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Development of a Broadband Triboelectric Energy
Harvester With SU-8 Micropillars

Lokesh Dhakar, Francis Eng Hock Tay, and Chengkuo Lee, Member, IEEE

Abstract— This paper describes a broadband energy harvester
working on the principle of contact electrification or triboelectric
charging. Design and fabrication of the device have been dis-
cussed. The device uses contact and separation mechanism using
a cantilever to generate triboelectric charges. This mechanism
introduces nonlinearity in the cantilever, which results in broad-
band behavior of triboelectric energy harvester. The device uses
SU-8 micropillar arrays to enhance the triboelectric charging.
A study is conducted to study the effect of the micropillar sizes on
the power output of devices. The devices were tested at different
acceleration levels. The peak power output achieved is 0.91 µW at
an acceleration of 1g. The amplitude limiter based design of the
energy harvester enables broadening of operating bandwidth as
the acceleration level increases. A maximum operating bandwidth
of 22.05 Hz was observed at 1.4g increasing from an operating
bandwidth of 9.43 Hz at 0.4g. [2013-0401]

Index Terms— Broadband behavior, energy harvesting,
amplitude limiter, tribolelectricity.

I. INTRODUCTION

HARVESTING mechanical energy is one of the most
important sources of energy to power wireless sensor

nodes [1]–[6] and low power electronic equipments [7], [8]
as it is least affected by the whims of environment such
as sunlight, temperature conditions or location. Traditionally,
mechanical energy harvesters have used different mechanisms
namely piezoelectric [9]–[15], electromagnetic [16]–[20] and
electrostatic [21]–[24] mechanism for power generation. These
mechanisms use special material properties like piezoelec-
tricity or magnetism to harvest mechanical energy. There-
fore, use of these mechanisms poses significant limitation
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on the materials which can be used for harvesting energy.
Recently, tribolelectricity has been investigated as a possi-
ble mechanism for harvesting mechanical energy [25]–[29].
Triboelectric mechanism uses the process of contact elec-
trification and electrostatic induction to convert mechanical
energy into useful electrical energy. Contact electrification
[30], [31] is the phenomenon of electrification or charging by
contact of two dissimilar surfaces. This phenomenon occurs
when two materials are put into contact and separated. The
difference in work function of the materials is the reason for
different tendencies of different materials to attract or donate
electrons [32]. These materials can be arranged in order known
as triboelectric series according to their tendency to donate or
attract electrons [33]. The fundamental mechanism behind the
contact electrification is not fully understood. Although there
has been a lack of one overarching model to explain contact
electrification and charge transfer, several models and theories
have been reported to study contact electrification between
various materials [34].

One of the major problems which most of the resonant
mechanism based energy harvesting devices suffer from is the
operating bandwidth. The resonant mechanism based devices
have the capability to operate only in a narrow range of band-
width near the resonant frequency. Many of the researchers
have studied this problem in piezoelectric and electromagnetic
mechanism based energy harvesting devices. Sari et. al. [35]
used an array of cantilevers with different dimensions to
achieve broad range of operating bandwidth. Tvedt et al.
[36] used non-linear springs under colored noise vibrations
which resulted in broadband behavior. Frequency tuning mech-
anism was demonstrated by Challa et al. [37] by applying
a magnetic force on a cantilever in transverse direction.
Triboelectric mechanism based resonant energy harvesters also
face the same problem of narrow operating bandwidth. The
current design for triboelectric energy harvester (TEH) utilizes
the basic contact and separation motion used in triboelec-
tric mechanism to induce non-linearity in spring constant
leading to broadening of the operating bandwidth of device
[38], [39]. This work is an important step towards design
concept of vibration based energy harvesting devices based on
the principle of contact electrification. It presents a solution
to the problem of narrow operating bandwidth in energy
harvesting devices. The device presented in this work uses
SU-8 micropillars to enhance the triboelectric generation.
A study has also been conducted to examine the effect
of micropillar array configuration on the power generation
characteristics of the device.
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Fig. 1. Schematic of the triboelectric energy harvester.

