
Harvesting Vibrational Energy Using
Material Work Functions
Aapo Varpula, Sampo J. Laakso, Tahvo Havia, Jukka Kyynäräinen & Mika Prunnila
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Vibration energy harvesters scavenge energy from mechanical vibrations to energise low power electronic
devices. In this work, we report on vibration energy harvesting scheme based on the charging phenomenon
occurring naturally between two bodies with different work functions. Such work function energy harvester
(WFEH) is similar to electrostatic energy harvester with the fundamental distinction that neither external
power supplies nor electrets are needed. A theoretical model and description of different operation modes of
WFEHs are presented. The WFEH concept is tested with macroscopic experiments, which agree well with
the model. The feasibility of miniaturizing WFEHs is shown by simulating a realistic MEMS device. The
WFEH can be operated as a charge pump that pushes charge and energy into an energy storage element. We
show that such an operation mode is highly desirable for applications and that it can be realised with either a
charge shuttle or with switches. The WFEH is shown to give equal or better output power in comparison to
traditional electrostatic harvesters. Our findings indicate that WFEH has great potential in energy
harvesting applications.

T
here is an on-going quest of efficient miniaturised energy harvesting devices that can harvest energy from
their environment and supply sufficient power for autonomous operation of small electronic devices1.
Energy harvesting is an especially attractive powering solution in applications where battery replacement

or recharging is difficult or where continuous operation without maintenance is otherwise desirable. Such
applications include, e.g., wireless sensor networks2–6 and biomedical implants7–9. Energy harvesting schemes
include, e.g., harvesting from ambient light, temperature gradients, and mechanical vibrations10. Due to abundant
availability of mechanical vibrations in many relevant environments, vibration energy harvesters6,10–13 have
gained large popularity. They convert mechanical vibrations into electricity using, e.g, electromagnetic induction,
piezoelectricity, and electrostatics6,10,11. Furthermore, magnetostrictive materials11,14, magnetic shape memory
alloys15, and triboelectrification16 have also been proposed for vibration energy harvesting.

This work is linked to electrostatic energy harvesters that are based on electrically charged capacitors, the
capacitance of which is varied by mechanical motion. The mechanical energy is converted into electric energy of
the capacitor, i.e., external force is performing work to increase the distance between charge on individual plates
and thereby increasing the total potential energy of the charges. The fabrication of the electrostatic energy
harvesters is straightforward as their structures are similar to other existing micro-electro-mechanical systems
(MEMS). The drawback of the electrostatic energy harvesters is the need of electret materials, which pose
challenges in the fabrication and lifetime, or an external power supply6,10,11,13,17. Due to these challenges piezo-
electric energy harvesters, that can be easily fabricated also in microscale, have gained vast popularity in energy-
harvester research activities over the electrostatic harvesters. However, in addition to electrets and external
batteries, there exists an alternative solution to introduce the initial charge to electrostatic harvester. This solution
is given by a fundamental property of all materials: the work function. When two different materials with different
work functions are brought in proximity to each other and connected galvanically, charging occurs naturally
without any external source (Fig. 1a and b). This charging effect is based on the desire to reach global ther-
modynamic equilibrium, where the chemical potentials of the materials are equal. We refer the energy harvester
utilizing the material work functions as the work function energy harvester (WFEH).

The charging effect between two bodies with different work functions was thoroughly characterized by Lord
Kelvin already in 186118,19. It plays an important and well-known role in many classical semiconductor devices20

and different solar-energy harvesters20–23. Despite this extensive history the use of work function difference in
vibration energy harvesting has been, remarkably, proposed only quite recently24 and no experimental data
exists24–26. In this work, we present general model for WFEHs and experimental results, which validate the
operating principle of the WFEH. Optimization of the WFEH device based on the presented ideal operating
modes is provided and feasibility of the WFEH as a MEMS device is shown. Furthermore, the use of either a
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charge shuttle or external switches to drive local electric energy stor-
age for pulsed power supply is also described. We also show that the
WFEH has equal or higher power output than a comparable electro-
static energy harvester. The similarity to the standard electrostatic
energy harvesters allows similar device geometries and fabrication
processes to be used and WFEHs can be fabricated with CMOS
(complementary metal-oxide semiconductor) compatible materials.
In fact, n and p-type silicon (or other semiconductors) can be used as
the different bodies of WFEH, indicating that the pn combo can also
be used in vibration energy harvesters in addition to solar energy
harvesters.

