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Exponential energy harvesting through repetitive
reconfigurations of a system of capacitors
Jian Yu1, Enze Ma2 & Tianwei Ma 3

In conventional energy harvesting systems, energy can be extracted from a fixed-level source

at a constant rate at best. The resulting growth of harvested energy is bound by a linear

function. Here we show that exponential energy harvesting can be achieved in a system of

reconfigurable energy storage elements. The exponential extraction results from the positive

feedback of the system potential energy due to repetitive system reconfigurations. The

concept is studied theoretically and validated with results from systems of droplet capacitors.

A device with three 300 μL mercury drops can generate an exponentially growing voltage

that reaches 168 V within a few cycles of a low-level and low-frequency mechanical exci-

tation. The same device with water drops can generate a similarly growing voltage that

reaches 56 V. This concept holds potential in DC power generation and may be applied in

other energy domains.
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Rapid technological advancements have made the world
inextricably dependent on energy. Extensive efforts have
been devoted to improving energy-related science and

technology, ranging from the development of advanced storage
devices1–4 and effective harvesting schemes5–10 to the establish-
ment of modernized policies and regulations11,12. Of particular
interest to this study is the energy harvesting methodology, which
dates back to ancient times as demonstrated by antique water-
mills that utilized hydropower to sustain the functions of the
mills. Because electricity has become the primary form of power
supply in the modern world, energy harvesting often refers to
electricity generation. More recently, the need for reliable, in situ
power generation in distributed and autonomous systems has
spawned tremendous research in harvesting energy from the
ambient environment13–18.

In principle, electricity generation involves cross domain
energy transfer. Table 1 shows a list of conventional energy
harvesting technologies. Except in the photovoltaics-based tech-
nologies, energy that can be extracted and converted to electricity
is determined by certain macroscopic variations of the states of an
energy source, such as mechanical oscillations in electro-
mechanical technologies, temperature differences in thermo-
electric technologies, and concentration gradients in
electrochemical technologies. To sustain a continuous conversion
process, energy from an environmental source must be coupled
continuously into a harvesting system, resulting in a repetitive
response from the harvester, e.g., the vibrations of a cantilever
beam in an electromechanical energy harvester or the rotations of
turbine blades on a windmill. In these conventional technologies,
the energy coupled into the harvester in a cycle is converted to
electricity and then exits the harvesting system-either delivered to
storage or consumed by electric loads. Removal of the harvested
energy from the system is necessary because the harvester needs
to return to its original state to continue with the next harvesting
cycle. Therefore, the harvested energy does not assist with the
harvesting process, i.e. no energy feedback is established. An
energy source with a fixed level creates a fixed response for the
harvester, leading to a constant energy extraction rate at best. The
growth of the harvested energy is bound by a linear function19–22.
In low-level ambient sources, the extraction rates of conventional
methods usually become too low to be of practical use because the
generated electricity is not sufficient to satisfy the conditioning
requirements for storage or consumption.

In this study, a method is developed so that the normally
destabilizing nature of positive feedback is utilized to extract
energy from an external source at an exponentially increasing
rate. It is shown that in a system of reconfigurable energy storage
elements, a positive feedback mechanism can be created through
an appropriate, repetitive reconfiguration process of the system.

The external energy source, which enables the reconfiguration, is
both harvested exponentially and stored without rectification in
the system. Because of the exponentially increasing rate of energy
extraction, this method is particularly effective for distributed
devices to scavenge energy from low-level ambient sources, i.e.
the local environment, thus enabling self-powered operation. If
applied to systems with elements of high energy and power
densities, this method may become a viable way of large-scale
power generation.

Results
Concept. Consider a reconfigurable system of interconnected
energy storage elements, in which environmental energy is har-
vested through positive work done on the system and then stored
in the system as potential energy. Figure 1a schematically shows
the exponential growth of the harvested energy when the system
is repetitively switched between two configurations and positive
external work is performed only in one configuration. Assume
without loss of generality that an energy harvesting cycle starts
from the equilibrium state of configuration 1, energy is harvested
in configuration 2, and the cycle completes when the system is
switched from configuration 2 back to the equilibrium state of
configuration 1. The system energy U(1) and U(2), i.e. the har-
vested energy, evolve as U ðwÞðiþ 1Þ ¼ γ2w;iU

