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Abstract Although lithium ion battery research often focuses
on electrochemical properties, lithium ion intercalation mate-
rials are also mechanically active. Essentially, these materials
exhibit a mechanical-electrochemical coupling such that when
a stress is applied, the voltage of the battery increases. In this
work, we develop a model to study and predict the effective-
ness of intercalation materials as mechanical energy har-
vesters. Specifically, we show that a lithium ion battery har-
vester can be modelled as a simple circuit and that we can
make both qualitative and quantitative predictions about the
effectiveness of a battery material given its intrinsic mechan-
ical and electrochemical properties. The measured efficiency
of our system, calculated from the energy output and total
work input, is 0.012 ± 0.004%, and our model predicts that
the maximum theoretical efficiency of the system is
2.9 ± 0.5%. In the future, this model will help us develop
and study other intercalation materials that will bring the mea-
sured efficiency closer to our proposed theoretical maximum.

Keywords Piezoelectrochemisty . Lithium-ion batteries .
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Introduction

Batteries are the prototypical accessible storage device, and
lithium ion batteries are among the most useful due to their
high energy density and low rate of self-discharge [1]. Lithium
ion batteries are found in devices ranging from cell phones to
electric vehicles and will continue to remain important for
these and other energy storage applications in the future. In
this work, we investigate batteries from a nontraditional per-
spective: as a tool for energy harvesting. Specifically, this
work focuses on how lithium ion batteries can be used to
convert mechanical work into electrical energy, a property that
has not been explored in detail. Our primary goal is to char-
acterize the mechanical energy harvesting process in
piezoelectrochemical systems, and in the course of this work
we also propose a model to help select and optimize
piezoelectrochemical systems in the future.

Recent work on battery electrode mechanics has investigat-
ed how applied stresses and strains can affect electrochemistry
for various systems, including lithium-silicon, lithium-graph-
ite, and sulfuric acid-graphite [2–8]. Previous research uses
rigorous thermodynamic models to derive a linear proportion-
ality between a change in stress and the equilibrium potential
of lithium ions for silicon anodes [5–7]. The results of this
previous research were extended to graphite electrodes, and
a simple conservation of energy model finds a similar linear
correlation between applied stress on a battery and a corre-
sponding increase in voltage [2]. These results and others that
measure stress as a function of voltage indicate that there is a
fundamental coupling between battery mechanics and electro-
chemistry [7].

In this work, we leverage the idea that one can take an off-
the-shelf lithium ion battery, squeeze it, and then see an in-
crease in the voltage (of order 0.1 mV). While this has only
been tested with commercial lithium ion batteries, this concept
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should apply not just to lithium ion batteries, but to any inter-
calation material [2]. Using this phenomenon, intercalation
materials can be useful as stress sensors because they do not
require a power source and have a flexible design shape, but
they are unlikely to be widely utilized in this capacity because
extremely large stresses (order MPa) are necessary to produce
very small voltages [2].

Nevertheless, the coupling between mechanical stress and
electrochemistry can be utilized in energy harvesting applica-
tions. Currently, piezoelectric materials are the most common
materials for converting mechanical to electrical energy, often
using high-frequency vibrations from the environment to pro-
duce electrical energy [9, 10]. Piezoelectric materials, though,
do not work very well for low-frequency mechanical oscilla-
tions below 1 Hz [11, 12]. Battery intercalation materials, or
Bpiezoelectrochemical^ materials, take advantage of the
stress-voltage coupling in intercalation materials and harvest
energy at extremely low frequencies (less than 1 mHz).
Additionally, piezoelectrochemical materials have a higher
energy density per unit volume than traditional piezoelectric
materials [13]. In previous research, we used two antiparallel
lithium ion batteries connected through an external load to
demonstrate how to harvest small amounts of energy by
squeezing one battery [13]. Other research groups have dem-
onstrated alternative geometries using silicon electrodes that
can harvest energy with similar mechanisms [14]. In this pa-
per, we develop a model to study the piezoelectrochemical
harvesting process with lithium ion batteries and then use this
model to characterize the harvesting system and determine its
maximum theoretical efficiency. Our model leverages the fun-
damental coupling between mechanics and electrochemistry
in battery materials and can be applied to other intercalation
materials to predict their effectiveness for energy harvesting
applications.

