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1. Introduction

In recent years, energy harvesting has emerged as a practi-
cable solution for powering low power electronic devices 
[1,  2] and various kind of wireless sensors [2–4]. As the 
power output of the energy harvesting solution increases, they 
could potentially replace batteries in some of the applications 
in sensors and electronic devices. Traditionally, researchers 
have most commonly used piezoelectric [5–10], electromag-
netic [11–15] and electrostatic [16, 17] mechanisms to harvest 
mechanical energy from vibrations and pressure available in 

the environment. In the past few years, contact electrification 
or triboelectric mechanism has also gained interest as a mech-
anism for harvesting mechanical energy [18–26]. The word 
tribolelectricity comes from two words tribein which means to 
rub in Greek and electricity. Therefore tribolelectricity means 
electricity generated by rubbing or in other words generating 
electricity using friction. As per the triboelectric effect, two 
materials become charged as they come in contact and sepa-
rate with each other. There have been many studies conducted 
to study the triboelectric effect between various combination 
of materials. The tendency of two dissimilar materials to get 
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charged when they are put in contact with each other can be 
explained by the difference in the electronegativity of the 
two materials. Materials can be arranged in an order or series 
according to their tendency to donate and attract electrons. 
This series is known as triboelectric series [27, 28] and com-
prises of materials with higher tendency to donate electrons 
up in the series while the materials with higher tendency to 
accept electrons are placed down in the series.

For resonant behavior based energy harvesting devices, 
one of the biggest limitations has been a narrow operating 
bandwidth within which the devices can generate signifi-
cant power. As soon as the device is excited with frequency 
outside the operating bandwidth, the power output drops 
drastically and the energy harvesting device is virtually 
rendered useless. In energy harvesting devices based on pie-
zoelectric, electromagnetic and electrostatic mechanisms, 
various strategies have been used to broaden the operating 
bandwidth of resonant behavior based devices. Sebald  
et al [29] used magnetic interactions to induce nonlineari-
ties which resulted in broadband behavior. Stanton et al 
[30] used bistable mechanism in piezoelectric energy har-
vester resulting in increased capability of device to respond 
to broad frequency range. Huan et al [31] used an array of 
bimorphs with different operating frequencies leading to 
overall broad operating frequency range. Nguyen et al [32] 
used softening springs in MEMS based electrostatic energy 
harvester to induce broadband behavior. Soliman et al [33] 
used piecewise linear oscillator which resulted into obser-
vation of broadband behavior in energy harvesting device. 
All these strategies and designs have been aimed towards 
solving one of important problems in resonant mechanism 
based energy harvesters, i.e. narrow operating bandwidth 
which hugely restricts the devices operability.

The current design uses contact separation mechanism 
of triboelectric layers to induce stiffening in the mechanical 
motion of the cantilever. This stiffening of the cantilever has 
been demonstrated to broaden the operating bandwidth of a 
 triboelectric energy harvester (TEH). We discuss the fabrica-
tion of triboelectric mechanism energy harvesting devices. We 
also study the effect of array configuration of micropad patterns 
in the triboelectric layer on the performance of triboelectric 
energy harvesting mechanism. A hybrid energy harvester con-
cept has also been demonstrated which uses a piezoelectric 
bimorph to mount one of the triboelectric layers. The hybrid 
concept used both piezoelectric mechanism and triboelectric 
mechanism in conjunction. Several hybrid mechanisms have 
been demonstrated before which use two different mechanisms 
in order to improve the efficiency of overall energy harvesting 
 mechanism [34].

2. Device design

2.1. Fabrication of the triboelectric layers

The TEH comprises of two triboelectric layers (figure 1) 
made of different materials which generate charges using 
contact electrification mechanism. The first triboelectric layer 