ðwÞðiÞ, where w= 1, 2
indicating the configurations, γ1;i ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Γiη12;iη21;i

p
, and

γ2;i ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Γiη21;iη12;iþ1

p
. The gain on the system energy due to

external work is represented by Γi. Because a system cannot move
to an equilibrium state of a higher energy level without positive
work from an external source, η12,i, η12,i+1, η21,i ≤ 1 representing
the energy loss during reconfiguration. The system energy will
grow exponentially if γ1,i, γ2,i > 1, i.e. Γi >max{(1/η12,i × 1/η21,i),
(1/η12,i+1 × 1/η21,i)}, which implies that the positive external work
is sufficient to compensate the loss. Consider the two-
configuration system of n+ 1 capacitors shown in Fig. 1b. The
two possible configurations are: Config. 1, in which n capacitors
(sinks) with capacitances C1,C2 … Cn are connected in series and

Table 1 Conventional energy harvesting technologies

Technology Typical energy
input

Transduction mechanism

Electromechanical Oscillations Electromagnetic
induction45,46

Piezoelectricity13,47

Electrostatics48,49

Thermoelectric Temperature
gradients

Pyroelectricity50,51

Thermoelectricity52,53

Electrochemical Concentration
gradients

Pressure retarded osmosis54

Reverse electrodialysis55

Capacitive method6,56

Solar photovoltaic Sunlight Photovoltaic effect9,57,58
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Fig. 1 Schematic diagrams of the proposed concept. a Exponential growth of
energy when a system is repetitively switched between two configurations.
b A reconfigurable system of variable capacitors
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then in parallel to the source capacitor (C0), and Config. 2, in
which all capacitors are connected in parallel with capacitances
changed to C′

0;C
′
1;C

′
2 � � �C′

n. When the system is switched repe-
titively between the two configurations and positive work of the
external source is done in Config. 2 to change the capacitances
while keeping the same amount of electrical charge carried by
individual capacitors, the total summation of the charge in the
system follows Q(i+ 1)= γQ(i), where

γ ¼ 1þ ðn� 1Þ
C0 r0 �

Pn
k¼1

rk

� �
C′
eqv � ð1þ sÞ

ð1Þ

where rl= C′
l /Cl, l= 0, 1, 2 … n, C′

eqv ¼
Pn

k¼0 C
′
k and s= C0/Csr

in which Csr ¼ 1=
Pn

k¼1 1=Ck
� �

. When n > 1 and r0>
Pn

k¼1 rk so
that γ > 1, the total amount of charge grows exponentially. The

corresponding electrostatic energy stored in the system grows
exponentially with a base of γ2. When C1= C2=…Cn= C and
C′
1 = C′

2 =…C′
n = C′, it follows that

γ ¼ 1þ ðn� 1Þ αβ� n
ðαþ nÞðβþ nÞ<n ð2Þ

where α= C′
0/C′, β= C/C0. Therefore, any arbitrary amount of

initial charge in the system will start an exponential growth of
charge if γ > 1.

A generalized result can be obtained for any reconfigurable
system, composed of one-port, two-terminal energy storage
elements with generalized across and through variables. The
across variable of an element is a monotonic, single-valued
function of the generalized through variable, which describes the
constitutive law of the element23. One element is referred to as
the source element and all others as sinks. One of the
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Fig. 2 Prototype device with two sink capacitors and one source capacitor. a A three-dimensional (3D) rendered model of the device. b An equivalent
circuit of the device. c–f Working principle of the device. c Liquid drops on the thinner side of the amorphous fluoropolymer (CYTOP) coating with the
maximum sink capacitance. Sink capacitors are connected in series. d Drops on thicker side with the minimum sink capacitance. Sink capacitors connected
in parallel. e Drops back to the thinner side again ((i+ 1)th cycle) with increased charge. f Drops to thicker side again ((i+ 1)th cycle) with more charge
flowing to the source capacitor
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configurations is defined as the duplicative configuration, in
which the change of the through variable of every sink is the
negation of that of the source element. The other is defined as the
distributive configuration, in which the total amount of through
variables in the system is conserved. According to the principle of
minimum potential energy, the summation of the across variables
of the sinks at equilibrium in the duplicative state is equivalent to
the across variable of the source element, whereas the across
variable of every sink at equilibrium in the distributive state is
that of the source element. Assume that the system is repetitively
switched between the two configurations. Denote the total
amount of the through variables as Q(1)(i) and Q(2)(i) for the
duplicative and the distributive states in the ith cycle, respectively;
ΔQ(12)(i)= ζ(12)(i)Q(1)(i), ΔQ(21)(i)= ζ(21)(i)Q(2)(i) represent the
changes of the total amount of through variables corresponding
to the transition from the duplicative state to the distributive state
and vice versa. The following relationships are obtained.