Experimental Methods

Our primary energy harvesting setup consists of 170 mAh
pouch cells containing LCO and graphite electrodes. State of
charge measurements are based on the 170 mAh nominal
capacity, and batteries are charged to a given state of charge
after discharging to 3 V and holding at 3 V until the current
decays under 1 mA. These cells are manufactured by AA
Portable Power Corp and have a nominal size of 25 mm by
20 mm by 5 mm. They are compressed using an Instron me-
chanical characterization tool to a known stress (calculated as
force per unit area) and voltage measurements are taken with a
Solartron potentiostat. All strain measurements and deriva-
tives are measured and analyzed as described in previous re-
search [15]. Specifically, an LVDT is used to measure strain of
a lithium ion pouch cell while an Arbin potentiostat performs

a constant-current charge at C/20. The derivatives of the data
are calculated using MATLAB.

For the characterization harvesting experiments we connect
two batteries in anti-parallel with a resistor between two leads
andmeasure the potential drop across the resistor. A schematic
of the setup is depicted in Fig. 1 and described in further detail
in previous work [13]. One cell is compressed between 0.1
and 10 to 15 MPa in a cyclic pattern depicted in Fig. 2. Note
that each cell is cycled at least five times before any measure-
ments are taken to avoid first-cycle inelastic effects.
Additionally, measurements are only taken after the initial
voltage equilibrates to approximately 0 V (< 50 μV). During
analysis, the voltage decay is fit with exponential functions
usingMATLAB and all mathematical analysis is performed in
MATLAB and Excel. All error is 1σ unless otherwise indicat-
ed. Note that the data presented represents a sample of best
data acquired and that there can be a large variance in the
measured properties due to manufacturing differences be-
tween batteries.

Proof of Concept

Lithium ion batteries exhibit a mechanical-electrochemical
coupling such that when a stress is applied, the voltage in-
creases. Specifically, previous research has proposed the fol-
lowing relationship.

ΔV ¼ ∂ε
∂qv

σ ¼ kσ ð1Þ

Where ΔV is the voltage change of the battery, ε is the total
mechanical strain of the battery, qV is the volumetric charge of
the battery, σ is a stress (applied by an Instron throughout this
work), and k is a coupling factor defined in equation (1). [2,
13] This coupling is due to mechanical stresses shifting the
equilibrium potential of lithium ions in the electrodes, thus
changing the voltage [5, 6]. Although a thorough thermody-
namic treatment of the electrode will result in the above pro-
portionality, Equation (1) can also be derived from conserva-
tion of energy during battery compression. [2, 13] Throughout
this work, we will assume that the battery will instantly adjust
to the new equilibrium when compressed, i.e., the voltage
change is instantaneous compared to other processes and there
are no other kinetic processes that could result in energy losses
(although electrode fracturing is a potential energy loss mech-
anism, fracturing is unlikely at 10 MPa and beyond the scope
of this work) [16]. The details of this relationship in the con-
text of mechanical energy harvesting are further explored be-
low, but equation (1) is sufficient for a simple proof-of-con-
cept. In the setup shown in Fig. 1, the green cell is com-
pressed, increasing its voltage relative to the blue reference
cell. However, because the two cells are connected, the
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voltage will equilibrate, and power will be consumed by the
load. In this particular case, the load is a 10Ω resistor (chosen
tomaximize power output through impedance matching). [13]
Once the voltages have equilibrated, the stress is removed and
the voltage of the green cell decreases relative to the blue cell.
The cells then equilibrate again, generating power across the
load. An example of multiple cycles is shown in Fig. 2, a
slight variation on a similar experiment previously described.
[13] The cells in this figure are at 20% state of charge because
this state of charge is near optimal according to previous re-
search and the cell is compressed to 15 MPa to maximize
energy harvesting without destroying the battery. [13] Fig. 2
depicts, from bottom to top, the stress applied as a function of
time, the total work done by the Instron over time, the
resulting voltage increases, and the energy harvested from
each cycle (the integral of the power over the resistor with
respect to time). One cycle is marked with vertical dashed
lines in Fig. 2.