is made of PDMS micropad structures. The process flow for 
fabrication of PDMS micropad structures is shown in detail 
in figure 2(a). To prepare the first triboelectric layer, silicon 
wafer with oxide layer is cleaned using acetone and IPA fol-
lowed by oxygen plasma. After cleaning, the samples are spin 
coated with hexamethyldisilazane (HMDS) followed by spin 
coating of AZ9260. Then the sample is baked at a temperature 
of 110 °C for 30 min. Thereafter, the photoresist is exposed 
using mask to perform the photolithography. The samples are 
then again baked at a temperature of 120 °C for 30 min. The 
samples are then developed in AZ developer for 12 min. After 
patterning the AZ9260 photoresist, the photoresist patterns 
are used as mold to fabricate PDMS micropad structures. To 
transfer the micropad patterns on the PDMS, SYLGARD® 
184 silicone elastomer kit is used. The base and the curing 
agent are mixed in a 10:1 ratio and the mixture is degassed 
in a vacuum chamber for 2 h to remove the air bubbles intro-
duced during the mixing. After degassing, the PDMS mixture 
is spin coated on the silicon mold and then cured at 85 °C for 
1 h. After curing the PDMS mixture, the PDMS layer can be 
peeled off and micropad structures can be seen on the PDMS 
layer. This patterned PDMS layer is then attached to a glass 
slide coated with 100 nm thick layer of Cu as shown in steps 
in figure 2(a) (ii). For attaching, an uncured layer of PDMS 
is spin coated on the glass slide and again cured together 
after laying the patterned PDMS layer on it. The copper thin 
film on the glass slide acts as the first electrode for the TEH. 
Figure 2(b) shows the optical image of the patterned PDMS 
layer on top of the copper thin film.

For the second triboelectric layer of TEH, a glass substrate 
is laid with a 40 μm thick laminated copper layer. The copper 
surface is treated with Ar/O2 plasma at 70 W for 1 h to create 
nano-roughness as shown in the AFM image in figure 2(c). 
The roughness created by plasma treatment is used to improve 
the triboelectric properties of the second triboelectric layer.

2.2. Assembling the TEH

After fabrication of both parts, the first part with the micropad 
patterned PDMS triboelectric layer is attached to an aluminum 
metal cantilever using epoxy adhesive (figure 1). An aluminum 
cantilever is used as it suitably provides stable mechanical 
vibrations necessary for contact-separation mechanism of the 
two triboelectric layers. The metal cantilever is excited using 
external mechanical vibrations due to which first triboelectric, 

Figure 1. Schematic illustration of the broadband triboelectric 
energy harvester.
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i.e. patterned PDMS layer undergoes regular contact-separa-
tion motion with the second triboelectric layer.

3. Theory and modeling

3.1. Mechanical modeling of microstructures

When the two triboelectric layers come in contact with each 
other, the surface charge generated depends on two factors: 
(i) chemical properties of materials and (ii) surface topog-
raphy of triboelectric layers. To enhance the triboelectric 
effect using the surface topography, cuboidal shaped PDMS 
micropad patterns structures were fabricated (figure 2(b)). 
Micropad structures were chosen over high aspect ratio 
PDMS pillars because during the contact-separation mecha-
nism required for contact electrification process, high aspect 
ratio PDMS pillars tend to collapse [35], which may lead 
to deterioration of performance of the TEH after a certain 
number of operating cycles.

The micropad structures can be modeled using the gen-
eralized Hooke law in three dimensions as expressed in 
equation (1). It is assumed that PDMS is a homogenous mate-
rial, which means the mechanical properties of PDMS are not 
direction dependent.
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where ϵii is the strain in direction i = x, y, z, σii is the normal 
stress in direction i = x, y, z, E is the Young’s modulus 

and v is Poisson’s ratio. If we assume that in the contact 
 separation mechanism normal stress is applied in only 
normal z-direction on the PDMS micropad structures as 
shown in figure 3(a), the other two normal stress terms in 
equation  (1), i.e. σxx and σyy disappear from equation  (1). 

Figure 2. (a) Fabrication of top triboelectric layer in the triboelectric energy harvesting device. (b) Optical image of the first triboelectric 
layer with patterned elastic PDMS micropads on top of copper thin film. (c) AFM image of the second triboelectric layer with Ar/O2 plasma 
treated copper layer to create nano-roughness.