II. DESIGN AND FABRICATION

A. Design and Device Configuration

The schematic of the proposed device using triboelectric
mechanism is shown in Fig. 1. The as-fabricated TEH com-
prises of two parts: i) top part and ii) bottom part. The device
is based on the periodic contacting and separating motion
between top and bottom parts. The top part consists of a
gold thin film on a glass substrate with polydimethylsiloxane
(PDMS) layer on top of it. The bottom part constitutes of an
array of SU-8 micropillars on silicon substrate which has gold
film coated on top of it. The top part is attached to an alu-
minum cantilever which is fixed using clamping assembly at
one end (Fig. 1). The bottom part is kept fixed when the device
is in operation. The periodic contacting and separating motion
between top and bottom parts is realized by the vibrating
motion of cantilever when excited by mechanical vibrations.
In practical applications, these vibrations can be obtained
from human motion [18], household equipments [6], machine
vibrations etc. During the contacting-separating motion, the
bottom part acts as an amplitude limiter for cantilever motion
which induces non-linearity resulting in broadband behavior
of the cantilever based resonant TEH [38]–[42].

B. Fabrication Process

The steps involved in the fabrication of top and bottom
parts are shown in Fig. 2. Fabrication of top part starts with
preparation of the glass substrate. A 100 nm thick layer of gold
is then coated on the glass substrate using thermal evaporation.
This gold layer serves as the top electrode for TEH. On top
of gold film, a 500 μm thick PDMS layer is spin coated using
SYLGARD 184 silicone elastomer kit. The spin coated PDMS
layer is then kept in oven at 80 °C for 2 hours for curing. The
PDMS layer acts as an dielectric layer through which the gold
electrode gets charged by electrostatic induction mechanism.
The top part is then attached to an aluminum cantilever as
shown in Fig. 1 using epoxy adhesive.

The bottom part fabrication starts with preparation of
silicon substrate. A 50 μm thick layer of negative photoresist
SU-8 2025 from MicroChem is then spin coated on the
silicon substrate. It is then soft baked in steps at 65 °C and
95 °C for 3 minutes and 7 minutes, respectively. SU-8 is
then exposed for patterning using photolithography. Thereafter
post exposure bake is done. The samples are then devel-
oped using MicroChem’s SU-8 developer which results in
SU-8 micropillar arrays as shown in Fig. 2(b) and 2(c).

The micropillar arrays are then hard baked to improve the
mechanical properties. The SU-8 micropillars are then coated
with a 100 nm thick of gold which serves as the bottom
electrode for TEH.

III. THEORETICAL MODELING

A. Mechanics Modeling

A cantilever is used for contact-separation motion to gen-
erate charge using contact electrification process. This section
discusses the mechanics of top part attached to the vibrating
cantilever. The cantilever is excited with a sinusoidal mechan-
ical vibration using an electromagnetic shaker. TEH cantilever
vibrating motion can be modeled as a forced, damped spring
mass system. The equation for forced vibrations of damped
spring mass system can be written as:

mÿ + cẏ + ky = F0 sin(ωt) (1)

The steady state solution for the system defined by (1) can
be given by:

y = F0√
(k − mω2)2 + (cω)2

sin(ωt − φ) (2)

where φ = tan−1( cω
k−mω2 ), m is mass, c is damping coefficient,

k is the spring constant, F0 is the amplitude of the sinusoidal
excitation force, ω is the excitation frequency. Differentiating
(2) with respect to time, the velocity function of the mass can
be obtained as in (3).

ẏ = F0ω√
(k − mω2)2 + (cω)2

cos(ωt − φ) (3)

If the excitation frequency of the shaker matches the res-
onant frequency (ωr) of the shaker, from (3) the equation of
motion can be written as:

ẏ = F0

c
cos(ωr t − φ) (4)

Fig. 3 shows the cantilever beam vibrating with the fre-
quency ω impacting the bottom part. The average impact force
(F) is generated due to the change in momentum as expressed
in (5).

