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a  b  s  t  r  a  c  t

This paper  discusses  a flexible  large-area  power  floor  developed  based  on  the  effect  of  triboelectrification
and  electrostatic  induction.  Facilitated  by  a simple  roll-to-roll  fabrication  method,  this  device  can  be
fabricated  at a very  low  cost  of  $2/m2 with  large-area  micro  patterns.  As  a  normal  adult  walks  across
the  floor,  it can  produce  more  than 480 V peak  voltage  and  over  75  �A  peak  current.  The  obtained  peak
instantaneous  power  was  about  4.6 mW.  It also  showed  favorable  charging  ability,  as  demonstrated  by
charging  a  1 �F capacitor  to 1.6 V in  one  step,  corresponding  to a surface  charge  density  of  53.3  �C/m2.
The  spacer  distance  was  systematically  investigated  and  optimized  by finite  element  simulation  method.
Therefore,  this  device  can  produce  a pressure  sensitivity  of 7.1  V/KPa  in  the  pressure  range  from  2.5  KPa  to
30  KPa  experimentally,  which  is  about  4.67  times  higher  than  similar  devices  using  the  same  mechanism.
A  novel  triboelectric  generator  (TEG)  array  was  proposed  based  on this  large-area  TEG (LTEG)  for  position

monitoring.  Integrated  with  the  function  of  power  generation  and  position  monitoring,  the  proposed
device  is directly  applicable  to LED-based  alarm  signals.  Generated  electricity  can  be  stored  in capacitor
for  use  by  low-power  electronics.  Employing  a simple  signal-processing  circuit,  the  generated  signal
can  also  be  used  to  control  certain  house-hold  appliances.  In effect, the proposed  LTEG has  considerable
potential  for  application  in  harvesting  walking  energy  as well  as  monitoring  human  motions.

©  2016  Elsevier  B.V.  All  rights  reserved.
. Introduction

Energy crises are a well-accepted and increasingly serious
orldwide problem, and researchers are responding by making

oncerted effort to establish new methods of harvesting energy.
apid advancements in energy harvesting technology have created
lternatives to traditional batteries, for example, to supply power
or micro-scale devices [1,2]. Among all types of energy alternatives
hat exist naturally in our environment, mechanical energy has
ttracted particular research attention [3,4]. In the last ten years,
any attempts have been made to convert mechanical energy from

ur environment to usable energy for wireless sensor nodes and
earable electronics [5–7]. The most commonly adopted mech-

nisms are electromagnetic induction [8], electrostatic induction

9–11] and piezoelectric effect [12], while different mechanisms
how particular advantages to specific applications.

∗ Corresponding author.
E-mail address: zhang-alice@pku.edu.cn (H. Zhang).

ttp://dx.doi.org/10.1016/j.sna.2016.05.051
924-4247/© 2016 Elsevier B.V. All rights reserved.
TEG, as one type of electrostatic energy harvester, has under-
gone rather extensive research in recent years [13–17]. It has
garnered much interest due to its high power density and power
conversion efficiency [14,17] as well as its potential applications in
wireless systems [18,19], portable electronics [20,21], active sen-
sors [22–24] and biomedical systems [25]. By far, these devices’
output performance is mainly enhanced by nano, micro, or micro-
nano dual-sized structures [20,25–27]. In many cases, such as
power floor, an LTEG is preferred. Unfortunately, these structures
are too challenging to fabricate and too expensive for large-area
applications. Furthermore, work remains to be done to effectively
fabricate TEG arrays suited to large areas with sufficient sensitivity
to accurately detect motion.

