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The Effect of Mechanical Frequency on
Piezoelectrochemical Energy Harvesters

Juliane I. Preimesberger and Craig B. Arnold

Abstract— Microenergy harvesters such as piezoelectro-
chemical (PEC) devices allow the extraction of
low-frequency mechanical energy, which might otherwise
be lost. Recent literature on PEC harvesters has noted
that the input mechanical frequency affects the device
current outputs, but this effect is not well understood.
Mechanical energy sources often have variable frequencies,
so understanding PEC harvester performance as a function
of frequency is vital for the optimization of these devices.
Using a commercially available lithium ion pouch cell as a
test system, this work finds that applying a square-wave
frequency with the fastest strain rate and longest hold
time maximizes PEC current output. There is a monotonic
increase in peak power, maximum half-cycle energy, and
energy conversion efficiency as the input mechanical
frequency approaches zero. This indicates that PEC
harvesters have more flexibility in operating frequency than
piezoelectric harvesters, as PEC harvesters do not have
resonance or antiresonance frequencies.

Index Terms— Lithium ion pouch cells, low-frequency
mechanical energy harvesting, piezoelectrochemical (PEC).

I. INTRODUCTION

EXTRACTING ambient energy sources, such as mechan-
ical vibrations, has potential benefits for powering low-

energy devices. Traditional mechanical energy harvesters, like
piezoelectrics, do not operate effectively in low-frequency (less
than 1–10 Hz) regimes, so this energy source remains mostly
untapped [1], [2]. Recently discovered harvesters, called piezo-
electrochemical (PEC) systems, can harvest mechanical energy
at these lower frequencies (less than 1 Hz) [3]–[6]. PEC
harvesters typically have higher current outputs and lower
voltage outputs than piezoelectric harvesters [3]–[6]. Nonethe-
less, these harvesters make use of low-frequency mechan-
ical energy sources such as human motion, ocean waves,
and vehicles stopping and starting, among others, to power
microelectronics [3], [4], [6].

In PEC materials, it is believed that when the material is
placed under stress, the chemical potential of mobile ions in
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the material is changed. In order to return to thermodynamic
equilibrium, the ions move in and out of the material to accom-
modate the change in the free energy of the system [3]–[6].
The relatively slow kinetics of these mobile ions results in the
low harvesting frequencies of PEC materials [3]–[6]. While
PEC harvesters typically have lower output power than piezo-
electric harvesters, the high energy density of the Faradaic
mobile ions leads to higher theoretical energy densities for
PEC materials [3]–[6].

As PEC materials have only been discussed in the literature
for the last decade or so, there is still much to be understood
about the PEC mechanism and how best to optimize material
and design of PEC harvesters. So far, only a few PEC systems
have been experimentally tested, demonstrating stable current
and voltage outputs over hundreds of cycles [3]–[15]. One
such PEC system that has been explored is a commercially
available lithium-ion pouch cell, with a graphite anode and
lithium cobalt oxide (LCO) cathode [3], [5]. Previous work
established standardized metrics to characterize PEC systems,
including a voltage and current coupling factor normalized
by applied stress and a fill factor (FF) and energy conversion
efficiency similar to photovoltaic metrics [5]. This work also
established that PEC systems can be combined in series to
increase voltage output and combined in parallel to increase
current output.

It has been noted in the literature that the same PEC
harvester produces different peak currents depending on
the mechanical frequency, but this has not been greatly
explored [4]–[6], [11], [12]. The performance of other
mechanical harvesters like piezoelectric materials is known
to be greatly affected by resonance frequencies, where any
deviations from this resonance lower the efficiency of the
piezoelectric harvester [16], [17]. Often, ambient mechani-
cal vibration sources have variable frequencies and are not
perfectly sinusoidal, operating more like square waves with
stress levels being held at constant load for fluctuating times.
As such, it is vital to understand how the performance of
a mechanical harvester is affected by these fluctuating time
scales.

This work studies the effect of input ramp speed and hold
time on the PEC metrics, and finds that unlike piezoelec-
tric harvesters, PEC harvesters do not have resonance and
antiresonance frequencies. In fact, slower operating frequen-
cies result in monotonically higher outputs, indicating that
PEC harvesters have more flexibility in frequency operation
than piezoelectrics.
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Fig. 1. Experimental setup for frequency short-circuit experiments. (a) Pouch cells were cycled between two stress levels (Δσ = 13 MPa). The
mechanical frequency has two parts: the ramp time (tr) and the hold time (th). (b) Corresponding peak and trough current outputs Ip and It are
measured.

