting
materials is given by Eq. (3) and appears as an additional
excitation in the equation of motion of the impacting can-
tilever [Eq. (4)] [24,34], where mey, cp, kety, 6, a, Ci, kimp,
C,, v, and R, are the effective cantilever mass, the damp-
ing ratio, the effective linear stiffness of the cantilever,
the piezoelectric coupling coefficient, the external accel-
eration amplitude, the damping ratio for the impacting
electrode, the effective stiffness of the impact electrode, the
piezoelectric capacitance of the nanocomposite, the piezo-
electric output voltage, and the load resistance for piezo-
electric output. Equations (4) and (5) represent the pre- and
postimpact equations of motion of the piezoelectric can-
tilever. Equation (6) represents the instantaneous triboelec-
tric voltage equation coupled to Eq. (4) via the cantilever
free-end displacement, z. The last term of Eq. (6) is the

open-circuit voltage (voc) and is related to the work func-
tion of triboelectric layers as o (A —z)/e, = C, (Pfim —
Pelec) (z(2) /ede,) [35]. Equation (7) is the general piezo-
electric coupled equation for a cantilever resonator with 6z
is the coupling term with Egs. (4) and (5).

IV. RESULTS AND DISCUSSION

A. Parametric study of impact-loss compensation

The correlation of operational bandwidth, harvested
power, and power loss with acceleration amplitude are
computed from the developed analytical model using the
simulation parameters given in Table S1 within the Supple-
mental Material [39]. The simulation parameters are cho-
sen based on the application frequency range, acceleration
amplitude, piezoelectric and triboelectric material proper-
ties, etc. The complete details of the simulation parameters
are given in the Supplemental Material [39]. Figure 4(a)
illustrates the simulated dependence of the same for LPEH
and PIDEH. Initially, the bandwidth and peak power for
both types of operation show exactly the same variation,
as expected. After the onset of impact (at 0.3 g in this
case), the bandwidth for the conventional PIDEH increases
sharply, whereas the peak power almost saturates. The cor-
responding variations for the LPEH are further shown by
the dotted lines. In the case of the PIDEH, the cantilever
free-end displacement is restricted by the fixed stopper that
ensues from mechanical impact, and the piecewise linear
nature is augmented at higher accelerations, which expand
the bandwidth considerably. However, the rate of change
of peak power reduces sharply from 10.4 uW/g in LPEH
to 1.29 uW/g in PIDEH at 1 g. This significant change in
bandwidth and power for pre- and postimpact operations is
a direct consequence of the impact. The trade-off between
bandwidth, output power, and impact-power loss indicate
the necessity for an impact-loss compensating mechanism
in the design of the PIDEH to operate efficiently.

The comparative experimental frequency responses
under different operating conditions of the device are given
in Fig. 4(b) for 1-g acceleration and a frequency range
of 3070 Hz. The conventional PIDEH generates a peak
power of 1 uW at 50.1 Hz, which is 7 uW lower than
the same for the LPEH (resonance frequency = 43.9 Hz),
whereas the bandwidth increases by 7 Hz. Incorporating
the CTEH in the design provides a 3 times higher peak
power at 56.3 Hz with slight broadening of the band-
width, as compared to the PIDEH. The unification of the
PIDEH and CTEH results in a HIDEH response, contribut-
ing an additional increment of 3 W in the peak power
and bandwidth broadening of 5.4 Hz over the PIDEH. The
peak power in the HIDEH is only 5 W lower than the
LPEH. As illustrated in Fig. 4(b), the generated hybrid
response is significantly larger in amplitude and bandwidth
than that of the PIDEH, since the combined transduction
produces Iwy, = Iy &= Ipz over the given frequency range.
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FIG. 4. (a) Bandwidth, peak power, and power-loss depen-
dence on acceleration for PIDEH (solid lines) and LPEH (dot-
ted lines), depicting pre- and postimpact regions. Frequency
responses for different VEH operations at 1 g: (b) Experimental
(c) Simulation.

The enhanced output response of the HIDEH signifies that
the additional power generated can overcome the inher-
ent impact-induced loss in the PIDEH. The experimental
results are further validated by numerically solving the
analytical model of the HIDEH using the ode23s solver.
Simulated responses are given in Fig. 4(c), which match
well with the experimental results. However, slight devia-
tions are observed due to unavoidable material and geo-
metric damping in the contacting layers of the device
and cantilever clamping. Moreover, the influence of the
surface roughness and increased contact area on CTEH
output is not incorporated in the numerical model to avoid
computational complexities.