This paper presents an LTEG-based power floor that converts
human energy (i.e., walking) into electricity. We  employed a
roll-to-roll method to fabricate main structure from commer-
cially available, low-cost material. High-output performance was
obtained under one’s normally walking on it. Output performance

at varying spacer distances and pressures were systematically ana-
lyzed after a series of experiments; we found that by optimizing the
spacer distance, a high sensitivity between voltage and pressure

dx.doi.org/10.1016/j.sna.2016.05.051
http://www.sciencedirect.com/science/journal/09244247
http://www.elsevier.com/locate/sna
http://crossmark.crossref.org/dialog/?doi=10.1016/j.sna.2016.05.051&domain=pdf
mailto:zhang-alice@pku.edu.cn
dx.doi.org/10.1016/j.sna.2016.05.051
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Fig. 1. Schematic diagram of the LTEG. (a) Explosive 3D view of this device. (b) Photograph of the LTEG to exhibit its flexibility. (c) Comparison of photographs of the PET/Al
film  with PET/Al/PVC film. (d) Microphotograph of the surface structure of PVC film.
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ig. 2. Fabrication process of the LTEG. (a) Roll-to-roll laminating PET/Al film with 

rray.  (d) Laminating two layers together.

as obtainable. The device also showed high charging ability and

apability to drive commercial LEDs, suggesting that it can serve as

 smart floor for detecting motion and target locations to produce
larm signals.
lm together. (b) Peeling off the protecting layer of PVC. (c) Placing the EVA spacers

2. Design of the device
Fig. 1a shows the explosive 3D diagram of the proposed LTEG.
Both the upper and the lower part consist of a 100 �m polyethy-
lene terephthalate (PET) film, a 100 nm aluminum (Al) layer on the
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Fig. 3. Working principle of the LTEG. (a) Original state. PVC film and PET film contacts with each other, leading charges to separate. (b) Releasing state. Current flows from
bottom  electrode to top electrode to reach the electrostatic equilibrium. (c) Released state. Electrostatic equilibrium achieved. (d) Pressing state. Current flows back.
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ig. 4. (a) The output voltage waveform generated by an adult person walking on 

oor.  (c) The generated output voltage increases with the load while the current de
oads.

ET surface as the electrode, and a 100 �m surface-microstructured
olyvinyl chloride (PVC) film. Both of the PVC film of upper part
nd PET film of lower part serve as the contact layer to exploit
heir unique properties and ability to attract electrons in tribo-
lectric series [28]. The as-fabricated device, with dimensions of
bout 30 cm × 30 cm × 3.5 mm is shown in Fig. 1b. The entire device

xhibited good flexibility. A commercially available matte PVC film
as laminated on PET/Al film to increase the surface roughness

or enhanced triboelectric output (Fig. 1c). In addition to enhanc-
or. (b) The output current waveform generated by an adult person walking on the
s with the load. (d) The maximum generated instantaneous power under different

ing the surface roughness, the PVC film also formed a protective
layer for the Al electrode, allowing the LTEG to work stably even in
harsh environments. A microphotograph of the micro pattern on
PVC film is shown in Fig. 1d. The dimension of micro patterns is at
the hundred microns’ level.

The fabrication process of this LTEG is diagramed in Fig. 2. Firstly,

we used a roll-to-roll method to form the large-area pattern, i.e., to
laminate the PET/Al and matte PVC film together as show in Fig. 2a.
The protection layer of PVC film was peeled off to expose the micro-
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Fig. 5. The response times of LTEG when a person steps on and walks away from it.
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ig. 6. The comparisons of output voltage and current generated by an adult person
alking on different parts of the floor (i.e. A, B, C, D, E, which represents four corners

nd  central part of the LTEG, respectively.).

atterned surface (Fig. 2b). Next, spacers made of Ethylene vinyl-
cetate copolymer (EVA) foam were manually placed in an array
nd adhered to the PVC film (Fig. 2c). Finally, the upper layer was
aminated together with the lower layer and EVA spacers to form
he LTEG as shown in Fig. 2d. The utilization of EVA spacers fixed
he gap distance between two layers at 3 mm,  which ensured high
harge transfer efficiency [29]. The EVA spacers were also able to
x the upper part and lower part together, making the entire device
tronger and more stable.