F = change in momentum

�T
= (m.vn − 0)

�T
= mẏ

�T
(5)

where νn is the normal component of velocity for the top
part and �T is the duration of impact. In (5), for the force
calculation it is assumed that the top part comes to rest after
impacting the bottom part. After plugging the value of ẏ, (5)
can be written as:

F = m F0

c�T
cos(ωr t − φ) (6)

This is a simplistic model for the impact force between top and
bottom parts. It models the vibrating cantilever as a damped
spring mass system and assumes that the top part comes to
rest after impacting the bottom part. The local deformation
for PDMS layer and individual SU-8 micropillar can be
approximately modeled using the Hertz Theory [43]. Keeping
all the geometrical parameters and material properties same,



DHAKAR et al.: DEVELOPMENT OF A BROADBAND TRIBOELECTRIC ENERGY HARVESTER 93

Fig. 2. (a) Steps involved in the fabrication of top and bottom part. (b) Optical image of SU-8 micropillars for cross section of 50 μm × 50 μm. (c) SEM
micrograph of array of SU-8 micropillars of dimension 50 μm × 50 μm × 50 μm.

Fig. 3. Calculation of impact force between the top and bottom part.

the relation between duration of contact and impact velocity
is given by [43], [44]:

�T ∝ ẏ−1/5 (7)

where ẏ is the impact velocity. From (6) and (7), following
relation can be observed:

F ∝ F6/5
0 (8)

It is clear from (8) that as the magnitude of the excitation force
or acceleration is increased, the impact force between top and
bottom parts increases. Although the model used for impact
force is simplified, it serves the purpose of understanding the
qualitative relation between the magnitude of excitation force
and impact force between top and bottom parts.

B. Deformation in PDMS and SU-8 Pillars

The micropillar array can be assumed to be an array of
springs fixed at one end but free at the other. Hooke’s law is
used to calculate the spring constant of the SU-8 micropillars,
as Euler theory cannot be applied due to the slender shape
assumption [45]. The spring constant by Hooke’s law is given
by following equations:

σ = Eε (9)
F

A
= E

�h

h
(10)

k = F

�h
= E A

h
(11)

TABLE I

PARAMETERS FOR SPRING CONSTANT CALCULATION

where σ is stress, E is Young’s modulus, F is the force
applied in normal direction, A is the cross section area, h is
the height of micropillar, �h is the change in height and k is
the spring constant.

The spring constant for the micropillars can be calculated
using (11). For sample calculation, a micropillar dimension
of 50 μm × 50 μm × 50 μm is used as shown in Table I.
The spring constant for individual micropillar is calculated to
be 100000 N/m. All the SU-8 micropillars are connected in
parallel during deformation in contact mode. Therefore the
effective spring constant for SU-8 can be written as:

kSU−8 = n × kSU−8pillar (12)

where n is the total number of pillars in the array.
Using (12) the value of kSU−8 is calculated to be

4 × 109 N/m as n = 40000 for the micropillar array of
50 μm × 50 μm pillars. The spring constant for the PDMS
layer can also be obtained using (11) to be 4 × 105 N/m.

When SU-8 micropillar array and the PDMS layer are in
contact, the deformation in both PDMS and SU-8 can be
calculated using simple spring in series model as shown in
Fig 4(b). The ratio of deformation in the PDMS layer and
SU-8 micropillars can be used to understand the effect of layer
thickness and micropillar heights on deformation. For two
springs in series as shown in Fig. 4(b), the ratio of deformation
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Fig. 4. (a) SU-8 micropillars modeled as linear springs (b). In contact state,
deformation PDMS layer and SU-8 micropillars is calculated by spring in
series model.