Results
Theory and ideal operating cycle. When two materials with
different work functions are electrically connected, the Fermi levels
are equalized by transport of electrons from the material with lower
work function to the material with higher work function (see Fig. 1a
and b). This displacement of electrons produces an excess of
electrons and depletion of electrons, i.e. negative and positive
electric charges, on the surfaces of the materials. These electric

charges, in turn, give rise to an electric field and a voltage across
the gap between the materials.

In the general case the voltage across the gap between the electro-
des of the work-function energy harvester can be written as Vgap 5 u-
Vbi, where u is the output voltage of the WFEH, i.e. voltage between
the WFEH electrodes, measured via the connecting circuit (see
Fig. 1c), Vbi 5 (w1-w2)/e is the built-in voltage (i.e. the voltage across
the gap in the thermodynamical equilibrium shown in Fig. 1b), e is
the elementary charge, and w1 and w2 are the work functions of the
electrode materials. The electric charge on the WFEH plates is given
by Q 5 CgapVgap 1 Cparu, where Cgap is the capacitance between the
electrodes and Cpar is the parasitic capacitance. The total capacitance
of the WFEH can be written as C 5 Cgap 1 Cpar. Since Cpar is
constant, the electric current supplied or drawn by the WFEH can
be written using the equations for Vgap and Q as

i~
dQ
dt

~
d
dt

Cuð Þ{Vbi
dC
dt
: ð1Þ

Equation (1) is the fundamental equation describing the charging
and discharging phenomena caused by the built-in voltage. The drive

Figure 1 | (a, b) Electron energy levels of electrode materials 1 and 2 of the work-function energy harvester (a) before making contact and (b) in the

thermodynamical equilibrium after making contact. EF1 and EF2 are the Fermi levels and w1 and w2 the work-functions of the materials 1 and 2,

respectively, Vbi is the built-in voltage, and e is the elementary charge. Here the electrode materials are assumed to be metals, but semiconductors can be

utilized as well. (c) Example of a WFEH generating output voltage u. (d) Phases of ideal cycle of a WFEH operating in the charge constrained mode: (1)

initiation from the equilibrium conditions at C 5 Cmax, (2) decreasing C with the switch open, (3) discharging of the excess electric charge at C 5 Cmin, (4)

increasing C with the switch open, and (5) charging of the WFEH at C 5 Cmax. The graph shows schematically the variation of the electric energy stored in

the WFEH during the cycle. Although the images depict a WFEH with varying distance of the gap, the ideal cycle applies to all WFEHs. ECmin and ECmax are

the electric energies stored in the WFEH when the capacitance of the WFEH is at the minimum and maximum, respectively. EPh3 and EPh5 are the stored

electric energies in the beginning of the phases 3 and 5, respectively. (e, f) Average powers of ideal work-function energy harvesters operated in the charge

constrained mode with Cmax of (e) 10 nF and (f) 100 pF as functions of ratio Cmax/Cmin and the built-in voltage Vbi. Data was calculated using equation

(4) with Cpar 5 0. The family of high power curves were calculated at the frequency of 1 kHz and the family of low power curves at 1 Hz.
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towards thermodynamical equilibrium (where Fermi levels are equal

as shown in Fig. 1b) gives rise to the term Vbi
dC
dt

which can be

exploited in energy harvesting. The overall behaviour of the harvester
device depends on the time evolution of C and the external circuit
connected to the electrodes. The time evolution of the capacitance
depends on the geometry and mechanics of the system and the
electrostatic force (equation (8) in Methods section). Since equation
(1) depends also on the time derivative of the product of C and u,
highly nonlinear behaviour is expected. The simplest form of electric
load is a resistor. The electric current passing through the load res-
istor R is given by i 5 –u/R and equation (1) reduces to

C
du
dt

zu
dC
dt

z
1
R

� �
~Vbi

dC
dt
: ð2Þ

By considering the electric energy stored in the WFEH and neglect-
ing all losses, the power output of an ideal WFEH can be calculated
(the details are given in Section 1 of Supplementary Information).
The output power depends strongly on how the electric charge is
extracted from the WFEH. We consider two operation schemes:
voltage and charge constrained modes. The charge-constrained
mode is shown to generate much higher output power than the
voltage-constrained mode. Therefore, the output power of the
charge-constrained mode represents the theoretical maximum out-
put power of the WFEH. The motion of the work-function energy
harvester is assumed to be periodic with a period of Dt. During the
cycle of operation the total capacitance of the WFEH is varied from
the minimum value Cmin to the maximum value Cmax.