. Operating principle

Fig. 3 diagrams the operating principle of the LTEG. Once a per-
on steps on the power floor, two parts of the device will get into
ontact with each other as shown in Fig. 3a. Due to PVC film’s
tronger ability to attract electrons, negative charges will accumu-
ate on the surface of PVC film in the upper part, while the PET film
n lower part will accumulate the same amount of charges with
pposite polarity. Meanwhile, an elastic energy would be stored

n this device due to the deformation of the structure. Afterwards,
hen the person walks down the power floor, two  parts will be sep-

rated under the elastic force and revert instantaneously to their
riginal shape. This would cause the opposite polar charges’ separa-
ion at the same time and produce an electric potential difference in
he upper and lower electrodes in Fig. 3b. This potential difference

ill drive the current from the lower electrode through the load to

he upper electrode in order to reach the electrostatic equilibrium
n Fig. 3c. Similarly, when the PET film gets closer with the PVC
lm due to outer mechanical force, the electric potential difference
Fig. 7. (a) The output voltage as a function of the walking frequency. (b) The output
current as a function of the walking frequency.

will decrease gradually caused by the reduced distance between
the opposite polar charges. This makes the electrons transferring
from the lower electrode to the upper electrode to form an oppo-
site direction current. Finally, the PET film of the lower part will
touch the PVC film of the upper part closely, and no electrons flow
between two electrodes. As a result, when people walk on the tribo-
electric power floor, alternating current will be generated between
the two  electrodes.

4. Results and discussion

4.1. Output characterization

The output performance of LTEG was  characterized by a person
normally walking on its surface. The walking frequency was about
1.5 Hz for the characterization of the electric performance. Differ-
ent frequencies were generated via a person walking at different
speeds. The walking frequency was  controlled by reading the signal
of electric output from LTEG. An electronic scale was placed under
the LTEG to display the total force applied to it in real time. When
comparing the performances of LTEG under different frequencies,
the maximum force was  kept almost constant (i.e., the pressure
was 25 KPa). The output voltage was  measured via an oscilloscope
(Agilent DSO-X 2014A) with an input impedance of 100 M�  (HP
9258). And the output current was amplified by a SR570 low noise

current amplifier from Stanford Research systems.

Fig. 4a–b shows the output voltage and current waveform gen-
erated by an adult person walking across the LTEG. As discussed
in the operating principle, the produced electricity was an alter-
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Fig. 8. The charging curve for a 1 �F capacitor during one step.

ating signal. The average maximum value of output voltage was
easured above 480 V while each peak wave had a long dura-

ion time. The average maximum output current was about 75 �A,
orresponding to a surface current density of about 0.5 �A/cm2

considering the area of experimenter’s foot). The influence of
he microstructures on the PVC film to the electric performance
as shown in Fig. S1 (Supplementary information). Compared to

n LTEG without microstructures, the voltage of the LTEG with
icrostructures increased about 140%. To obtain its equivalent

esistance, the device’s output was measured by varying the resis-
ances. As shown in Fig. 4c, the output voltage increased with the
oad while the current simultaneously decreased. The maximum
utput power was about 4.6 mW when the resistor was  33.3 M�,
s plotted in Fig. 4d, resulting in a power density of about 0.3 W/m2.
onsidering that the total cost of the LTEG was about two  U.S. dol-

ar per square meter, the cost per unit of power is approximately
6.67/W. The method proposed here is one of the cheapest possible
or producing this large of a TEG.

Fig. 5 shows an enlarged image of the short-circuit current.
ecause the current in short circuit state is synchronous with the
ovement of the device to reach the electrostatic equilibrium, the

urrent waveform can be used to calculate the contact and sepa-
ation time of the two layers of the LTEG, which greatly affects the
evice’s performance. The contact time was about 0.045 s, which
as directly related to the experimenter’s walking speed. After
alking away from the LTEG, the two layers separated to recover

heir initial shape. The separation time was about 0.06 s, which
pproximated to the contact time, and was mainly determined
y the mechanical structure of LTEG. Taking average walking fre-
uency (much lower than 10 Hz) into account, this separation time