Figure 3. (a) Deformation in PDMS pad type structures when 
mechanical force is applied. (b) Schematic of PDMS micropad 
array in a square lattice.
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Therefore, from equation (1) following set of equations can 
be derived:

ν σ ν σ σϵ = −  ϵ = −   ϵ =
E E E

, ,
1

xx zz yy zz zz zz (2)

Figure 3(b) illustrates a schematic diagram of micropad array 
pattern in a square lattice. The total square sample size, i.e. 
micropad array size has a side length of L. Each individual 
micropad has a square cross-section of side length l. The gap 
between two micropads along both x-axis and y-axis is also 
equal to l. The elastic deformation in the PDMS micropad 
structures along x-axis and y-axis can be calculated as:

Δ νσ= ϵ = −x l
l

E
xx zz

Δ νσ= ϵ = −y l
l

E
xx zz (3)

The change in total contact area between two triboelectric 
layers due to the elastic deformation in the PDMS micropad 
structure can be calculated as in equation (4).

Δ Δ Δ ν σ= × =A x y
l

E

2

2
2 2 (4)

The change in the total effective contact area after elastic 
deformation is hence given by:
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where n is the total number of pillar on the PDMS triboelec-

tric layer and is equal to ⎜ ⎟
⎛
⎝

⎞
⎠

L

l2
.

2

 It is clear from equation (5) 

that theoretically the effective change in the contact area after 
the elastic deformation is independent of the dimension l in 
micropad arrays (figure 3(b)).

3.2. Contact analysis of two triboelectric layers

The average impact force between the two triboelectric 
layers depends on the momentum change of the piezoelectric 
bimorph and the duration of impact between two triboelectric 
layers. The equation for impact force can be written as:

Δ
Δ

=F
P

T
impact (6)

where ΔP is the change in momentum of the cantilever and 
ΔT is the time duration of impact between the two triboelec-
tric layers. From the Hertz theory of contact mechanics, it 
is predicted that the duration of impact ΔT increases as the 
overall elasticity of triboelectric layer increases or the stiff-
ness decreases [36, 37]. The equivalent stiffness of the PDMS 
triboelectric layer with micropad patterns can be calculated 
using springs acting in parallel relation:

∑=
=

k keff

i

n

i

1

 (7)

where keff is the effective spring constant of the triboelectric 
layer with PDMS pad patterns and ki is the spring constant of 
an individual PDMS micropad.

The spring constant for an individual micropad can be 
obtained by using Hooke’s as law as below:

=k
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h
i

2

 (8)

where l is the side length of cross section of the square micropad 
structure and h is the height of the micropad structure. Now, the 
effective spring constant can be calculated from equation (7):
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In the experiments, we fabricated five sets of devices: one with 
plain/unpatterned and four others that used four different array 
configurations of micropad structures. Figure 3(b) illustrates an 
schematic diagram of the micropad pattern arrays fabricated. 
Equation (9) suggests that the effective stiffness of PDMS tri-
boelectric layer is the same for all the array configurations as keff 
is independent of the dimensional parameter l is the side length 
of individual square micropad. This means that the duration of 
impact ΔT should remain the same for all array configurations. 
Hence the impact force should also remain the same for a given 
value of momentum change, as given by equation (6).

3.3. Modeling of the TEH as a parallel plate capacitor system 
with varying gap

Behind the working of the TEH, there are two mechanisms 
involved, namely contact electrification or triboelectrifica-
tion and electrostatic induction of charges. The mechanism 
involves charging of triboelelectric layers with equal and 
opposite charge when they come in contact with each other due 
to vibration of the cantilever. The charges on the PDMS layer 
can be assumed to be uniformly distributed over the surface 
[38]. These triboelectric charges on the PDMS triboelectric 
layer result in electrostatically induced charges on the first 
copper electrode. The electrodes and triboelectric layer can be 
approximated by using a system of parallel plate capacitors as 
shown in figure 4. The potential difference between the first 
and second copper electrodes is given by equation (10).

⎛
⎝
⎜

⎞
⎠
⎟

ε ε
σ

ε
= − + +V

q

A

d
z t

z t
( )

( )

P0 0
 (10)

where V is the potential difference between the first and 
second copper electrode, A is the total area of the triboelectric 
layers, d is the thickness of PDMS dielectric layer, ε0 is the 

Figure 4. Modeling of the TEH as a parallel plate capacitor system 
with varying gap.
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dielectric constant of air, εP is the relative dielectric constant 
of PDMS, z(t) is the time varying distance between the PDMS 
layer and the second copper electrode, σ is the triboelectric 
charge density due to contact electrification mechanism and q 
is the charge transferred through the external circuit.