In the voltage constrained mode any excess electric charge is
immediately extracted using, for example, a low impedance load
circuit. The voltage constrained mode yields the average output
power as

PidealV~
CmaxV2

bi

Dt
1{

Cmin

Cmax

� �
: ð3Þ

In the charge constrained mode the WFEH capacitor is charged or
discharged only when the stored electric energy reaches a maximum
or minimum, respectively. These extremes are reached when the
WFEH capacitance is at maximum and minimum. The charging
and discharging can be controlled with an electrical switch, for
example. The ideal operating cycle of a WFEH operating in the
charge constrained mode consist of 5 phases depicted in Fig. 1d.
By combining all the phases of the cycle the average output power
of a WFEH operating in the charge constrained mode can be written
as

PidealQ~
CmaxV2

bi

2Dt
1{

Cmin

Cmax

� �
:

Cmax

Cmin
z

Cmin

Cmax
z2{

2Cpar

Cmin
1z

Cmin

Cmax

� �2
" #( )

:

ð4Þ

Unlike in the charge-constrained mode, the ideal voltage-con-
strained mode does not lose power because of the parasitic capacitor.
The ideal voltage-constrained mode could also be realized more
easily, but comparison of equations (3) and (4) shows that the power
output of the charge-constrained mode is at least two times the power
output of the voltage-constrained mode. At large values of Cmax/Cmin

ratio the charge-constrained mode generates substantially more
power than the voltage-constrained mode with limiting value
PidealQ~CmaxV2

bi(Cmax=Cmin)=2Dt.
The average powers of ideal work-function energy harvesters

operated in the charge constrained mode are plotted in Fig. 1e–f as
functions of Cmax/Cmin ratio, frequency f 5 1/Dt, and the built-in
voltage Vbi. High output power can only be reached if Cmax is much
larger than Cmin. In this case the power generated in phase 5 is

negligible compared to the phase 3 (see Fig. 1d). As Fig. 1e–f and
equation (4) show, PidealQ is directly proportional to the operating
frequency and the square of Vbi. Therefore, material pairs with high
built-in voltages are desired, but otherwise any materials with suf-
ficient conductivity are suitable and in addition to metals also semi-
conductors can be utilised. For example, for metal pair Pt and Mg we
have Vbi between 1.46 V and 2.27 V, and for Pt and Al between
0.86 V and 1.87 V27. Here the spread in Vbi arises from the typical
spread in the work function values of metals found in the literature. If
the material pair is formed from the same semiconductor but of
different type (p and n), then the built-in voltage is roughly equal
to the energy gap of the semiconductor. For example, a built-in
voltage of 1.1 V could be obtained with silicon and values above
3 V could be reached with wide band-gap semiconductors such as
SiC and GaN. Availability of n and p-type diamond allows built-in-
voltages of over 5 V to be reached.

Experimental verification with prototype of work-function energy
harvester. In order to verify the model and to demonstrate the work
function energy-harvesting concept we built a macroscopic variable
capacitance prototype with 63 mm 3 64 mm aluminium and copper
capacitor plates (see Fig. 2a and b and Methods). In the harvesting
test measurements a voltage across a load resistor was recorded
against temporal change of the Al-Cu capacitor. Prior to these
measurements the built-in voltage of the plates was measured
using a null method, where the load and the measurement
instrument is replaced by a DC voltage source UDC and the output
current is measured while the capacitor plates move. In this
configuration, similar to the one invented by Lord Kelvin18,19,
equation (1) reduces to i~ UDC{Vbið ÞdC=dt. The RMS of
measured current i as a function of UDC is shown in Fig. 2d and
the RMS current is minimized at UDC 5 Vbi, which is given by the
intersection of the lines fitted to the data. The average value of the
measured built-in voltage Vbi was 1.03 6 0.08 V.

The time dependencies of the measured and simulated voltage
across a load resistor connected to the experimental work-function
energy harvester with different minimum distances between the
plates d0 (see equations (5) and (6) in Methods) and different load
resistors are shown in Fig. 2e and f and Supplementary Figs. 1 and 2.
In order to compare the data obtained at various operating frequen-
cies 1/Dt in a single plot, the normalized time t/Dt is used. The total
capacitance is at maximum at time t 5Dt/2 and at minimum at times
t 5 0 and t 5 Dt. The data shows that the experiments and the
numerical model agree well over the whole range of frequencies
(10 mHz – 0.9 Hz) and values of d0 (170 mm, 350 mm, and
580 mm) and different loads (1 GV and 100 MV). The shape of
the voltage signal changes from signal having two peaks with oppos-
ite polarities to smoothed triangle wave as the frequency increases
and d0 decreases. At the same time the average output power of the
WFEH increases. These effects are caused by the fact that the oper-
ating period Dt approaches the electrical time constant RCmax of the
WFEH.