II. EXPERIMENTAL METHODS

For these experiments, we used commercially available
500-mAh lithium-ion pouch cells (GMB Power1 652535).
Both the graphite anode and the LCO cathode exhibit the
PEC effect, as demonstrated in previous literature [3]. Pouch
cells were initially charge-cycled twice, followed by five
mechanical cycles, and finally charged to a state-of-charge
(SOC) of 12.5%, to be consistent with previous work, prior
to beginning experiments [3], [5]. To mechanically compress
the pouch cells, we used an Instron 5969 compression testing
machine, and the resulting current or voltage outputs were
measured across the leads with a 1287a Solartron potentiostat.

Pouch cells are mechanically cycled between a high and
a low stress. The maximum stress placed on the cells was
always 13 MPa, which was chosen to limit the amount of
stress on the polymer separator to prevent battery failure [18].
The low stress was 0.1 MPa, kept at a minimum stress so
the pouch cells did not shift in the Instron. Fig. 1(a) depicts
a typical single mechanical cycle placed on the pouch cell by
the Instron.

We identify two important components of the cycle: the
strain rate, or the amount of time that it takes to fully compress
or decompress the sample (ramp time tr) and the amount of
time the pouch cell spends under a constant load (hold time th).
The cycle frequency f would, therefore, be

f = 1

2tr + 2th
. (1)

Other literature identifies cycle frequency just as the inverse
of the half-cycle time [4], [6], [8], [11]. However, this is not
a full cycle, so metrics were defined using the full frequency
given in (1) [5].

The typical short-circuit current response of a single cycle is
shown in Fig. 1(b), where the peak current Ip is the response
when the pouch cell is under stress and the trough current
It is the response when the stress is released. The previously
defined metric [5] �ISC is half the difference between these
values

�ISC = 1

2

(
Ip − It

)
. (2)

1Registered trademark.

For I–V curve experiments, resistors with varying loads
(0.1, 0.33, 1, and 10 �) were soldered to the positive terminal
of the pouch cell, the current was measured across the leads,
and half the peak-to-peak current was plotted (�ISC) after the
peaks and troughs reached a steady state. The corresponding
voltage for the I–V curve was calculated using Ohm’s law.
The open-circuit voltage response due to stress was also
measured across the leads.

III. RESULTS AND DISCUSSION

A. Effect of Hold Time

Fig. 2(a) depicts the current response of a pouch cell due
to applied mechanical frequencies ranging from 0.025 Hz to
100 μHz, with the same ramp time (tr = 10 s). For all
experiments, an initial hour was allowed for the pouch cell to
reach equilibrium before stress was added. Faster frequencies
(such as 0.025 Hz, with th = 10 s) result in a significant
decrease in the peak-to-peak current output of the harvester
compared with slower frequencies (such as 100 μHz, with
th = 5000 s).

This can be explained intuitively by understanding how
the system responds to a change in stress. The pouch cell
first starts out at equilibrium under zero applied load. Then,
�σ is applied, and to accommodate this mechanical energy,
a new equilibrium is achieved. The system must change
its electrochemical potential to reach this new equilibrium;
this total change in energy is the theoretical total energy
obtainable for that system under �σ . However, this change
in electrochemical potential is not instantaneous, and if the
change in mechanical potential is faster than the electrochem-
ical potential change, the system does not have time to fully
equilibrate. Therefore, there is some uncollected energy wasted
that half-cycle, and the total available energy for the next
half-cycle is smaller than the theoretical total energy. Because
there is less energy available, the next half-cycle peak or
trough current will be smaller. This is depicted in Fig. 2(b).

To investigate the effect of the hold time th, four different
hold times (th = 1, 10, 100, and 1000 s) were selected, with
the same ramp time of 10 s. Fig. 3 plots the peak (Ip) and
trough (It) currents of each hold time for 31 cycles, averaged
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Fig. 2. Why hold time matters in PEC systems. (a) Plot of a pouch cell’s short-circuit response due to varying hold times (th = 100, 1000, 10, and
5000 s, in order) with tr = 10 s. The shorter hold times result in smaller peak and trough currents. (b) Schematic explaining how the previous
half-cycle affects the succeeding half-cycle due to the available energy being less than the theoretical energy.