Qð1Þðiþ 1Þ ¼ γ1ðiÞQð1ÞðiÞ
Qð2Þðiþ 1Þ ¼ γ2ðiÞQð2ÞðiÞ ð3Þ

where γ1(i)= [1+ ζ(12)(i)][1+ (n− 1)ζ(21)(i)] and γ2(i)= [1+ ζ(12)

(i)][1+ (n− 1)ζ(21)(i+ 1)]. When n ≥ 1 and ζ(12)(i), ζ(21)(i) > 0 for
all cycles, γ1(i), γ2(i) > 1, leading to the exponential growth of not
only the through variables, but ultimately the across variables and
the harvested energy. Note that the same result applies for systems
in which the roles of the across and the through variables are
switched.

Prototype device. The results from generators fabricated with
droplet-based variable capacitors are presented in this section.
The simplest generator utilizes one source capacitor and two sink
capacitors. A 3D rendered model of a device is shown in Fig. 2a.
A commercial ceramic capacitor is used here as the source
capacitor C0 for simplicity. An equivalent circuit for the generator
is shown in Fig. 2b. The working principle of the device is illu-
strated in Fig. 2c–f. A typical sink capacitor can be fabricated on a
doped silicon wafer, one side of which is covered by a layer of
silicon dioxide. An amorphous fluoropolymer, CYTOP, is applied
to silicon dioxide such that the resulting hydrophobic surface
contains two regions of equal area but different thicknesses.
When a free-standing conductive liquid drop is placed on the
surface, a variable capacitor is formed. The drop and the doped
silicon substrate function as the electrodes of the capacitor. The
capacitance will change if the drop moves across the junction
because of the thickness variation. More specifically, C > C′,
where C and C′ represent the capacitances associated with the
thinner and the thicker sides, respectively. Metal contacts that do
not chemically interact with the drop are used at both sides as
passive switches to facilitate the connectivity required for the
reconfigurations. When both drops touch the metal contacts on
the thinner side of the CYTOP coating, the device enters the
duplicative state (Fig. 2c), which corresponds to closing SW1
while keeping SW2 and SW3 open in the equivalent circuit.
Charge flows from the source capacitor to the sinks. The drops
then move to the thicker side so that the device enters the dis-
tributive state (Fig. 2d), which corresponds to opening SW1 while
closing SW2 and SW3. Charge then flows back to the source
capacitor because of the reduction in sink capacitances. If the
capacitance variation satisfies αβ= C/C′ > 2 (Eq. (2)), the sub-
sequent motions of the drops back to the thinner side (Fig. 2e)
and then to the thicker side (Fig. 2f) will create a geometric
growth of total charge in the system. More sink capacitors can be
used to increase the base of the exponential growth. Additional
liquid drops have been used in this study as passive switches to

facilitate the connectivity required by 3 or more sink capacitors
(Supplementary Fig. 1).

Because the length scale of the contact area is much larger than
that of the thicknesses of the dielectric materials, the droplet
capacitor can be reasonably modeled as a parallel-plate capacitor.
The effect of the thickness difference of the CYTOP layers on the
electric output is shown in Fig. 3. The results correspond to
devices with fixed source capacitors, i.e. C0= C′

0. Both the silicon
dioxide layer and the thinner layer of CYTOP have been assumed
to be 200 nm thick. The condition αβ > 2 requires a minimal
value of 2.57 for the ratio between the thicknesses of the CYTOP
layers. It is seen that the base γ increases monotonically and
converges as the thickness ratio increases. A smaller capacitance
of the source capacitor (i.e. larger β) leads to a larger limit value of
γ with a lower converging rate. Therefore, it may not be practical
to achieve the limit values corresponding to very low source
capacitances. For example, if the capacitance of the source
capacitor is one-tenth of that of the droplet capacitor when the
drop is on the thinner side, i.e. β= 10, it will require a thickness
difference larger than 5000 times to achieve the limit γ= 1.833.
The size of the liquid drops also affects the amount of electrical
energy harvested. A larger liquid drop creates a larger contact
area that leads to a higher capacitance. However, there will be no
size effect on the base of the exponential growth of the charge in
the system or the voltages across the capacitors if the ratios
between capacitances (α and β) are fixed. While it may be
favorable to use larger drops because more charge will be
collected due to higher capacitances, the largest size of the drops
is limited by the physical constraints of the device and ultimately
by the surface energy of the liquid. It is noted that the equivalent
circuits shown are RC circuits in reality. However, the effect of
resistances can be ignored when the frequency of switching is low
compared to the time constants of the RC circuits so that the
equilibrium state of each configuration is established before
subsequent switching. Therefore, the conductivity of the liquid
drops does not affect the base of the exponential growth of the
electric output in low-frequency applications, which implies that
mechanism depends only on the position of the drops, and thus,
the speed of the drops does not affect the electric output.