For the calculation of open circuit voltage, there should 
not be any charge transfer in the external circuit which gives 
the condition q = 0 in equation (10). Therefore open circuit 
voltage is given by equation (11).

σ
ε

=V
z t( )

OC
0

 (11)

For the calculation of short circuit current, the potential dif-
ference between the first and second electrode should be zero, 
i.e. V = 0 in equation (10). This gives the following equation:

σε
ε

=
+

q
A z t

d z t

( )

( )
P

P
 (12)

Therefore the short circuit current can be calculated as given 
by equation (13).
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= =
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I
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dt

A d

d z t
v t
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( )SC

P

P
2 (13)

where =v t dz t dt( ) ( ) /  which means the velocity of the tip of 
vibrating cantilever.

3.4. Modeling of broadband behavior

The modeling of broadband behavior can be done using the 
piecewise linear oscillator model as shown below [39, 40]:

ζ τ¨ + ˙ + = + ˙x x x r r f x x2 sin( ) ( , )0
2

1 (14)

The expression for ˙f x x( , )1  is given by:
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1 1 1

2
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1 0

0
 (15)

where ω ω=r / ,0  ω ω=r / ,1 1 0  =u z Y/ ; δ = d Y/ ;1  ω0 and ω1 are 
resonant frequency before and after the contact of two tri-
boelectric layers; Y is the amplitude of sinusoidal excitation 
provided by shaker; and ζ0 and ζ1 are damping coefficients 
before and after the contact of two triboelectric layers. The 
equations  were solved and simulated using MATLAB and 
the results are plotted in figure 5 for acceleration value of 1 g. 
Figure  5 explains the behavior of cantilever motion due to 
nonlinearity introduced in the cantilever vibration by contact-
separation mechanism of the two triboelectric layers.

4. Experiments and discussion

4.1. Experimental setup

For testing the TEH characteristics, a test setup was assem-
bled. The setup comprised of an electromagnetic shaker 
(B&K Vibration Exciter Type 4809) which simulated the 
vibrations at different acceleration levels. The shaker is driven 
by using a computer program which sends signal to a power 
amplifier (B&K Power Amplifier Type 2718). From the power 

amplifier, signal is sent to electromagnetic shaker to simulate 
vibrations. The acceleration level provided by the shaker is 
measured using an accelerometer (DeltaTron® accelerometer 
Type 4519–003) which is again sent to a computer program 
via a vibration controller as a feedback loop to control the 
acceleration level of the shaker. A computer program is used 
to perform two operations: sweeping frequency and dwell at 
a constant frequency at various acceleration levels. The TEH 
is assembled on the shaker and the signal is acquired by a 
data acquisition system via a vibration control channel which 
is then transferred to the computer using an ethernet port. 
Figure 6 shows a schematic of the test setup.

4.2. Design of experiment

PDMS micropad pattern arrays were used to enhance the tri-
boelectric effect between the two triboelectric layers. Five 
variations of TEH devices were prepared which included one 
with plain/unpatterned PDMS layer and four others with dif-
ferent array configuration as shown in figure 3(b). The array 
dimensions were carefully chosen such that the contact area 
due to the micropad top surface as a percentage of total sample 
size is equal for all the array patterns. This is illustrated by the 
following calculations:

= ×Total number of micropads
L

l

L

l2 2

= × × =Total micropad area
L

l

L

l
l L

2 2
0.252 2

= × =

Total micropad area as % of sample size

L

L

0.25
100% 25%

2

2

 

(16)

From equation  (16), it is clear that the total contact area due 
to micropad top surface before the elastic deformation in the 
micropad is same for all the array configurations, which is L0.25 .2

4.3. Broadband behavior of the TEH

Broadband behavior was observed in the TEH due to stiff-
ening of the cantilever spring introduced by the fixed second 