Fig. 3. Plots of peak and trough currents for different hold times. (a) Peak currents for different hold times across several cycles, tr = 10 s.
(b) Trough currents for different hold times across several cycles, tr = 10 s. Error bars represent the standard deviation across at least three pouch
cell responses.

over at least three different pouch cell responses. As can be
seen from Fig. 3, a longer hold time gives larger peak and
trough currents.

As can be seen in Fig. 3(a), the first peak (representing
the first half-cycle during which the pouch cell is under
stress) is always the same regardless of hold time, within the
error bars. It is expected that this current peak is the “ideal”
response to the applied stress, for a specified ramp time. This
is because the system does not “know” at what frequency the
mechanical input is and, therefore, the total theoretical energy
[see Fig. 2(b)] is available for this half-cycle. In contrast, the
first trough (representing the first half-cycle where stress is
released from the pouch cell) is not the same for each hold
time, as seen in Fig. 3(b). This is because the first trough
current does detect what the input frequency is, due to the
previous half-cycle, as explained in Fig. 2(b). The successive
peak and trough currents after the first cycle then reach a
plateau, where the absolute value of the peak and trough
currents is equal.

B. Effect of Ramp Time
In addition to hold time, strain rate has been known to

affect current outputs of PEC harvesters [6]. To investigate
the effect of strain rate, which is inversely proportional to the
ramp time tr , two additional ramp times (tr = 100 and 1000 s)
were selected and experiments were performed with each hold
time (th = 1, 10, 100, and 1000 s) with at least three pouch
cells. A ramp time of 1 s was also tested but was close to the
instrument resolution (see Fig. S1).

As can be seen from Fig. 3(a), after several cycles, both
the peak and trough currents reach a steady state. Fig. 4(a)
plots this steady-state average peak-to-peak current (2�ISC)
for each hold and ramp time. The trend seen in Fig. 3, where
higher hold times output a higher current, follows for all
ramp times. In addition, a shorter ramp time results in higher
current outputs for all hold times. From Fig. 4(a), we can
see that current output is dependent on hold and ramp time,
not frequency, as experiments with the same frequency (e.g.,
495 μHz for tr = 10 s, th = 1000 s, and tr = 1000 s,
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Fig. 4. Effect of ramp time. (a) Steady-state average of the peak-to-peak current outputs of each hold and ramp time combination. (b) Initial peak
current of each ramp and hold time combination. Error bars represent the standard deviation of the response of three different pouch cells.

Fig. 5. Exponential decay constants for different ramp times. (a) Exponential fit of a single cycle decay for experiments with th = 1000 s.
(b) Exponential decay constant (b). (c) Absolute value of the initial decay slope. All error bars represent at least three different pouch cell responses.

th = 10 s) give significantly different results. Thus, given
a single frequency, selecting a shorter ramp time and longer
hold time will maximize current output for a PEC system.
Fig. 4(b) plots the initial peak for each ramp and hold time
combination, and although the initial peak is not affected by
hold time (within error bars), it is affected by ramp time. This
can be explained by what the system “knows” for the first
half-cycle: the ramp time has been applied but the hold time
has not yet. Thus, even the ideal response of the system is
affected by ramp time, as can be seen by the lower current
values for slower ramp times in Fig. 4(b).

To understand why the ramp time affects the current output,
we need to look at how the current exponentially decays. This
exponential decay was previously found to be a function of
the SOC, related to the differential voltage (dV /d Q) of the
pouch cell [19]. However, it was noted that the system decays
to zero faster than a single exponential fitting model, possibly
due to another, faster decaying, capacitive effect.

We can fit the exponential decays for each cycle for all
experiments with th = 1000 s. For the sake of simplicity, we
only fit the decay constants for the peak current decay (i.e.,
when the pouch cell is under stress). Fig. 5(a) plots an example
current decay for each ramp time, with a single exponential
fit using

y = ae−bt . (3)

Here, we find that for tr = 10 and 100 s, the single
exponential fit misses a faster, secondary decay at the start,

supporting the idea that there is another capacitive effect
besides (dV /d Q) [19]. For tr = 1000 s, this single exponential
fit is sufficient, indicating that this faster transient might
overlap with the time the cell spends under load during the
ramping period. The exponential decay constant b plotted in
Fig. 5(b) was fitted to the last 800 s of the curve, after the
effect of the transient is negligible.

There is not a significant difference (outside of the error
bars) between the decay constants of different ramp times,
which is consistent with previous work defining this decay
constant as a function of (dV /d Q) and SOC. The first half-
cycle has higher decay rates, suggesting that the priming of
the cell from the previous cycle greatly affects the current
response, and the initial cycle, which is unprimed, represents
the fundamental response of the system outside of input
frequency [as seen in Fig. 4(b)].