Contact electrification and charge trapping. If a liquid drop is
brought into contact with an initially uncharged CYTOP surface
and then separated for the first time, the surface will be electrified
due to contact electrification. Subsequent oscillatory motions of
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the drop on the surface will cause the surface charge to increase to
a saturated value, which will be different for the two sides because
of the molecular-scale fluctuations of surface properties24–29. The
two sides will consequently behave as electrets possessing a dif-
ferent amount of negative surface charge as illustrated in Fig. 2.
Electrostatic induction will then become the dominating
mechanism that determines the charge distribution on the liquid
drop24,28,29. The effect of electrostatic induction can be modeled
by a fixed amount of charge, Qc, which is transferred to or
removed from the drop when it moves from one side to the other
(Supplementary Fig. 2). Because of variations of surface proper-
ties, this charge is in general different for droplet capacitors
fabricated with an identical procedure. The charge can be esti-
mated as30 Qc(i)= sgn(q(i))[σtk(i)−σtn(i)]A(i), where q(i) repre-
sents the charge carried by the ith drop, σtn(i) and σtk(i) the
surface charge densities of the thinner and the thicker CYTOP
side for the ith capacitor, respectively, and A(i) represents the
contact area.

The contacts between a charged liquid drop and the CYTOP
surface will also induce charge trapping at the surface, which
limits the amount of charge that can move with the drop.
However, the fact that the trapped charge can be annihilated by
grounding the drop suggests that trapping occurs on the surface
rather than in the insulator31–33. Because of the internal
connectivity of the system, the drop is charged when it is on
the thinner side and almost completely discharged when moving
to the thicker side. Therefore, charge trapping is negligible for the
thicker side. The trapping on the thinner side can be accurately
modeled with a parasite capacitor Cp, connected in parallel to the
effective capacitor (~C) associated with the thinner side. In this

study, the parasite capacitance was determined experimentally
(Supplementary Fig. 3). The total capacitance of an individual
capacitor in the duplicative state is then C ¼ ~C þ Cp. Therefore,
the summations of the charge of all capacitors in the ith cycle for
the duplicative and the distributive states are different, which are
obtained as follows

QðwÞðiþ 1Þ ¼ γ̂QðwÞðiÞ þ ξðwÞQc γ̂ ¼ γ� γp ð4Þ

where w= 1, 2 representing the duplicative and the distributive
state, respectively. The effect of charge trapping on the growth of
the total charge is represented by γp= (n− 1)δ/[(n+ α)(n+ β)],
where δ= Cp/C′, Qc ¼ 1

n

Pn
i¼1 QcðiÞ, and ξð1Þ ¼ nαðn�1Þ

nþα
1þβ
nþβ for the

duplicative state and ξð2Þ ¼ nðn�1Þ
nþβ for the distributive state.

Performance of prototype generators. Figure 4 shows the results
obtained from generators involving multiple 150 μL mercury
drops. Commercial capacitors with fixed capacitances were used
in different devices as the source capacitors. The devices were
manually rocked at a frequency of approximately 0.25 Hz and the
tilting angle was within ±5° so that the drops were synchronously
driven to touch the metal contacts. The growth of the voltages
across the source capacitors is shown in Fig. 4a–c for cases cor-
responding to two, three, and four sink capacitors, respectively.
Four devices were evaluated in every case, each with a different
source capacitor. The experimental results agree very well with
the theoretical predictions from Eq. (4). The ratio between the
maximum and minimum capacitances of the sinks was kept
unchanged in all cases considered, i.e. αβ= C/C′= 10.15. Under
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Fig. 4 Results obtained from generators with mercury drops, 150 μL each. a Voltage accumulation when two sinks were used. b Voltage accumulation when
three sinks were used. c Voltage accumulation when four sinks were used. d Relations between the exponential base and β= C/C0. Markers and lines
represent respectively the experimental results and those obtained with Eq. (4)
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this condition, αopt= βopt= 3.18 will lead to the maximum γ̂. For
a 150 μL mercury drop, the maximum capacitance was measured
to be approximately C= 2.74 nF, corresponding to the optimal
source capacitor of C0= 0.86 nF. Therefore, out of the four source
capacitors used, C0= 0.94 nF provided the largest γ̂. It is worth
noting that for any device in which αβ is fixed, there exists an
optimal number of sinks that will result in the maximum base of
the exponential growth γ̂. The optimal number of sinks was
found theoretically (Eq. (4)) and verified experimentally to be
nopt= 3 (Fig. 4d). The results obtained for devices with water
drops, 300 μL each, are presented in Fig. 5. The ratio of the
maximum and the minimum capacitances was kept at αβ= 7.82
for all relevant experiments. The voltages across the source
capacitors are shown in Fig. 5a–c. The theoretical and experi-
mental results showing the optimal number of the sink capacitors
are presented in Fig. 5d. The optimal number of sink capacitors
for this case was also three. In addition to plain water, deionized
water with the conductivity of 0.055 μS cm−1and 1 mol L−1 (1 M)
sodium chloride solution were also used in this study. Very close
values of γ̂ were obtained for the three cases, indicating a negli-
gible effect of the ion concentration on the base of the exponential
growth. This is expected for low-frequency vibrations. The ion
concentration, however, has been shown to influence the charge
due to electrostatic induction28,34. The time histories of the
output voltages were thus different for the three cases due to
different charge (Qc) resulting from electrostatic induction
(Supplementary Fig. 4).