Fig. 5. Working mechanism of TEH at different stages of cantilever vibration.

in two springs can be calculated as:

x P DM S

xSU−8
= kSU−8

kP DM S
= 4 × 109

4 × 105
= 10000 (13)

As can be seen from (13), during the contact state, most of
the deformation occurs in PDMS layer. This is due to high
stiffness of SU-8 pillars as compared to the PDMS layer. This
indicates that the contact area between SU-8 micropillars and
PDMS layers is due to two factors: (i) primary contact area
because of micropillar cross section and (ii) contact area result-
ing due to elastic deformation of PDMS layer. Deformation
of SU-8 micropillars does not contribute significantly to the
contact area between two materials.

C. Working Mechanism

The working mechanism of TEH is described in Fig. 5.
Initially, before providing the mechanical excitation, the top
and bottom part are in separated position without any prior
charges. As the device is mechanically excited with vibrational
frequency in operating range, the cantilever starts to vibrate.
Thereafter, the distance y as shown in Fig. 5 decreases and top
(PDMS) and bottom (gold) parts come in contact with each
other. As per triboelectric series, gold has higher tendency to
donate electrons as compared to PDMS. Therefore in state 1,

when the gold coated on the SU-8 micropillars and PDMS
layer are in contact, gold layer gets positively charged whereas
the PDMS layer gets negatively charged. Now as the two
parts start separating from each other, bottom gold electrode
is at higher potential than the top gold electrode. Therefore,
electrons start flowing from top gold electrode to bottom gold
electrode resulting in current i as shown in state 2 in Fig. 5.
This current keeps flowing till the cantilever reaches the other
end of its vibration cycle where the separation between top
and bottom parts is maximum (state 3). At this point, an elec-
trostatic equilibrium is reached. As the cantilever is vibrating
under mechanical excitation, the top part starts approaching
(state 4) the bottom part and electrostatic equilibrium between
the different layers is disturbed. Now, the current starts flowing
from top electrode to bottom electrode which is in the opposite
direction of current in the separation motion of two parts.
Thereafter, electrostatic equilibrium is reached when the gold
layer and PDMS layer are again in contact with each other
(state 1). The charges flowing in the external circuit connected
to the circuit can be harvested to power wireless sensor nodes
or low power electronic devices.

D. Simulation of Open Circuit Voltage at Different Positions

A better understanding of the working mechanism of TEH
can be gained using the simulation of potential distribution
across the electrodes. The simulations were carried out using
COMSOL. In the simulations conducted, a charge density of
−10 nC/m2 was assumed on the PDMS layer surface. The
results are shown in Fig. 6 for different values of y which is
the distance between the top and bottom part. The bottom
electrode is taken as reference in the simulation and was
grounded for the purpose. As can be seen from the simulation
results, the potential difference between the top and bottom
electrodes keeps increasing as the two electrodes are separated
further away from each other. The potential difference for a
distance of 1 mm is 0.8V while it increases to more than
5.8V as the distance is increased to 10 mm. So as the top and
bottom parts are further separated, mechanical work is done
against the electric field due to which the potential difference is
increased between the top and bottom electrodes. This results
in the flow of electrons from the top electrode to the bottom
electrode as the top and bottom parts are separated.

IV. EXPERIMENTS AND DISCUSSION

A. Experimental Setup

To study TEH devices, an electromagnetic shaker is used
to provide mechanical excitation. The setup for testing the
devices is shown in Fig. 7. A software is used to generate
sinusoidal signal which is then sent to an amplifier to amplify
the signal. The amplified signal is then sent to the electro-
magnetic shaker which simulates the low frequency vibrations.
To measure the acceleration provided by the electromagnetic
shaker, an accelerometer is assembled on shaker along with
TEH. The accelerometer signal is then again sent to the
software which results in a closed loop. This feedback loop is
used to maintain the acceleration level provided by the shaker.
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Fig. 6. Potential distribution at different distance between top and bottom parts along the normal direction (‘y’ as shown in Fig. 5).