To compare the initial transients, we subtract the exponential
fit found for the last 800 s [using the constant plotted in
Fig. 5(b)] from the data. From the residual (see Fig. S2),
we take the initial peak and divide by 200 s, to get the
slope of the “linear” residual. Note that the residual is
clearly not linear, but we do not propose a form here.
The absolute value of this initial decay slope is plotted
in Fig. 5(c). These constants clearly show a trend with
the ramp times, indicating that there is a transient that
is being missed by the slower ramp times that enables
higher peak currents in the experiments with faster ramp
times.
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Fig. 6. I–V curves with different mechanical hold times. (a) I–V curves, with standard deviation error bars representing at least three different pouch
cell responses. (b) Half-cycle energy curves, with standard deviation error bars. Note that th = 4107 s I–V curve is there to compare with previous
work [5], and has a different ramp time than the others (tr = 60 s).

While ramp time does have an impact on PEC current
outputs, the change is over orders of magnitude. It is unusual
that input mechanical strain rates vary by this much. Therefore,
it is the hold time that is more likely to affect PEC harvester
performance in a real-world application.

C. PEC Metrics and I–V Curves as a Function
of Hold Time

Understanding that input mechanical hold time has a signif-
icant impact on the peak and trough current outputs of a PEC
system, we now look at how this affects system performance.
Important figures of merit for PEC harvesters include the FF
and energy conversion efficiency (ηEC), which measure the
performance of the harvester under realistic external loads [5].
FF is defined as the ratio of maximum power to theoretical
power (open-circuit voltage times short-circuit current) of a
harvester, and ηEC is the ratio of harvester output energy
divided by the work done by the Instron. To calculate these
metrics, an I–V curve must be measured. Previous work
measured an I–V curve with f = 120 μHz (th = 4107 s,
tr = 60 s) [5]. Following the procedure outlined before [5],
additional I–V curves for the LCO and graphite pouch cell
system were measured to see how hold time affects the PEC
figures of merit.

We chose the fastest ramp time (tr = 10 s) measured from
Fig. 4, and use this ramp time to compare the effect of hold
time on PEC I–V curves. The fastest frequency possible given
this ramp time (within instrument limitations) is, therefore,
0.045 Hz, with th = 1 s. The slowest frequency possible
would be a theoretical “0 Hz” frequency, where th approaches
infinity. It is expected that the first half-cycle peak, as seen in
Fig. 4(b), will be close to this theoretical 0 Hz response, as it
is the “ideal” response of the harvester, given a specific ramp
time. Thus, a 0-Hz I–V curve was constructed using the first
half-cycle current peak. Note that the other I–V curves were
constructed using (1/2)ISC instead of the Ip current values.
Additional I–V curves with intermediate hold time values of
th = 100 and 10 000 s were also measured. Fig. 6(a) plots the
resulting five I–V curves at different hold times.

Half-cycle energy at each load was calculated as the integral
under the power output. For the 0-Hz experiments, the current

allowed as much time as needed to decay to zero to measure
the maximum energy possible. Half-cycle energies for the five
hold times are plotted in Fig. 6(b).

As expected from the results in Fig. 3, Fig. 6(a) shows that
a longer hold time results in a higher short-circuit current.
The open-circuit voltage does experience slight decay over
time, due to resistive losses, so the open-circuit voltage for the
faster hold times is slightly higher than the others because the
voltages did not have time to decay. However, the open-circuit
voltage values are still the same within a standard deviation,
as expected, because open-circuit voltage is not dependent on
ion kinetics.

From Fig. 6(b), for faster holds such as 1 and 100 s,
the mechanical frequency change is too fast for there to
be significant energy harvesting. Low resistance loads for
4107 and 10 000 s holds, which is slow enough for these low-
resistive currents to decay to zero, give a higher energy than
0 Hz. As can be seen from Fig. 5(b), the decay rate of the first
cycle is much higher; therefore, the total energy harvested for
the first half-cycle is lower than successive cycles. For higher
resistance loads, where 4107 and 10 000 s are too fast for
the current to decay to zero fully, the 0-Hz energy is higher,
because it does not rely on the previous cycle decaying to zero.