Figure 5. Simulation of broadband behavior due to contact-
separation mechanism of triboelectric layers.
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triboelectric layer as the first layer comes in contact. The 
broadband behavior can be studied by up-sweeping and down-
sweeping of frequency, as shown in figure 7 which shows the 
results for the micropad array of the 50 μm × 50 μm sample. 
An additional mass of 2.36 gram was attached at the cantilever 
tip for all the experiments to increase the proof mass. When a 
down-sweep of the frequency is conducted, the resonant fre-
quency of the device is observed to be ~31.5 Hz. However, 
when the up-sweep of frequency s conducted, broadband 
characteristic of the TEH can be observed. During the up-
sweeping, as the first triboelectric layer attached on cantilever 
spring comes in contact with the second triboelectric layer, the 
stiffening occurs in the cantilever spring and hence the effec-
tive spring constant increases. Due to increase in the effective 
spring constant the resonant frequency of the device increases 
which further shifts the resonant peak to the right of the orig-
inal resonant peak. In figure 7, as the frequency increases from 
31.5 Hz to 38.8 Hz, the effective stiffness increases and the 
TEH operating frequency range keeps broadening till point A, 
as shown in figure  7. Thereafter, the output voltage drops 
abruptly [33] and both the triboelectric layers lose contact 
with each other for further increase in operating frequency. 
The operating bandwidth for excitation acceleration of 1 g at 
a voltage level of 70 mV RMS output voltage increased from 
7.3 Hz to 11.9 Hz which is an increment of 63% from the orig-
inal operating bandwidth.

Furthermore, experiments were conducted to study 
the broadband behavior in the TEH with different PDMS 
micropad dimensions at different excitation acceleration 
levels. Figure 8 shows the results of RMS output voltage gen-
erated by five different TEH devices with an additional proof 
mass of 2.36 gram. For all the devices, the excitation accelera-
tion level is increased from 0.6 g to 1.4 g in steps of 0.2 g. It 
can be observed that for all five samples that as the accelera-
tion level is increased, the operating bandwidth also increases 
along with increased output level.

4.4. TEH output characteristics

Output voltage and current were measured for the TEH with 
micropad dimension of 50 μm  ×  50 μm at various values of 
load resistances connected to the TEH. The voltage and cur-
rent characteristics for 50 μm  ×  50 μm micropad dimensions 
at acceleration level of 1 g are summarized in figure 9. All the 
measurements were conducted with an additional proof mass 
of 2.36 gram. The results are presented for only one device 
sample as the characteristics for other devices would also 
follow the same qualitative pattern. The output voltage across 
the load resistance increases as the load resistance value is 
increased from 50 kΩ to 11 MΩ. The current flowing through 
the resistor follows a reverse trend as compared to the output 
voltage across the resistor. The current flowing through the 
load resistor decreases as the load resistance value is increased.

Figure 10(a) shows the power characteristics of the TEH 
device with micropad dimensions of 50 μm  ×  50 μm at an 

Figure 6. Flow chart for the experimental setup to test the TEH.

Figure 7. RMS output voltage for frequency up-sweep and down-
sweep at an acceleration level of 1 g for 50 μm x 50 μm sample.

J. Micromech. Microeng. 24 (2014) 104002
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acceleration level of 1 g. As the load resistance is increased, 
the power output increases upto optimum value of load resist-
ance and starts decreasing thereafter. The optimum value of 

load resistance was observed to be 5.8 MΩ. Time domain sig-
nals of the TEH at the optimum value of resistance were also 
recorded, as shown in figure 10(b) and 10(c).

4.5. Effect of PDMS micropad array configuration on  
device performance

Topography of the triboelectric layer can have a profound 
effect on the contact electrification effect. To study the effect of 
PDMS micropad array configuration, five sets of TEH devices 
were assembled on the shaker and tested. Time domain results 
for open circuit voltages for all five devices tested are shown in 
figure 11. It is interesting to notice that the overall primary con-
tact area due to PDMS micropad cross section remains the same 
as discussed in section 4.2. Also, after the elastic deformation of 
PDMS micropads the overall contact area should theoretically 
remain the same for same value of applied mechanical stress. 
This has been discussed in the section  3.1. It was observed 
that  although the overall contact area remains the same 
before and after the elastic deformation in PDMS micropads,  

Figure 8. Broadband characteristics of the TEH observed due to nonlinearity induced due to contact-separation mechanism between two 
triboelectric layers.

Figure 9. Output voltage and current characteristics of the TEH at 
different resistance values.