On average, each cycle during the test shown in Fig. 2
results in 0.057 ± 0.002 mJ of energy (average 7.9 ± 0.3 nW
output) and the Instron applies 0.47 ± 0.01 J of work per cycle,
resulting in a conversion efficiency of ηmeasured = 0.012 ±
0.004%. Note that this is not an idealized system, and similar
batteries have efficiencies between 0.01% and 0.2% for this
type of energy harvesting [13]. This efficiency represents an
unoptimized system, and is comparable to other mechanical
harvesters that use mechanical-electrochemical coupling
[13]. Future work will hopefully improve this efficiency
with optimized materials and procedures.

In Fig. 2, the voltage does not completely decay to 0 V
during each cycle because the cycles are limited to a two-
hour period in order to perform more tests. Two hours is
sufficient to fit an exponential, and by comparing the experi-
mental energy harvested per cycle to the theoretical energy
harvested by letting the exponential decay to infinite time,
each cycle achieves 80 ± 2% of its maximum possible har-
vested energy if the voltage decayed infinitely. In the end, this
experiment demonstrates the feasibility of energy harvesting
using this procedure and provides a baseline for future
piezoelectrochemical experiments and characterizations.

However, to improve and optimize this procedure, we need
to understand the underlying mechanical-electrochemical
coupling in battery materials better. Specifically, we need to
understand the exact mechanisms that are occurring in the
simple circuit depicted in Fig. 1.

Theoretical Model

To model the harvesting, we can treat the schematic from
Fig. 1 as a circuit, where the batteries are both at constant state
of charge (this is valid due to the extremely small amount of
charge transferred between the batteries due to the small volt-
age difference). In particular, we will treat the batteries as

Fig. 2 Demonstration of the feasibility of energy harvesting using 170
mAh batteries at 20% state of charge. The plots, in order from bottom to
top, are the mechanical stress profile as measured by the Instron, the
cumulative Instron work, the voltage across the resistor, and the total
energy harvested. The red dashed lines mark a single cycle. Note that
the current across the resistor is simply the voltage divided by 10Ω since
we are using a fixed resistor

Fig. 1 Schematic of experimental setup. The green cell is compressed
and the blue cell is the reference cell/reservoir [13]
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capacitors which are oppositely polarized, with one battery
(the compressed one) at an initial voltage of ΔV and both
batteries having capacitance described by equation (2). [17]

C ¼ dQ
dV

� �
QSOC

¼ 1
dV
dQ

� �
QSOC

ð2Þ

The capacitance described in equation (2) is valid at any
constant SOC, and because the flow of electrons around the
circuit throughout the harvesting process is negligible com-
pared to the capacity in the battery at any SOC, the capacitance
during the process is constant. The circuit is depicted in Fig. 3.

Applying Kirkoff’s second law to the circuit in Fig. 3 re-
sults in equation (3a). Both batteries in Fig. 3 are at the same
SOC and battery 2 is compressed, increasing its voltage by
ΔV. Q is the amount of charge lost by battery 2 and gained by
battery 1 (i.e., Q is the number of coulombs that pass through
the circuit). Equation (3a) can be rearranged into equation (3b)
and solved for Q in equation (3c) using the boundary condi-
tion that Q = 0 at t = 0.

VBat1þVBat2þVR¼−Q
dV
dQ

� �
SOC

þ ΔV−Q
dV
dQ

� �
SOC

� �
−
dQ
dt

Rext¼0

ð3aÞ

dQ
dt

¼ ΔV
Rext

−
2Q
Rext

dV
dQ

� �
SOC

ð3bÞ

Q tð Þ ¼ ΔV

2 dV
dQ

� �
SOC

1−e
−2t
Rext

dV
dQð Þ

SOC

� �
¼ Q∞ 1−e

−2t
Rext

dV
dQð Þ

SOC

� �
ð3cÞ

The voltage across the resistor is going to be the last term in
equation (3a), and voltage as a function of time across the
resistor is given in equation (4).