s adequate.
For any large-area device such as ours, it is important (but diffi-

ult) to ensure it can produce consistent outputs. The spacers must
e placed uniformly in different parts of the device. As illustrated

n Fig. 6, the peak output voltage and current of different parts (A,
, C, D, E, which represent four corners and center of the LTEG,
espectively.) were measured. The peak output voltages of these
ve parts were about 485 V, 479 V, 482 V, 486 V, and 484 V, respec-

ively, corresponding to a maximum difference of 1.4%. And the
eak output currents were about 71 �A, 73 �A, 72 �A, 70 �A, and
9 �A, respectively, the maximum difference of currents was less
han 4 �A, about 5.4%.

Walking speed is another factor affecting the performance of

TEG, as plotted in Fig. 7. The output voltage reached its maxi-
um  value at walking speed above 1 Hz, while its duration became

horter with each cycle as walking speed increased. The current
lso showed an increasing trend with the walking speed, and
Fig. 9. Charging curve for a 50 �F capacitor by generated electricity as a function of
walking speed.

reached maximum value at walking speed of 2 Hz. This difference
in relationship to frequency between voltage and current can be
attributed to the different loads connected with the LTEG. A 100
M� probe was used to obtain the voltage signal, which made the
charge transfer slower and affected the point at which maximum
value was  reached compared to the current being measured with a
1 � probe. Accordingly, increase in frequency created higher charge
flow rate, resulting in a higher current.

4.2. Charging ability

The output energy should be stored first during practical appli-
cation. Because the alternating current could not be stored directly,
the electricity extracted from the device was  rectified to direct cur-
rent signal via a commercial full-wave rectifier bridge (DB107) as
shown in Fig. 8. Then it was  used to charge a 1 �F capacitor at up
to 1.6 V in one step. The calculated transferred charge in one step
was thus about 1.6 �C, corresponding to a surface charge density
of 53.3 �C/m2. The charging curve can be divided into three stages.
When a person stepped on the LTEG, its two layers were brought
into contact to produce the first-stage charging curve. Afterwards,
the capacitor was  charged to 1.6 V as the person walked across the
floor. Finally, the capacitor discharged as a result of the limited
impedance of the probe.

To test the device’s long-term charging ability, we used it to
charge a 50 �F capacitor as shown in Fig. 9. The capacitor was
charged to 0.83 V under the frequency of 0.5 Hz within 100 s. Charg-
ing ability increased as frequency increased due to the greater
number of charge transfer cycles caused by increase in frequency.
When frequency reached 2 Hz, the capacitor could be charged to
2.75 V within 100 s.

4.3. For location-based monitoring

As mentioned above, the triboelectric generator is an active
pressure sensor with high sensitivity [13]. When the power floor is
used as a security monitoring sensor, avoiding false triggering is a
crucial consideration. The spacer distance is a key factor that affects
the device’s sensitivity and thus its susceptibility to false triggers.
We  used finite element method (FEM) simulation to determine the
appropriate spacer distance. During the simulation, we assumed a
small object (e.g., a cat) produced a 2.5 KPa pressure to the power
floor while a person generated a pressure of 25 KPa. When the

distance and pressure were 7 mm and 25 KPa, respectively, the
simulation result was  as shown in Fig. 10a. The maximum defor-
mation was 4 mm,  which was larger than the thickness of spacer
(3 mm),  creating deformation that ensured contact between the
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Fig. 10. Simulated deformations of the 

wo films. The deformations under different distances are shown
n Fig. 10b. The maximum deformation was proportional to the
pacer array distance when the pressure was fixed, and when the
istance was 7–10 mm,  a 2.5 KPa pressure produced a deformation

ess than 3 mm while a deformation more than 4 mm was achieved
nder 25 KPa. According to these results, a 7–10 mm spacer dis-
ance would prevent false triggering during practical use. And in
his work, the spacer distance was fixed at 10 mm for all subsequent
xperiments.