The method has also been applied to generators fabricated with
parallel-plate variable capacitors that use air as the dielectric.
Passive switching has been realized by metal-metal contacts.

While charge trapping is negligible when air is used as the
dielectric, the metal-metal contacts play a similar role to that of
the induction process due to different work functions35. Three
two-sink devices have been fabricated using three different source
capacitors. The theoretical results obtained from Eq. (4) agree
excellently with those from experiments (Supplementary Fig. 5).

Finally, generators made from three identical droplet-based
variable capacitors (one source and two sinks) have been used to
drive commercial light-emitting diodes (LEDs) under low-
frequency mechanical vibrations. A schematic diagram of the
three-drop generators is shown in Fig. 6a. Vibrations of 2.5 Hz
were used in the experiment to simulate the vibrations induced by
human walking. After a few initial cycles of energy accumulation,
the voltage output of the device with three 300 μL mercury drops
reached 168 V when the system was in the distributive state. The
energy extracted per cycle was sufficient for illuminating 60 green
LEDs connected in series (Fig. 6b, Supplementary Movie 1).
Under the same condition, the device with water drops of the
same size could generate 56 V, sufficient to illuminate 20 green
LEDs connected in series (Fig. 6c, Supplementary Movie 2).
Because both the source and sink capacitors had the same
position-dependent capacitances, the resulting base of the
exponential growth (γ̂) was much higher than those of the cases
shown in Figs. 4 and 5, in which the source capacitors had fixed
capacitances. More specifically, in this case, γ̂ was 1.674 for
mercury drops and 1.669 for water drops. It is noted that αβ=
10.152 in this case, which is an order of magnitude higher than
those in the cases of a fixed source capacitor. The effects of charge
trapping for mercury and water drops were considerably reduced
because of the dramatically decreased γp. The actual resulting
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Fig. 5 Results obtained from generators with water drops, 300 μL each. a Voltage accumulation when two sinks were used. b Voltage accumulation when
three sinks were used. c Voltage accumulation when four sinks were used. d Relations between the exponential base and β= C/C0. Markers and lines
represent respectively the experimental results and those obtained with Eq. (4)
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values of γ̂ for mercury and water drops were thus very close.
While mercury and water are both liquids at room temperature,
the charge carriers are different36–38. The voltages due to contact
electrification were 4.69 and 2.72 V for mercury and water,
respectively. Therefore, the voltage across the source capacitor of
the device with mercury drops reached 168 V after 7 cycles and it
took the device with water drops 6 cycles to reach 56 V.

Discussion
It has been shown that if energy storage elements are used as the
primary energy harvesting components of a system, appropriate
reconfigurations of the system can create a positive feedback of
the potential energy in the elements, leading to an exponential
growth of the energy that is harvested as the elemental potential
energy. The efficacy of this method has been demonstrated with
droplet generators. Consider the device with a fixed source
capacitor of 0.94 nF and three 150 μL mercury drops and the
device with a fixed source capacitor of 1.26 nF and three 300 μL
water drops. In the experiments conducted, the tilting angle of the
wafer was within ±5°. The total available energy was calculated to
be 83.2 μJ for the mercury drops and 15.4 μJ for the water drops
by adding the two peak values of the potential energy of the drops
in a cycle. It has been shown that devices with mercury drops and
those with water drops can sustain a continuous operation at 168
and 56 V, respectively. If operated at these voltages, the device
with mercury drops can harvest energy at the rate of 10.2 μJ per
cycle, corresponding to a harvesting efficiency of 12.2% and the
values for the device with three water drops will be 1.2 μJ per
cycle and 7.9%. Because energy is harvested as electric potential
energy in this method, the harvesting efficiency is independent of
the electrical load to which the energy can be delivered. The
efficiencies of the prototype devices fabricated in this study far
exceed those of the droplet generators reported in the literature,
which are on the order of 0.01% under the optimal condition29.
The devices can be operated at a higher energy level with a higher
efficiency. However, since energy is harvested only in the dis-
tributive state in this study, the efficiency is limited to 50% per
cycle when the total potential energy in both states is considered.