The feasibility of using the simple load resistor as the harvesting
circuit can be estimated by comparing the average output power of
the system Pave to the output power of an ideal WFEH operating in
the charge-constrained mode, PidealQ (equation (4)), as this mode
generates the highest obtainable power. The measured and simulated
normalized powers Pave/PidealQ are plotted in Fig. 3a as functions of
the operating frequency. At low frequencies and large values of d0 the
measured output powers are slightly larger than the simulated
powers due to noise. The highest measured power was 10% of the
ideal power. In Section 3.2 of Supplementary information it is shown
that a WFEH with load resistor is characterized by the normalized
time constant RCmax/Dt. Normalizing the operating frequencies of
the measured data (see Fig. 3b) shows, that the features of the power
curves indeed fall on almost the same locations on the RCmax/Dt axis.

www.nature.com/scientificreports
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The differences between the curves are caused by different values of
Cmax/Cmin, which range from 1.9 to 4.0.

Optimisation of output power using variable load. The temporal
variation of capacitance has a large effect on the performance of a
WFEH (see Section 3.3 of Supplementary information). For a specific
temporal dependence of the capacitance there are optimal values for
RCmax/Dt and Cmax/Cmin. A WFEH with a resistor as the load
generates less output power than both the charge-constrained and

voltage-constrained operating cycles. This is caused by non-optimal
charging and discharging of the WFEH capacitor. For maximum
power the WFEH capacitor should be fully charged when the
capacitance is at the maximum and fully discharged when the
capacitance is at the minimum. At low frequencies the WFEH
capacitor is discharged too early because of the slow variation of
the WFEH capacitance. At high frequencies, in turn, the WFEH
operates too quickly to be adequately charged when the WFEH
capacitance is at its maximum. Fig. 3 illustrates well this behaviour.

Figure 2 | (a,b) Schematic picture of the experimental setup: (a) top view of the whole setup and (b) side view of the cam disk. The setup is inclined at an

angle of 15 degrees in order to utilize gravitational counter force. Voltage u across the load resistor is indicated. (c) Photograph of the setup. The initial gap

between the plates is adjusted with a positioner stage. (d) Example of electric current data from DC voltage sweeping measurements. The value

of the built-in voltage Vbi 5 1.03 6 0.08 V is determined from the intersection of the lines fitted to the data. The RMS value of the electric current is not

equal to zero at u 5 Vbi due to noise and current offset. (e, f) Time dependencies of measured and simulated voltage across a 1.00 GV load resistor

connected to a Cu/Al parallel plate work-function energy harvester with the minimum distance between the plates d0 of (e) 170 mm and (f) 580 mm. Time

is normalized with the operating period Dt.

www.nature.com/scientificreports
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The determining factor is the ratio of the electrical time constant,
RCmax, and the period of the mechanical motion, Dt. Between these
two extremes, when ratio RCmax/Dt is near 0.2, the optimal operation
is reached.

The ideal charge-constrained cycle defines the maximum output
power of the work-function energy harvesters. This ideal cycle
requires use of variable load in the harvesting circuit. Variable load
can be realized using, for example, electrical switches. Such switching
circuits28–30 have already been utilized in electrostatic energy harvest-
ers, the operation of which is similar to the WFEHs. The switching
ensures that the WFEH capacitor is fully charged and discharged
during the operation cycle similarly as in the ideal cycle. In the
simplest case the WFEH can be charged by shorting the capacitor
electrodes. This can be done using a mechanical switch in parallel
with the load resistor. The timing of the switching is critical as the
switch should only be closed when the capacitance is at its maximum,
otherwise the output power can even be much lower than the power
obtained without switching. Despite this difficulty, we managed to
demonstrate over 2-fold increase in power output of our experi-
mental setup using the switching operation (see the details in
Section 2.2 of Supplementary information).

The power increase due to the use of a variable load in work-
function energy harvesters estimated with our numerical model is
shown in Fig. 3a. The normalized power decreases with decreasing
frequency because the off-state resistance (100 GV) is not high
enough to avoid leakage current. The simulations with variable loads
yield much higher power than the simulations with fixed load: With
the minimum plate distance of 170 mm the simulated variable load
WFEH produces 58% of the ideal power at maximum, whereas the
simulated fixed load WFEH produces only 13% of the ideal power at
maximum.