Fig. 7. Experimental setup for testing vibration based TEH.

Fig. 8. Output voltage of TEH at different acceleration levels from shaker.

B. Effect of Increasing Acceleration

The effect of excitation acceleration is studied on the
output open circuit voltage generated by TEH by varying the
acceleration provided by shaker from 0.4g to 1.8g in steps
of 0.2g. Although the triboelectric mechanism is not fully
understood, one of the parameters which seem to affect the
power output was the impact force provided by the top part
attached to the vibrating cantilever. As the amplitude of excita-
tion acceleration or force increases, the impact force also keeps
increasing as discussed in earlier section and explained by (8).
Higher impact force results in increased elastic deformation in
the PDMS layer which leads to increased contact area between
the two triboelectric layers. The increased contact area is
possibly the reason for increased triboelectric generation and
performance of the device. Fig. 8 shows the time domain
signal for the output voltage at different accelerations. The
peak output voltage increases from 450mV to 1900mV as the
acceleration is increased from 0.4g to 1.8g.

Fig. 9. (a) Current for TEH with a load resistance of 500k�. (b) Zoomed
in peak from current signal for the calculation of charge.

C. Calculation of Charge Density

During the contact electrification process, triboelectric
charges are generated due to which surfaces gets charged
resulting in electrostatically induced charges on electrodes.
The charge densities on top electrode can be calculated by
the calculation of charge by calculating the area under the
curve for current versus time graph as shown in Fig.

q =
tb∫

ta

i(t)dt (14)

Fig. 9(a) shows the current for TEH in operation. For the
calculation of charge flowing through the external circuit,
a peak is selected as highlighted in Fig. 9(a). The magnified
graph for the peak is shown in Fig. 9(b). For calculating the
charge flown through the external circuit as given by (14),
two time points are selected ta and tb. The area under the
curve for current versus time graph between time ta and tb
is calculated to obtain the charge flown. The charge flown
through the external circuit between time ta and tb is calculated
to be 1.48 × 10−10C. The charge density on the top electrode
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Fig. 10. (a) Micropillar array dimensional parameters. (b) Different pillar
dimensions used for preparing SU-8 micropillar arrays.

TABLE II

FILL FACTORS FOR MICROPILLAR ARRAYS

due to charge flown through external circuit can be calculated
as:

σ = q

T otal electrode area
(15)

The approximate charge density from (15) is calculated as
37pC/cm2.

D. Design of Experiment

To study the effect of micropillar size, six sample variations
for the SU-8 micropillar array were prepared. The overall
sample size for all six micropillar arrays was kept same to be
2 cm × 2 cm. The micropillar array configuration is shown
in Fig. 10(a). In the micropillar arrays, the gap between the
micropillars is denoted as g. The cross section of an individual
micropillar is characterized by the length l and width w. The
height of the micropillars h and the gap g between individual
SU-8 micropillars is kept constant for all the six micropillar
arrays fabricated. Different micropillar sizes fabricated for
the micropillar arrays are shown in Fig. 10(b). An important
parameter to characterize the micropillar arrays is fill factor,
which is defined here as:

Fill f actor = l/g (16)

The fill factor defined above characterizes the ratio of
length of micropillar and gap between micropillars along the
same direction keeping other parameters intact. The fill factor
calculated for the six pillar arrays are summarized in Table II.
The frequency responses in terms of RMS output voltage for
frequency sweep from 10Hz to 60 Hz for acceleration 0.4g to
1.6g are shown in Fig. 11.

E. Voltage and Power Characteristics

To calculate the power generated by TEH, a load resistor is
connected between the top and bottom electrode. The voltage
is then measured across the load resistor to obtain the power
generated by the device. As the load resistance is increased,
the power output increases and peaks at a point and starts
dropping thereafter. Voltage output and power characteristics
for sample S6 are shown in Fig. 12. The results have been
presented for only sample S6 as the power characteristics for
all the samples will follow a similar pattern. The maximum
power output is achieved at a load resistance of approxi-
mately 400 k�. The maximum peak power generated for
sample S6 at an acceleration of 1g was measured to be
0.91 μW at a vibrational excitation frequency of 24.5 Hz.
The maximum power density for TEH was calculated to
be 0.23 μW/cm2.