Although the experimental study has been limited to scaven-
ging low-level vibration energy, this method can be applied at a

larger scale. If applied to high-capacitance devices1,3,6,39–41 driven
by abundant environmental sources42–44, this concept may lead
to efficient, large-scale and possibly grid-level DC power supply
systems. In this regard, it is envisioned this report will stimulate
the emergence of new research areas, e.g., supercapacitors with a
wide range of adjustable capacitances. Because the concept of
exponential energy harvesting is not domain specific, it may lead
to new research in directional energy transfer systems in various
energy domains.

Methods
Device fabrication. The capacitors were fabricated on 2-in doped silicon wafers
(with resistivity of 1–10Ω ⋅ cm), one capacitor per wafer. The doped silicon was
used as the back electrode. A layer of 200 nm silicon dioxide was grown on one side
of the wafer. Cytop was spin-coated on silicon dioxide to create a hydrophobic
layer. Additional Cytop was manually applied to the spin-coated layer to create an
area of a thicker Cytop layer. The thicknesses were 200 nm and 3 μm for devices
using mercury drops and 400 nm and 4 μm for devices using water drops. For every
capacitor in which a water drop of approximately 300 μL was used as the moving
electrode, the maximum and the minimum capacitances were measured to be 3.52
and 0.45 nF, respectively. The parasite capacitance accounting for charge trapping
was experimentally determined to be approximately 0.76 nF. For capacitors in
which a mercury drop of 150 μL was used, the maximum and the minimum
capacitances were 2.74 and 0.27 nF, respectively. The parasite capacitance was
approximately 0.40 nF. Measurements were obtained using a Tektronix© electro-
meter (6517B). Tap water was used to form the droplets used in the experiments.
The ion concentration of the water was measured to be 220 p.p.m. The experiments
were conducted in an ambient atmosphere of 1 atm, 25 °C with a moisture content
of 50–70%. The LEDs had a nominal forward voltage of 3.0 V.

Derivation of Eq. (1). Assume without loss of generality that a cycle starts from the
equilibrium state when the system is in Config. 1. For the ith cycle, the charge is
distributed such that qð1Þk ¼ qð1ÞðiÞ; k ¼ 1; 2 � � � n and qð1Þ0 ðiÞ ¼ C0=C

ð1Þ
sr qð1ÞðiÞ,

Cð1Þ
sr ¼ 1=

Pn
k¼1 1=Ck

� �
, where the superscripts indicate the configurations. The

total electrical potential energy of the system is

U ð1ÞðiÞ ¼ 1
2
Q2ðiÞ
C0

sðsþ 1Þ
ðsþ nÞ2 ð5Þ

where QðiÞ ¼ qð1Þ0 ðiÞ þ nqð1ÞðiÞ and s ¼ C0=C
ð1Þ
sr . After the system is switched to

Config. 2 and equilibrium is reached, the charge distribution is

qð2Þk ðiÞ ¼ ηð2Þk QðiÞ k ¼ 0; 1; 2 � � � n ð6Þ

Liquid Liquid

CYTOP CYTOP
SiO2 SiO2

Si electrode Si electrode

Liquid

Sink capacitorsSource capacitor

CYTOP
SiO2

Si electrode

a

b c

Fig. 6 Generators of three droplet capacitors illuminating light-emitting diodes (LEDs) connected in series under moderate vibrations of 2.5 Hz. a
Schematic diagram of a three-drop generator. b A generator with three mercury drops (300 μL each) illuminating 60 LEDs. c. A generator with three water
drops (300 μL each) illuminating 20 LEDs
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where ηð2Þk ¼ Ck=C
ð2Þ
eqv and Cð2Þ

eqv ¼
Pn

l¼0 Cl . The system energy is

U ð2ÞðiÞ ¼ Q2ðiÞ
2Cð2Þ

eqv

If the external energy is coupled into the system parametrically, i.e. the capacitances
are changed from Ck to C′

k , which leads to an increase in the system energy, the
total system energy becomes

Û ð2ÞðiÞ ¼ 1
2
Q2ðiÞ
C′
eqv

ð7Þ

where C′
eqv ¼

Pn
l¼0 C

′
l . The charge is redistributed as

q̂ð2Þk ðiÞ ¼ η̂ð2Þk QðiÞ ð8Þ

where η̂ð2Þk ¼ C′
k=C

′
eqv .