Estimation of performance of MEMS device. The performance of a
MEMS-based WFEH device can be estimated by using MEMS-scale
parameter values of electrostatic energy harvesters. Here we adopt
the parameters of Ref. 31. In the MEMS simulations (see Methods)
the energy harvester was connected to either constant or variable
load and excited with sinusoidal vibration with an amplitude of a
5 32.5 m/s2 around the mechanical resonance frequency fr 5

1868 Hz. With this kind of excitation and a charging voltage of
9 V the electrostatic harvester gives an output power of 1.2 mW31.
The dependence of the output power of the simulated WFEH device
on the frequency of the vibration is shown in Fig. 4a. Note that by
setting the built-in voltage of the WFEH and the external power
supply of electrostatic harvester equal we find that the WFEH gives
equal or higher power output (see Section 5 of Supplementary
information). The output power of the WFEH increases with
increasing value of the built-in voltage Vbi. The device produces
the highest power when the vibration frequency matches with the
mechanical resonance frequency of the device. Comparison of the
data from the devices with constant and variable loads shows that the
output power increases when switching is used. For example, at the
built-in voltage of 1 V the increase in output power is over one order
of magnitude. The power maxima vs. frequency in the variable load
case are wider than in the fixed load case. In other words, the
harvesting efficiency in the variable load case is less sensitive to
matching the mechanical resonance frequency to the vibration
frequency, which underlines the importance of electrostatic force
(equation 8 in Methods section) in the dynamics.

The dependence of the output power on the built-in voltage is
shown in Fig. 4b. In the case of constant 200 kV load, the power
increases quadratically with Vbi, as suggested by equations (3) and

Figure 3 | Measured and simulated average output power Pave of a Cu/Al
parallel plate work-function energy harvester with a load resistor R as a
function of (a) the operating frequency 1/Dt and (b) the normalized time
constant RCmax/Dt. The average output powers are normalized to the ideal

charge-constrained output power PidealQ. The value of the load resistor and

the minimum distance between the plates d0 are indicated in the legend.

Simulated data of a WFEH with a load varying between on-state (10V) and

off-state (100 GV) is also shown in (a).

Figure 4 | Simulated output power of MEMS work-function energy
harvesters with a load varying between 100 V and 50 GV and a constant
200 kV load as (a) functions of the vibration frequency at three values of
Vbi and (b) function of the built-in voltage Vbi at vibration frequency of
1868 Hz. The parameters of the simulated device were taken from an

existing electrostatic energy harvester31. The amplitude of the vibration is

32.5 m/s2.

www.nature.com/scientificreports
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(4), but in the case of variable load the dependence is weaker (the
second derivative of the curve is negative). This is likely a con-
sequence of electrostatic spring softening, which shifts the resonance
off the exciting vibration frequency. In the constant load case this
effect is not observed because the duration of the peak electrostatic
force per cycle is shorter than in the variable load case.

Work-function charge pump. In the most effective part of the
charge-constrained ideal cycle (Fig. 1d) the WFEH acts essentially
as a charge pump. It pushes the excess charge to an external circuit.
This can be exploited in an elegant manner to charge a storage
capacitor Csto, which, in turn, can supply power to an electric load.
Such a work-function charge pump can be constructed from a shuttle
moving between the fixed electrodes as sketched in Fig. 5a. During
the operation of this device (see Fig. 5b) the shuttle first makes
electric contact with the lower electrode, thus charging the shuttle.
Next, the shuttle moves up and the electric energy in the system
increases as the capacitance between the shuttle and the lower
electrode decreases. Finally, the shuttle touches the upper electrode
and the excess electric charge in the shuttle flows to Csto. Note that
the work-function charge shuttle has a captivating analogy with a
nanomechanical single-electron shuttle32. The shuttle operation can
be adapted for WFEH in general or, on the other hand, a work-
function charge pump can be realized without a shuttle using
external switches (see Fig. 5c) that mimic the phases of Fig. 1d. In
principle, the switch configuration should exhibit characteristics
identical to that of the shuttle device, but the shuttle device can
provide significantly larger maximum capacitance.

Despite the differences in their operating principles and designs,
the characteristics of the work-function charge pumps of Fig. 5a and
c can be described by the same model, where the stored charge after N
pumping cycles is derived using the formula for a geometric sum
(see detailed derivation in Section 4 of Supplementary infor-
mation). The time dependence of the electric energy
Esto~Cstou2

satf1{ Csto= CstozCminÞð �Ng2=2
�

accumulated in the
storage capacitor Csto is shown in Fig. 5d, where the normalized
electric energy is plotted as a function of the normalized number
of charging cycles N/Nmpp. Here usat 5 –(Cmax/Cmin – 1)Vbi is the
saturation voltage (i.e. maximum output voltage of the WFEH). After
charging Nmpp 5 ln(2)/ln(11Cmin/Csto) cycles the charging power
Psto~Csto ln Csto=(CstozCmin)½ � usto{usatð Þusto=Dt reaches a max-
imum of Pmax