B. Power integral analysis

To effectively compare the usefulness of the proposed
method, a suitably defined figure-of-merit PI is used
[36,37]. The PI is defined as the area under the out-
put power-frequency curve at a fixed acceleration and
is given by b = [(Pdf), where P is the output power
across the load. This figure of merit quantifies the perfor-
mance of an energy harvester by considering both output
power and bandwidth together [Fig. S5(a) within the Sup-
plemental Material [39]]. The PI values are calculated
experimentally for each operating condition over a fre-
quency range of 30—70 Hz and input accelerations of
0 — 2.0 g. bcteH, briDEH, and prpgy refer to the PI values
of the compensating TEH, PIDEH, and LPEH outputs. A
differential parameter, AP = Pcrpy + Ppipen — Prpen, 1S

an indicator of the energy-loss compensation at different
acceleration amplitudes. A positive value of AP symbol-
izes energy compensation, as the combined PI value of
Pcren + Ppipen becomes greater than by pry. The experi-
mentally obtained PI values as a function of acceleration
are shown in Fig. 5(a). The difference in Pcrey + Ppipen
and bpppy increases further as the acceleration amplitude
becomes greater than 1 g and can be attributed to a larger
impact force, increased triboelectric contact area, larger
strain, and increase in the surface charge density of the
nanocomposite [38]. For lower accelerations, Pcrgy is neg-
ligible due to either no or minimal impact but increases
beyond 0.3 g. The rapid rise in Pcrpy indicates com-
plete impact and triboelectrification, which improves fur-
ther for higher accelerations due to the aforementioned
reasons. Ppippy follows Prppy for lower accelerations,
as both parameters should ideally be the same during
preimpact operation. The reduction in Pppgy in postim-
pact operation is noticeable [Fig. 5(a)] and is associated
with the impact-induced power loss. For higher accelera-
tions, Ppipgy shows a modest improvement, owing to the
improved bandwidth but at the cost of significant power
loss. The simulated acceleration dependence of the PI
shown in Fig. 5(b) is in good agreement with the experi-
mental results. In both results, the PI compensation occurs
beyond 1-g acceleration amplitude as the cantilever free-
end displacement becomes greater than the initial gap (of 1
mm), and triboelectric transduction comes into the picture.
This increase in AP causes a transition from a negative to
a positive value [Figs. S5(b) and S5(c) within the Supple-
mental Material [39] ], namely, from the ROIL to the ROC.
As bPpippy and Prpgy increase linearly with the accelera-
tion amplitude, the PI gain is mainly due to the additional
triboelectric transduction of the BTO/SU-8 nanocompos-
ite. The impact-loss-compensation mechanism completely
recovers the PI loss of 50 W Hz in PIDEH and gives
an additional PI gain of 63 uW Hz for acceleration lower
than 1.5 g. Alternatively, a normalized power integral den-
sity (NPID), given by Eq. (8), is defined along with the
PI, to provide a better comparison between the operational
regions of the proposed device.

h=— ®)

volume

The n values for I)PIDEH; I)LPEH: I)CTEH, and AD are 342,
100, 111, and 45 WHzm™>, respectively, for accelera-
tion lower than 1.5 g. A positive n value for AP pro-
vides further confirmation of impact-energy-loss compen-
sation in the proposed design. Therefore, incorporating
the BTO/SU-8 nanocomposite as an active layer in the
PIDEH is advantageous and supports the initial claim
of impact-energy-loss compensation. Henceforth, the dual
transduction of the BTO/SU-8 nanocomposite in an IDEH
can obtain a large PI value, signifying a high output power
and bandwidth compared to conventional IDEHs.
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V. CONCLUSION

A hybrid transduction IDEH is presented with an inher-
ent impact-power-loss compensation mechanism. The pre-
sented IDEH is capable of compensating for impact-
induced energy loss by 100% PI recovery at < 1.5-g
acceleration amplitude. Such significant enhancement in
the energy harvesting performance is achieved by suitably
designing a device that incorporates a dual piezoelec-
tric and triboelectric transduction-based nanocomposite
as the active layer. The HIDEH demonstrates 3.3 times
power gain and a bandwidth broadening of 5.4 Hz at
(1 g) that translates to full PI recovery of 50 W Hz in
the conventional PIDEH. The reported design with dual
transduction is highly scalable and overcomes the typical
gain-bandwidth dilemma of nonlinear wideband IDEHs,
thereby further diversifying their applications in various
energy harvesting and inertial sensing applications.

Data supporting this study’s findings are available
within the article and in the Supplemental Material [39].
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