F. Broadband Behavior of TEH

The impact between the top and bottom part introduces
non-linearity in the cantilever beam spring constant. This
non-linearity in the cantilever is expected to increase the
operating bandwidth of resonant TEH. To study the broad-
band behavior of TEH, micropillar arrays S1 to S6 were
tested for frequency range 10Hz to 60 Hz for acceler-
ation levels 0.4g to 1.6g as shown in Fig. 11. As the
acceleration level was increased, the operating bandwidth
also increased continuously. This behavior was consistently
observed across all the micropillar array samples for TEH. The
percentage changes in operating bandwidth as the excitation
acceleration increased from 0.4g to 1.6g are summarized in
Table III.

G. Effect of Fill Factor on Power Generation

Fan et al. [28] conducted a study which studied the
triboelectric performance of patterned and unpatterned sur-
faces. The study suggested that patterned films surpassed
performance of films without any patterns due to enhanced
triboelectric charging. In this paper, we have used the rectan-
gular micropillar shaped structures to enhance the triboelectric
charging and studied the effect of different micropillar dimen-
sions on the power generated. Experiments were conducted
on micropillar arrays S1 to S6. Peak power generated for
different arrays is summarized in Fig. 13. As the fill factor
is increased for the micropillar array, the peak power was
observed to be increasing but had a diminishing effect as
shown in Fig. 13. The increase in power generated is attributed
to the increase in contact surface area between the PDMS
layer and gold coated SU-8 micropillars. As the contact surface
area increases, the contact electrification process is enhanced
resulting in higher amount of triboelectric charges. At the
same time, the air voids formed between the micropillars also
play an important role in generation of triboelectric charges as
the separation of the charges between two surfaces becomes
easier due to air voids [28]. Therefore the size of air voids
between the micropillars affect the performance of TEH. This
is also the reason that effect of increasing the micropillar
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Fig. 11. Frequency response of TEH at for frequency sweep from 10Hz to 60 Hz.

Fig. 12. Peak voltage and peak power characteristics generated using sample
S6 at various load resistances at an acceleration of 1g and frequency 24.5 Hz.

TABLE III

OPERATING BANDWIDTH

dimension decreases at higher fill factors due to decreasing
air void size compared to micropillar size. It can be concluded
from the experimental results that increasing the micropillar

Fig. 13. Peak power generated for different micropillar arrays.

dimension results in increased contact area which results in
increased power output but this effect starts diminishing at
higher micropillar dimensions as the air voids becomes smaller
leading to difficulty in triboelectric charge separation.

V. CONCLUSION

A novel design for contact electrification (triboelectric
mechanism) based energy harvester is proposed and fabricated.
A theoretical model has been developed to understand the
deformation in SU-8 micropillars and PDMS layers. Simu-
lations have been conducted to explain the working mecha-
nism of TEH. Output voltage was observed to be increasing
with increasing excitation acceleration. The peak power was
obtained to be 0.91 μW at 1g and 24.5 Hz with a load
resistance of 400 k�. One of the main advantages of the pre-
sented design is broadband behavior observed in the resonant
TEH due to non-linearity introduced by contact-separation
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mechanism. The bandwidth is observed to be continuously
increasing as the acceleration level is increased.

The power output is found to be dependent on the size
of micropillars and air voids between micropillars. As the
micropillar dimension increases the power output increases
due to increase in contact area between two surfaces. But
this effect starts decreasing at higher fill factors i.e. higher
micropillar dimensions due to decrease in the size of air voids
which results in increased difficulty in triboelectric charge
separation.
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