sto ~Cstou2
sat ln 1zCmin=Cstoð Þ=4Dt. At the maximum-

power point 25% of the maximum electric energy is stored in Csto.
Fig. 5d shows that in the beginning the stored energy increases slowly
with each cycle. When the energy in the storage capacitor approaches
the maximum, the energy increase per cycle decreases rapidly. These
effects are caused by the dependence of the charging power on the
voltage usto, which is shown in Fig. 5e. In the beginning most of the
energy is lost due to the low value of usto. The charging power
increases as usto increases. After Psto reaches a maximum, it begins
to decrease due to the fact that the stored charge corresponding to the
high value of usto prevents flow of charge from the WFEH to the
storage capacitor. For the same reason, the charging power decreases
when the value of Cmin approaches the value of Csto. In practical
applications Csto is much larger than Cmin. In this range Pmax

sto reduces
to Pmax

sto <CmaxV2
bi Cmax=Cminð Þ 1{Cmin=Cmaxð Þ2=4Dt. Comparing

this formula and equation (4) in the case that Cmax is much larger
than Cmin shows that the maximum charging power of the system is
half of the corresponding ideal power of the charge constrained mode
PidealQ. This is due to the fact that at the maximum power point the
WFEH capacitor cannot be discharged by more than half of its
capacity.

Discussion
Work-function energy harvesters are similar to the electrostatic
energy harvesters as they both employ the same principle of energy

conversion with variable capacitance. Therefore, the device geomet-
ries and various broadband vibration energy harvesting techniques
utilized in electrostatic energy harvesters6,33,34 can also be used in
WFEHs. The key advantage of the work function energy harvester
over the electrostatic energy harvester is the fact that the work func-
tion energy harvester does not need external power source or electret
materials in the operation. In this sense the WFEH becomes closer to
piezoelectric harvesters that also rely on fundamental properties of
solid materials. Another unique feature of WFEH is that it can be
operated in the charge shuttle mode, which is impossible to realise
with electrostatic harvesters. The charge shuttle mode can provide
extremely large maximum capacitance and, therefore, high output
power. The physical contact between the surfaces, however, often
results in stiction problems and reduced lifetime, but recently
reported SiC-based nanoelectromechanical switches35 have been
shown to operate reliably over 107 switching cycles.

WFEHs can generate more power than the electrostatic harvesters
in many operating conditions (see Section 5 of Supplementary
information). A simple comparison can be performed by assuming
that the initial charging voltage Vin of the electrostatic harvester is
equal to the built-in voltage Vbi of the WFEH. A more detailed
comparison would need the details of the specific applications of
the devices. In principle, high values of Vin can be used in the elec-
trostatic harvester, since the charging voltage is limited only by the
pull-in voltage and the breakdown voltage of the variable capacitor of
the device. In reality, the charging voltage is limited by the available
power supply, which is a battery with the nominal voltage 1–4 V in
many applications. This voltage range can also be realized with the
built-in voltages of many known material pairs.

In general, energy harvesters can be operated in two modes: con-
tinuously and in pulsed mode. In the pulsed mode the WFEH needs
to supply energy to, for example, sensing and communicating circuit
which measures and transmits signals for further processing at time
intervals. The use of a work-function charge pump of either Fig. 5a or
c in both of these operating modes can be designed using the results
shown in Fig. 5d and e. The charging power can be maximized by
selecting large storage capacitors, so that Csto/Cmin $ 100. Work-
function charge-pump devices need an initialization time where they
gather electric energy in the storage capacitor while increasing its
charging power as the voltage across the storage capacitor increases.
The number of operating cycles Nmpp needed to reach the maximum
charging power is proportional to Csto/Cmin. In the pulsed mode the
time interval between the pulses can be optimized so that the electric
energy in the storage capacitor is not completely consumed, causing
the charging power to collapse. On the other hand, unlike in the case
of electrostatic harvesters using external battery all energy of the
storage capacitor can be consumed during every cycle if needed.
Finally, we note that a supercapacitor can provide an attractive solu-
tion to achieve high capacitance energy storage36 that can be inte-
grated with WFEH.