VR tð Þ ¼ dQ
dt

Rext ¼ ΔVe
−2t
Rext

dV
dQð Þ

SOC ð4Þ

From equation (3c) and equation (4), as t→∞, Q tð Þ→ ΔV
2 dV

dQð Þ
SOC

¼ Q∞ and VR(t)→ 0. This means that initially, VR =ΔV but
over time, the capacitors charge up to a voltage of ΔV/2 and
the voltage over the resistor decays to zero, as expected when
energy is dissipated through the system. Note that the above
derivation is for a compressed battery (that isΔV > 0), but that
when the battery is uncompressed, the same process occurs
with a negative voltage and negative current, dissipating the
same amount of energy over the resistor but with current flow
reversed. The total amount of energy dissipated over the re-
sister is given by equation (5), with a factor of two accounting
for both the compression and release steps.

Eres

2
¼ ∫∞0

VR tð Þ2
Rext

dt ¼ ∫∞0
ΔV2

Rext
e

−4t
Rext

dV
dQð Þ

SOCdt ¼ ΔV2

4 dV
dQ

� �
SOC

ð5Þ

Because lithium ion batteries expand and contract, and
strain is a strong function of state of charge, we can compare
the energy dissipated over the resistor with the energy input of
the compressive force as the compressed battery contracts
slightly when the charge moves around the circuit [15]. The
work input is given by equation (6a), and the conservation of
energy equation is given by equation (6b). The applied force is
given by Fapp, the amount of expansion by ℓ/ℓ0 = ϵ (using the
standard definition of engineering strain), and the capacity of
the battery by Q. We denote the energy losses as Eloss.
Equation (6a) represents the theoretical compressive work
done by the Instron on the battery, and equation (6b) repre-
sents conservation of energy—namely that all compressive
work is either lost somewhere in the circuit or is dissipated
by the resistor as electrical work. Note that energy is only
input during the compression, whereas energy is dissipated
through the resistor during both the compression and
the release.

Wcompress ¼ ∫Fappdℓ ¼ ∫QSOC−Q∞
QSOC

Fapp
dℓ
dQ

� �
SOC

dQ

¼ Fapp
dℓ
dQ

� �
SOC

Q∞ ð6aÞ

Wcompress ¼ Fapp
dℓ
dQ

� �
SOC

ΔV

2 dV
dQ

� �
SOC

0
B@

1
CA

¼ Eres þ Eloss ¼ ΔV2

2 dV
dQ

� �
SOC

þ Eloss ð6bÞ
Fig. 3 A circuit schematic of the setup described in Fig. 1. Note that we
will treat the batteries here as Bcapacitors^ because the batteries are at
essentially constant state of charge. Also note that the batteries are
antiparallel
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ΔV ¼ αFapp
dℓ
dQ

� �
SOC

ð6cÞ

Eloss ¼ 1−αð ÞWcompress ¼ α 1−αð Þ
F2
app

dℓ
dQ

� �2

SOC

2 dV
dQ

� �
SOC

ð6dÞ

Eres ¼ αWcompress ¼ α2
F2
αpp

dℓ
dQ

� �2

SOC

2 dV
dQ

� �
SOC

ð6eÞ

Wcompress;max ¼ limα→1Wcompress ¼
F2
αpp

dℓ
dQ

� �2

SOC

2 dV
dQ

� �
SOC

ð6fÞ

We assume that the efficiency of this system is constant, i.e.,
Eloss = (1 −α)Wcompress for some constant 0 ≤α ≤ 1. With this
assumption, we can solve for the initial voltage (equation (6c))
and the energy loss term (equation (6d)). The limit of Eloss→ 0

is the same as α→ 1, which results in ΔV ¼ Fapp
dℓ
dQ

� �
SOC

¼ σ dϵ
dqV

� �
SOC

[13]. From the conservation of energy, we have

rigorously derived an expression for ΔV in equation (6c) that
matches exactly the expression postulated in equation (1) in the
limit of no energy losses. In this derivation, we assume that the

measured time constant is exactly 2
Rext

dV
dQ

� �
SOC

. In practice, we

find that this time constant is off by a small factor (close to

unity) β such that b ¼ β 2
Rext

dV
dQ

� �
SOC

, where b is the measured

time constant. Combining equations (6e) and (6f), we deter-
mine that the maximum theoretical efficiency for a battery with
known parameters alpha and beta is given by,