PEC metrics [5] (short-circuit current density coupling fac-
tor GSC, open-circuit voltage coupling factor KOC, theoretical
peak power density �th, FF, and full-cycle energy conversion
efficiency ηEC) for each I–V curve with tr = 10 s shown
in Fig. 6 are reported in Table I. In addition, we include
in Table I the maximum half-cycle energy (Emax) for each
hold time [as seen in Fig. 6(b)]. Note that while τw [short-
circuit current full-width at half-maximum (FWHM)] and Eh

(normalized theoretical half-cycle energy density) metrics are
useful for comparison across different PEC systems, they
are order-of-magnitude estimations, and not as relevant for
comparison across the same system, so they are not included.
The stress and device area that these metrics are normalized
by are �σ = 13 MPa and A = 105 cm2, respectively. Two
additional hold times (th = 10 and 1000 s, tr = 10 s) were
measured at the impedance-matched load, and max-energy
load, to get peak power and max energy, to compare to the
other I–V curves presented in Table I.
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TABLE I
COMPARING PEC METRICS FOR DIFFERENT HOLD TIMES

Fig. 7. PEC metrics as a function of hold time. (a) Peak power versus hold time, with standard deviation error bars representing at least three
different pouch cell responses. (b) Max half-cycle energy versus hold time, with standard deviation error bars. (c) FF versus hold time, with standard
deviation error bars. (d) Efficiency ηEC versus hold time, with standard deviation error bars. For all plots, the dashed line indicates the response of
the system at 0 Hz, and is labeled with the standard deviation.

From Table I, and as seen in Fig. 6(a), GSC increases as
hold time decreases. At 0 Hz, GSC of 2.56 (μA/cm2MPa)
is greatly improved from the previously reported
1.85 (μA/cm2MPa) for th = 4017 s and tr = 60 s [5].
At GSC = 2.56, this pouch cell system becomes competitive
with the best GSC outputs of other PEC systems, including
2.25 (μA/cm2MPa) for a Nax BP system, 2.72 (μA/cm2MPa)
for an ionic diode system, and 4.00 (μA/cm2MPa) for a

Lix Al system [4], [5], [8], [9]. KOC remains relatively
constant. Thus, theoretical peak power �th is the highest for
the 0-Hz frequency.

We see that Emax also increases with hold time. In addition,
if we assume that the 0-Hz response gives the highest current
under resistive loads, then the maximum FF for this system
must be 28.4%. The maximum energy of 0 Hz is also higher
because the higher resistive loads have time to extract all the
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possible energy [as seen in Fig. 6(b)]. Therefore, ηEC is the
highest for 0 Hz.

Fig. 7(a) and (b) plots the dependence of peak power
and Emax and hold time, respectively. Both peak power and
maximum half-cycle energy increase monotonically with hold
time, as predicted from the results in Fig. 3. Fig. 7(c) and (d)
plots hold time versus FF and ηEC. The peak power, FF, Emax,
and ηEC values for the 0-Hz frequency are displayed as an
asymptote (dashed line, labeled with the value and standard
deviation). While ηEC remains monotonic, because the change
in Instron work (see Fig. S3) is smaller than the change in
maximum energy, FF does not monotonically increase. This
is because theoretical peak power (�th) increases significantly
between the 10- and 100-s hold time experiments, due to the
change in open-circuit voltage.

Regardless, Fig. 7 shows that there is no resonance hold
time associated with PEC harvesters. While PEC outputs
are better at a longer hold time, harvesters can still operate
at faster hold times (like 1000 and 10 000 s) at similar
FF. This flexibility in harvesting frequencies indicates that
PEC systems can capture ambient low-frequency mechanical
vibrations despite fluctuations.

IV. CONCLUSION

We investigated the effect of input mechanical frequency
on PEC harvesters, using commercial lithium-ion pouch cells
as an example system. We found that the time the harvester
spends under constant load (th) affects the amount of available
energy for the succeeding cycles, which limits the peak
and trough current outputs. The strain rate (tr) affects the
exponential decay of the current output, where slower ramp
times miss initial transients that allow for higher peak and
trough currents. Therefore, to maximize current output for
PEC harvesters, a frequency with the fastest strain rate and
the longest hold time should be chosen. We determine the
PEC metrics for our pouch cell system at different hold times
and find that the maximum half-cycle energy and peak power
of a harvester increase monotonically with hold time. This is
a departure from piezoelectric harvesters, where the harvester
performs poorly too far away from a resonance frequency.
These findings are encouraging results for the usefulness of
PEC harvesters, because they suggest that PEC harvesters
have a much larger window of operating frequencies than
piezoelectrics.
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