The system is then switched back to Config. 1 and the capacitances revert to the
original values. The total charge after equilibrium is reached is the total charge for
the start of the (i+ 1)th cycle and the charge is distributed as

qð1Þ0 ðiþ 1Þ ¼ q̂ð2Þ0 ðiÞ � ΔQðiÞ
qð1Þk ðiþ 1Þ ¼ q̂ð2Þk ðiÞ þ ΔQðiÞ k ¼ 1; 2 � � � n

ð9Þ

where

ΔQðiÞ ¼
C0 r0 �

Pn
k¼1

rk

� �
C′
eqvð1þ sÞ QðiÞ ð10Þ

where rl= C′
l /Cl, l= 0, 1, 2…n. Therefore,

Qðiþ 1Þ ¼ QðiÞ þ ðn� 1ÞΔQðiÞ ¼ γQðiÞ

γ ¼ 1þ ðn� 1Þ
C0 r0�

Pn
k¼1

rk

� �
C′
eqvð1þsÞ

ð11Þ

Derivation of Eq. (3). Assume without loss of generality that the ith cycle starts
from the duplicative state after equilibrium is reached. For the kth element, the
energy and the through variable are denoted as Uð1Þ

k ðiÞ and qð1Þk ðiÞ, respectively. The
total system energy and the summation of all through variables are denoted as
U ð1ÞðiÞ ¼Pn

l¼0 U
ð1Þ
l ðiÞ and Qð1ÞðiÞ ¼Pn

l¼0 q
ð1Þ
l ðiÞ, respectively. The cycle com-

pletes when equilibrium is established after the system is switched to the dis-
tributive state. The energy and the through variable of the kth element for the
distributive state are denoted as U ð2Þ

k ðiÞ and qð2Þk ðiÞ, respectively. The change of the
total through variables in the transition from the duplicative state to the dis-
tributive state is denoted by ΔQ(12)(i)= ζ(12)(i)Q(1)(i). The through variables can be
determined using the Lagrangian defined as

LðiÞ ¼ U ð2ÞðiÞ þ λðiÞ
Xn
k¼0

qð2Þk ðiÞ � Qð2ÞðiÞ
 !

ð12Þ

where λ(i) is the Lagrange multiplier, U ð2ÞðiÞ ¼Pn
l¼0 U

ð2Þ
l ðiÞ, and

Qð2ÞðiÞ ¼Pn
k¼0 q

ð2Þ
k ðiÞ. According to the principle of minimum potential energy,

∂LðiÞ
∂qð2Þk ðiÞ ¼

∂U ð2ÞðiÞ
∂qð2Þk ðiÞ þ λðiÞ ¼ 0; k ¼ 0; 1; 2 � � � n

∂LðiÞ
∂λðiÞ ¼

Pn
l¼0

qð2Þl ðiÞ � Qð2ÞðiÞ ¼ 0
ð13Þ

The through variable of each element can be obtained as

qð2Þk ðiÞ ¼ ηkðiÞQð2ÞðiÞ;
Xn
k¼0

ηkðiÞ ¼ 1 ð14Þ

When the system is subsequently switched to the duplicative state, which is the
start of the i+ 1th cycle, a new Lagrangian is defined as

Lðiþ 1Þ ¼ U ð1Þðiþ 1Þ þPn
l¼1

λlðiþ 1Þ qð1Þl ðiþ 1Þ � qð2Þl ðiÞ
�

�ΔQð21ÞðiÞ�þ λ0ðiþ 1Þ qð1Þ0 ðiþ 1Þ � qð2Þ0 ðiÞ þ ΔQð21ÞðiÞ
� � ð15Þ

where ΔQ(21)(i)= ζ(21)(i)Q(2)(i) denotes the change of the total through variables