ηtheory ¼ α2
.
β ð7Þ

Initial Voltage Peak and State of Charge

In general, there are many parameters that affect the energy
harvesting system shown schematically in Fig. 1. In this sys-
tem, when one battery is compressed, the equilibrium poten-
tial changes and lithium ions (and electrons) move to equili-
brate the potentials of the two batteries. However, both the
equilibrium potential and the mechanics of the system are
strong functions of state of charge. State of charge is therefore
an extremely important parameter to investigate when consid-
ering energy harvesting. Other parameters of interest include:
the stress applied (more stress correlates with more voltage)
and the load resistance (voltage and power are functions of
resistance). To investigate the parameters of the amount of
energy harvested, we cycled the system with a period of one
hour (enough to fit an exponential) with a stress of 10 MPa

(higher stresses had adverse effects on our particular batteries
over time). All averages here represent at least five cycles. The
voltage as a function of time was fit to an exponential equation
of the form given in equation (8).

VR tð Þ ¼ ae−bt ð8Þ

Perhaps the most important parameter to investigate as a func-
tion of state of charge is the initial change in voltage the
system experiences when compressed, represented in equation
(8) as a = VR(0). As described in equation (1) and (6c), the
factor that determines the voltage increase at a given stress
state is equal to the first derivative of strain with respect to
state of charge (derived in detail in previous work) [2, 13].
Fundamentally, this derivative has been previously related to
electrode phase transitions, specifically the lattice heights and
equilibrium potentials of the phases [15]. Other intercalation
materials that exhibit phase translations can be easily evaluat-
ed for use as an energy harvester with quick mechanical
measurements.

The same type of experiment from Fig. 2 (with slight dif-
ferences described previously) is run at different states of
charges, and the average peak heights for multiple cycles
(VR(t = 0)) are compared to the derivative of expansion in
Fig. 4. This comparison is done by comparing VR(0)/Fapp to
dℓ/dQ, quantities that should be proportional according to
equation (6c). The y-error for the data points is the result of
variations between cycles of the same battery. The x-error for
the data points is chosen based on observed variations in max-
imum capacity of the batteries (and therefore state of charge
calculations). The shaded error for the derivative is taken from
manufacturer boundaries for the variations in height of the
batteries and therefore their expansion and strain. The axes’
ranges are picked to best compare the quantities assum-
ing a direct correlation between the data, discussed be-
low. The measured heights and the derivative of expan-
sion agree well have the same general trends. Using a
direct fit (αdℓ/dQ = VR(0)/Fapp), we can solve for the
parameter α, as defined in equation (6c). This fit calcu-
lation gives α = 0.20 ± 0.02. The energy losses in this
process are likely due to friction, heat, and other resis-
tive losses in the system such as increased resistance
when the battery is compressed [18]. Along with β, this
value can help determine the maximum theoretical effi-
ciency of this system according to equation (7).

In our model, we assume thatα is a constant, but it could be
a very weak function of state of charge. For example, account-
ing for the factor of α in Fig. 4, the measured voltage at lower
states of charge is relatively larger than the derivative line but
the measured voltage at higher states of charge is relatively
smaller than the derivative line. This implies that α decreases
slightly with increasing state of charge, indicating that the
system has more energy losses at higher states of charge.
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Such a trend could be attributed to increased resistance of the
battery at higher states of charge [18].