In conclusion, we have experimentally tested the work-function
energy harvester concept. The operation of the test device was in a
good agreement with our theoretical model. Based on the theory two
ideal modes of operation were devised. The charge-constrained
mode was shown to produce much higher output power than the
voltage-constrained mode. The results show that for maximum out-
put power the electrical time constant of the work-function energy
harvester should be optimized in respect to the operating period
of the device. Use of switches or a charge shuttle in mimicking the
ideal cycle was shown to increase the output power of the WFEH
remarkably. We have also presented two work-function charge
pump designs for charging of storage capacitors for powering
of, e.g., autonomous sensors. The feasibility of miniaturizing work
function energy harvesters was shown by simulating a realistic
MEMS device. Finally, the comparison of work function and elec-
trostatic energy harvesters showed that work function energy har-
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vesters can generate more power than the electrostatic harvesters
in many operating conditions, but without the need of external
power source or electret materials. This was also confirmed with
the MEMS simulations. The results presented in this article point
out that the work function energy harvesters have vast potential to
be used in many applications. For maximum power output mater-
ial pairs with maximal difference in their work functions need still
to be sought and MEMS versions of the work function energy
harvester need to be realized. The principle, however, does not
require realization in microscale, but miniaturization is needed in
many applications and achieving high capacitances is easier with
microfabrication techniques. The optimal design of these MEMS
devices can be achieved by utilizing the models presented in this
article.

Methods
Experiments with WFEH prototype. The WFEH prototype is a parallel plate
capacitor with the plates moving along an axis perpendicular to both plates (i.e.
varying distance between the plates). The total capacitance of such a system is
given by

C tð Þ~ e0A
d tð ÞzCpar, ð5Þ

where e0 is the vacuum permittivity (assuming air or vacuum between the plates), d(t)
the distance between the plates, and A the area of the plates. The motion of the plates of
the experimental setup is close to the ideal sinusoidal motion given by

d tð Þ~Dd 1{ cos 2p
t
Dt

� �h i
zd0, ð6Þ

where Dd is the amplitude of the motion of the plates and d0 is the minimum distance
between the plates.

The copper plate of the prototype is fixed and the aluminium plate is mounted on a
carrier moving on a linear rail tilted by 15 degrees (see Fig. 2a and b). The carrier is
actuated with a DC motor and reduction gear that work against gravity. The rotation
of the motor is converted to reciprocating linear motion using a cam disk made of
polyoxymethylene (POM) and a cam follower with a steel tip. A metal wire connects
the cam follower to the carrier. The sinusoidal motion of the plates was achieved using
a cam disk whose radius varies sinusoidally.

Prior to experiments the Al and Cu plates were sanded, washed, and cleaned with
isopropyl alcohol. In the measurements we utilized an Agilent 4156C precision
semiconductor parameter analyzer operated using MathWorksH MATLABH pro-
gram via IEEE-488 interface. The plates were connected to the measurement
instrument using spring and BNC connectors and flexible coaxial cables. The value of
0.25 mm was used for the amplitude of the motion Dd in all the measurements.

In the built-in voltage measurements the load resistor shown in Fig. 2a was
removed and the plates were connected directly to 4156C instrument. The copper
plate was connected to a source-measure unit (SMU) of 4156C instrument set at
zero current and the aluminium plate was connected to a SMU set at a specified
constant voltage UDC. The electric current i supplied by the latter SMU was
measured. The applied voltage UDC was swept and the root-mean-square (RMS)
current was measured. The value of the built-in voltage is determined from the
minimum of the RMS current as equation i~ UDC{Vbið ÞdC=dt shows.
Integration time of 0.2 ms was used in the current measurement. 50 Hz and
150 Hz interference was filtered out of the measured current before calculating the
RMS value. The plates were moved at the frequency of 3 Hz in order to increase
the magnitude of the signal.

Figure 5 | (a) Schematic picture of a work-function charge pump, where a shuttle moving between two fixed electrodes acts simultaneously as a built-in

switch. The shuttle can be fixed to a frame of reference, e.g., by an elastic beam (not shown). The shuttle and the upper electrode are made of the same

material (1) and the lower electrode of material with dissimilar work function (2). This charge pump is connected to storage capacitor Csto, which supplies

power to an electric load. (b) The operation phases of the work-function charge pump of (a): Charging of the shuttle (1) and the flow of charge to Csto (2).