required for equilibrium. Therefore,

∂Lðiþ1Þ
∂qð1Þk ðiþ1Þ ¼

∂U ð1Þ
k ðiþ1Þ
∂qð2Þk ðiÞ þ λkðiþ 1Þ ¼ 0

∂Lðiþ1Þ
∂λkðiþ1Þ ¼ qð1Þk ðiþ 1Þ � qð2Þk ðiÞ � ΔQð21ÞðiÞ ¼ 0

∂Lðiþ1Þ
∂λ0ðiþ1Þ ¼ qð1Þ0 ðiþ 1Þ � qð2Þ0 ðiÞ þ ΔQð21ÞðiÞ ¼ 0

∂Lðiþ1Þ
∂ΔQðiÞ ¼ �Pn

l¼1
λlðiþ 1Þ þ λ0ðiþ 1Þ ¼ 0

k ¼ 1; 2 � � � n

ð16Þ

The total through variables in the i+ 1th cycle are obtained as

Qð1Þðiþ 1Þ ¼ γ1ðiÞQð1ÞðiÞ
Qð2Þðiþ 1Þ ¼ γ2ðiÞQð2ÞðiÞ ð17Þ

where γ1(i)= [1+ ζ(12)(i)][1+ (n− 1)ζ(21)(i)] and γ2(i)= [1+ ζ(12)(i)][1+ (n− 1)
ζ(21)(i+ 1)].

Derivation of Eq. (4). Assume that the variable capacitors are identical, the
capacitances of the parasite capacitors are the same and they are connected in
parallel to the sink capacitors in Config. 1 so that the total capacitance of every sink
capacitor is C ¼ ~C þ Cp, where ~C denotes the effective capacitance. It is further
assumed that a cycle starts when the system reaches equilibrium in Config. 1. At
the start of the ith cycle every drop carries the same amount of charge, q(1)(i), and
the sum of the charge on all capacitors is Qð1ÞðiÞ ¼ qð1Þ0 ðiÞ þ nqð1ÞðiÞ þ nqð1Þp ðiÞ,
where q denotes the charge that can move with the drop and qp the charge stored in
the parasite capacitor. Define ~s ¼ C0=Csr, where Csr= C/n and ~η ¼ ~C=C. The
following relationships are established.

qð1ÞðiÞ ¼ ~η
~sþn Q

ð1ÞðiÞ
qð1Þ0 ðiÞ ¼ ~s

~sþn Q
ð1ÞðiÞ

qð1Þp ðiÞ ¼ 1�~η
~sþn Q

ð1ÞðiÞ
ð18Þ

When the drops move to the other sides of the surface, and immediately before the
connectivity is established such that the system is in Config. 2, due to contact
electrification, the total charge becomes

Qð2ÞðiÞ ¼ qð1Þ0 ðiÞ þ nqð1ÞðiÞ þ nQc ð19Þ

After the capacitances change from ~C to C′ and then the capacitors are
connected so that the system is in Config. 2, the charge is distributed as

q̂ð2Þ0 ðiÞ ¼ C0
C0þnC′Q

ð2ÞðiÞ
q̂ð2ÞðiÞ ¼ C′

C0þnC′Q
ð2ÞðiÞ

ð20Þ

The system is then switched back to Config. 1 and the capacitances revert to the
original values. At equilibrium, the summation of the total charge in the system
becomes

Qð1Þðiþ 1Þ ¼ qð1Þ0 ðiþ 1Þ þ n~qð1Þðiþ 1Þ ð21Þ

where ~qð1Þðiþ 1Þ ¼ qð1Þðiþ 1Þ þ qð1Þp ðiþ 1Þ and
qð1Þ0 ðiþ 1Þ ¼ q̂ð2Þ0 ðiÞ � ΔQðiÞ

~qð1Þðiþ 1Þ ¼ q̂ð2ÞðiÞ þ ΔQðiÞ þ qð1Þp ðiÞ � Qc

ð22Þ

Therefore,

ΔQðiÞ ¼ αβ~η� n
ðαþ nÞ

1
nþ β

Qð1ÞðiÞ þ nα
nþ α

1þ β

nþ β
Qc ð23Þ

where α= C0/C′ and β= C/C0. Define δ= Cp/C′. The following relationship is
obtained.

Qð1Þðiþ 1Þ ¼ γ� γp

� �
Qð1ÞðiÞ þ ξð1ÞQc ð24Þ

where

γ ¼ 1þ αβ�n
ðαþnÞ

n�1
nþβ

γp ¼ δ
nþα

n�1
nþβ

ξð1Þ ¼ nðn�1Þα
nþα

1þβ
nþβ

ð25Þ

The total charge in Config. 2 follows

Qð2Þðiþ 1Þ ¼ ðγ� γpÞQð2ÞðiÞ þ ξð2ÞQc ð26Þ
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where

ξð2Þ ¼ nðn� 1Þ
nþ β

ð27Þ

Data availability. All data generated or analysed during this study are included in
this published article and its Supplementary Information files.
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