Time Constant and State of Charge

In addition to the initial peak voltage strongly affecting the
energy harvested, the time constant, b, will also affect the
energy harvested (smaller values mean that the voltage decays
more slowly and more energy is harvested). Building on equa-
tion (4), we will compare the experimental time constant, b,

with the theoretical decay factor, 2
Rext

dV
dQ

� �
SOC

. In particular, we

will compare dV
dQ

� �
SOC

with b∗Rext/2, where the resistance is

nominally 10 Ω. Figure 5 depicts this comparison.
The trends in the measured decay constant matches the

trend in dV/dQ very well. However, the measured decay con-
stant is 1.4 ± 0.1 times larger than expected, calculated via a

direct fit (bRext=2 ¼ β dV
dQ

� �
SOC

where β = 1.4 ± 0.1). While β

is essentially unity, this factor indicates that the real system
decays to zero faster than the model predicts and is therefore
less efficient than the model (i.e., there are unaccounted
losses). This small factor could be due to the capacitive nature
of the batteries not being exactly equal to dV/dQ or some other
capacitive term that is not in the model. Overall, however, the
comparison between dV/dQ and the measured time constant
supports the model extremely well.

Energy Efficiency

The true measure of success of an energy harvester is the
amount of energy harvested. Lithium ion batteries do not gen-
erate significant amounts of energy (order nWof average pow-
er generation). However, this small amount of energy (order
1 mJ per hour) is useful for purposes such as wireless sensors

Fig. 4 Comparison of the first
derivative of strain (coupling
factor) with parameters involved
in energy harvesting, specifically
peak voltage height. The shaded
region represents error on the
derivative curve. Y-error on the
data points is due to standard
deviation of multiple cycles and
x-error is estimated from
observed battery differences. The
ranges and scales on the second
axes are chosen to best align the
data according to a proportional
fit

Fig. 5 Comparison of measured
adjusted decay constant and
dV/dQ. The axes scales have been
adjusted for best viewing. Y-error
represents a standard deviation,
x-error represents expected
variation in maximum capacity,
and the gray shading represents
expected variation in the
derivative from variation in
maximum capacity
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that require very small amounts of energy but are not easily
accessible. Additionally, lithium ion batteries are not opti-
mized intercalation materials and other materials and config-
urations could potentially produce orders of magnitude more

energy. According to equation (7), ηtheory ¼ α2

β ¼ 2:9� 0:5%.

This theoretical efficiency is a constant for our system because
α and β are constants.

While this calculation represents the amount of energy har-
vested compared to what we would expect to harvest accord-
ing to our model, in practice the total efficiency of the system
also has viscoelastic terms from the compression and release
of the battery. From Fig. 2, we calculated that ηmeasured =
0.012 ± 0.004%. This is significantly less than the ηtheory =
2.9 ± 0.5%. This difference is due to battery materials such
as the polymer separator. Essentially, regardless of energy
dissipation over the load, compressing and releasing the bat-
tery will always result in a significant energy loss from the
viscoelasticity of the battery components. ηtheory is the maxi-
mum theoretical efficiency of our harvesting system that as-
sumes no viscoelastic losses and assumes that the input work
comes solely from movement of the applied force due to
change in battery expansion when current flows. The ηtheory
is a reasonable maximum theoretical efficiency for a graphite
and LCO battery system, and other similar systems likely have
comparable efficiencies.

Conclusion

Lithium ion batteries are extremely important for a clean en-
ergy future and remain one of the best commercial energy
storage devices. In this work, we investigated lithium ion bat-
tery materials as mechanical energy harvesters and demon-
strated that they can successfully be used to convert from
mechanical to electrochemical energy in addition to storing
energy. We characterized this process using basic circuit ele-
ments and provided a model and framework to predict the
relevant energy harvesting parameters such as peak voltage
and efficiency from basic mechanical and electrochemical da-
ta. While our commercial lithium ion batteries are not ideal
energy harvesters, they serve well as a prototype for our model
and demonstrate how our model can take raw expansion and
voltage data from intercalation materials and predict energy
production. From our model, we determined that the maxi-
mum theoretical efficiency for energy harvesting using these
battery materials is 2.9 ± 0.5%. Other similar systems will
likely have a comparable maximum theoretical efficiency. In
the future, we can use this model to help predict the effective-
ness of other intercalation materials for mechanical energy
harvesting.We can also aim to reduce viscoelastic losses, such
as those from the polymer separator, and improve the real
efficiency of the system.
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