J. Micromech. Microeng. 24 (2014) 104002
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the array configurations which used the micropad cross sec-
tion area divided into smaller micropads had a relatively better 
performance compared to bigger micropads with same overall 
contact area. This device behavior can be explained by the 
easier separation of the triboelectric charge [20] when there 
are sharper or smaller asperities keeping the overall contact 
area between the two triboelectric layers the same. This result 

is important and can possibly be extended to further topogra-
phies. This means if it is possible to pattern the triboelectric 
layer with similar materials with smaller dimension structures 
keeping the overall contact area same, the device performance 
of triboelectric mechanism based energy harvesters can be 
greatly improved.

4.6. Testing of the TEH using a piezoelectric bimorph demon-
strating hybrid energy harvesting mechanism

Experiments were conducted to study the performance of 
piezoelectric and triboelectric energy harvesting mecha-
nism operating simultaneously under similar acceleration 
and force levels. To setup the experiment, the aluminum 
cantilever used in experiments to test TEH, as discussed in 
previous sections,  was replaced by a commercially avail-
able piezoelectric bimorph (from Steiner & Martins Inc.). 
The resonant frequency of the bimorph assembled with the 
first triboelectric layer and additional proof mass of 2.36 
gram was found to be about 25 Hz. The hybrid energy har-
vester was then tested at a constant acceleration of 1 g. The 
time domain signals observed are shown in figure 12(a). The 
peak voltage generated by the piezoelectric energy harvester 
(PEH) was ~9 V and the peak voltage generated by the TEH 
was observed to be ~4 V. The PEH peaks in time domain as 
shown in figure 12(a) are broader unlike that of TEH which 
has characteristically very sharp peaks. The broader peaks of 
PEH would result in higher overall power as compared to 
TEH’s sharp peaks even if the peak voltage generated by both 
mechanisms are same. It is also worth noticing that PEH time 
domain output signals are not symmetric with respect to the 
time-axis. The reason for the non-symmetrical signal is the 
incomplete vibration cycle of the piezoelectric bimorph when 
it moves towards the second triboelectric layer after crossing 
the zero-stress position. The first triboelectric layer then 
comes in contact with the second triboelectric layer and limits 
the piezoelectric bimorph’s motion, which results in higher 
peaks of PEH output on the positive side of the time axis, as 

Figure 10. (a) Power characteristics of the TEH at different values 
of resistances. (b) Open circuit voltage at optimal load resistance 
of 5.84 MΩ. (c) Short circuit current at optimal load resistance of 
5.84 MΩ.

Figure 11. Comparison of time domain signals from different 
micropad cross-section samples.
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shown in figure 12(a). Both signals are then added in same 
polarity after rectifying the signal using a rectifying circuit, as 
shown in figure 12(b). Adding the signals from TEH and PEH 
resulted in broader and taller peaks in time domain and hence 
increased overall power output from the hybrid mechanism.

The proposed hybrid mechanism using a triboelectric 
and piezoelectric mechanism can be a possible solution for 
improved power output with broadband characteristics at 
low frequencies. In the current hybrid mechanism, the piezo-
electric mechanism has a better output than the triboelectric 
mechanism. Further optimization of the triboelectric mecha-
nism using better material combination and topography would 
result in significant improvement of TEH performance leading 
to better output from hybrid energy harvesting devices.

5. Conclusion

A study has been conducted using elastic PDMS micropad 
structures on the performance of triboelectric energy har-
vesting mechanism. The performance of smaller structures 

keeping the overall contact area constant between two tribo-
electric layers is found to be better as compared to relatively 
bigger structures. The mechanism used has also been shown 
to demonstrate broadband behavior for resonant mechanism 
based energy harvesting devices. A theoretical model has been 
developed for working out the triboelectric mechanism and 
the broadband behavior of the device.

The optimum peak power output of the TEH was obtained 
to be 0.69 μW at an acceleration level of 1 g with an additional 
proof mass of 2.36 gram at the cantilever tip. The improve-
ment in operating bandwidth of the TEH is demonstrated to 
be 63% at an acceleration of 1 g. A hybrid energy harvesting 
mechanism has also been proposed which uses triboelectric 
and piezoelectric mechanisms concurrently to improve the 
overall performance of the device.
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