(c) A work-function charge pump based on external switches S1 and S2: A work-function energy harvester with total capacitance C connected to storage

capacitor Csto, which supplies power to a load circuit. usto is the voltage across Csto. (d) Dependence of the normalized electric energy stored in Csto as a

function of the number of charging cycles N normalized with the number of cycles Nmpp needed to reach the maximum power point. The stored electric

energy, Esto is normalized with the maximum electric energy which can be stored in the storage capacitor, Emax
sto ~Cstou2

sat=2. (e) Dependence of the

normalized charging power of a work-function charge pump on the normalized voltage usto/usat calculated with various values of Csto/Cmin. The charging

power is normalized with Cminu2
sat=Dt, which is twice the maximum average power available from the WFEH.
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The measurement circuit shown in Fig. 2a was used to measure the voltage across
the load. The aluminium plate was connected to a SMU set to operate as voltage
source at zero voltage. The copper plate was connected to a SMU operating as current
source and was set at zero current. The voltage across the load resistor was obtained by
reading the voltage measured by the SMU connected to the copper plate. When the
frequency of motion of the plates was higher than 0.4 Hz, the integration time of
0.2 ms was used. In order to remove the interference mainly from the power lines,
50 Hz and 150 Hz signals were digitally filtered out from the measured voltage. At
low frequencies of motion the integration time of 20 ms (corresponding to the power
line frequency) was used without digital filtering.

The capacitance dependence estimated by equations (5) and (6) was in agreement
with measurements performed with a HP4192A impedance analyzer. However, an
envelope function with a period of 6Dt was observed in the capacitance signal. More
detailed modelling of the capacitance suggests that this envelope originates from the
fact that the centre of the axis of the drive wheel is misaligned by 50 mm. In this kind of
setup the elimination of the misalignment is practically impossible. On the other
hand, adding more complexity to the capacitance model can cause problems in the
extraction of the model parameters during model fitting. Therefore, in the mea-
surements we used only data from cycles where the effect of the envelope function was
low. The capacitance data obtained with the impedance analyser cannot directly be
utilized in the harvesting test measurements because of differences in the measure-
ment circuits. Because of this, the value of 0.1 pF was obtained for the parasitic
capacitance Cpar by model fitting.

Simulations. In general, vibration energy harvesters can be described as mechanical
second-order spring-mass systems6,10,11,13, where the conversion of kinetic energy to
electrical energy is taken into account as damping. The differential equation of
motion of such a device is given by

m
d2x
dt2

zb
dx
dt

zkx~mazFe, ð7Þ

where m is the proof mass, a is the acceleration of the proof mass, k the spring
constant, and b the intrinsic damping coefficient. The electrostatic force given by37

~Fe~
1
2

V2
gap +
!

Cgap, ð8Þ

which acts on the capacitor Cgap in the direction of the spatial gradient =Cpar. The
time evolution of the capacitance depends on the geometry and mechanics of the
system and the electrostatic force (equation (8)).

The WFEH prototype was modelled using capacitance dependence given by
equations (5) and (6). The effect of the electrostatic force (equation (8)) was neglected.
The numerical model of the WFEH connected to a circuit with resistor load (equation
(2)) was solved using MathWorksH SimulinkH. The model was fitted to the experi-
mental data using the MATLABH function fminsearch. The minimum distance
between the plates d0 and the parasitic capacitance Cpar were used as the fitting
parameters. Temporal offset and a small offset in voltage (,1 mV) was allowed in the
fitting. After initial set of experiments the value of Cpar was fixed to 0.1 pF.

In the numerical calculations with variable load the load was in the on-state (10 V)
when C – Cmin was higher than 99% and lower than 0.2% of the absolute capacitance
change Cmax – Cmin. The load was in the off-state (100 GV) between these capacitance
values. The state was switched smoothly to avoid numerical instabilities.

The MEMS work-function energy harvester with capacitive comb electrodes31 was
simulated using a SimulinkH model consisting of the coupled equations (2), (5), (7),
(8), and Vgap 5 u 2 Vbi. The capacitance of the MEMS device was calculated with
equation (5), where d(t) 5 x(t) 1 x0, and x0 is the rest position of the system. The
spatial gradient of Cgap needed in the calculation of the electrostatic force was cal-
culated with =Cgap 5 2 e0A/d(t). The following parameter values were used in the
MEMS simulations31: proof mass m 5 1.76?10-5 kg, spring constant k 5 2425 N/m,
electrode area A 5 9?10-5 m2, and air gap at rest x0 5 26 mm. An intrinsic damping
coefficient b of the simulated device was calculated using the formula for the quality
factor Qr~2pfr m=b<100 and a value of 1 pF was assumed for the parasitic
capacitance.

The case of the variable load was simulated by adding an electric switch into our
SimulinkH model. Switching of the load resistance between 50 GV (off-state) to 100V
(on-state) was controlled by the time derivative of the capacitance. For better stability
the time derivative was used to control the switch instead of the capacitance itself.
Charging of the work capacitor took place when dC/dt , 0.01?max(dC/dt) and
discharging when dC/dt . –0.002?max(dC/dt).
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