The sensitivity of the LTEG was further investigated by experi-
entally testing the output voltages under different pressures. As

hown in Fig. 11, voltage increased linearly as pressure increased

rom 2.5 KPa to 30 KPa. Sensitivity can be defined as follows:

 = ıVmax

ıP
(1)
 floor under different spacer distances.

where Vmax is the generated maximum voltage by LTEG and P is the
applied pressure. We found that the sensitivity of the sensor was
7.1 V/KPa in the pressure range from 2.5 KPa to 30 KPa. Notably, this
sensitivity was  about 4.67 times higher than other TEG-based pres-
sure sensor (< 1.52 V/KPa) as reported by previous work [30–33],
due to the fact that the EVA spacers moved the most sensitive pres-
sure region of TEG from very low pressure to the region generated
by an average adult person walking. As discussed above, this region
can be further adjusted by controlling the spacer distance.

To test the device’s target monitoring capability, we  fabricated
a novel LTEG array and integrated it into a matrix as diagramed
in Fig. 12. As opposed to the basic structure of the LTEG described

above, both the upper layer and the lower layer were designed as
individual channels which worked in the single-electrode-mode.
All the channels were measured with respect to an individual ref-
erence via a 100 M� probe. Because the materials of upper layer
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ig. 11. Experimentally obtained voltage from the LTEG as a function of applied
ressure by a person at a constant walking frequency of 1.5 Hz.

nd lower layer have opposite polarity, their output signals were
n opposite directions. The specific position of a given target can
e observed by simultaneously obtaining output signals from the
nit.

Fig. 13a depicts a target monitoring test run in which a per-
on stepped on the top left corner of the units shown in Fig. 12.
he channel 1 and channel 3 produced signals simultaneously with
pposite direction to show the person’s location. The signals from
hannel 2 and channel 4 were regarded as noise, and the signal to
oise (SNR) ratio for this monitoring sensor array could be calcu-

ated as follows:

NR =
(
Asignal
Anoise

)2

(2)

here Asignal is the amplitude of the required signal and Anoise is
he amplitude of noise. The amplitudes of signals from the chan-
els from 1 to 4 were 35.4 V, 4.5 V, 11.6 V, and 3.7 V. By plugging
hese values into Eq. (2), the SNR for channel 1 and channel 3 were
alculated as 61.9 and 9.9, respectively.
. Demonstration

By integrating the features of power generation and position
onitoring, the LTEG shows attractive potential as an active sensor

Fig. 13. (a) The experimentally obtained signals from four channel of the
Fig. 12. Schematic diagram of the matrix connection method of the LTEGs for loca-
tion based monitoring.

for smart home systems. First, through a full wave rectifier, it can
directly power several LEDs (which can serve as an alarm signal)
once a person steps onto the device (Fig. 14a). Second, the device
was designed with an electric circuit for triggering the alarm system
or for powering household appliances (Fig. 14b). In the proposed
system, the generator serves as a sensor that generates an alarm sig-
nal, then through a simple signal-processing circuit [34], the alarm
signal either sounds an alarm or powers an appliance assisted by an
external power supply. The LTEG was  placed on the ground to test
its ability to detect human motion with an alarm. Once the exper-
imenter stepped on the LTEG, the alarm sounded and flashed. In a
similar way, a mini fan was also employed to represent a house-
hold appliance in the smart house. The mini fan would be turned
on if a person stepped on it. In terms of practical application, the
LTEG could be placed under an entryway carpet to turn on lights
or start other appliances when the homeowner steps through the
front door (or could sound an alarm if an intruder stepped into the
home). The power generated by the LTEG can also be stored for
subsequent use by low-consumption electronic devices.
6. Conclusions

In this study, an LTEG based power floor was designed, fabri-
cated, and optimized. By utilizing a roll-to-roll fabrication method

 matrix-LTEG and (b) the comparisons of amplitude of these signal.
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ig. 14. (a) Demonstration of using the LTEG as a self-powered warning sensor. (b) E
as  triggered once a person step on the LTEG <ii>. (c) A mini fan was  opened autom

nd commercially available material, the floor was built with large-
rea micro patterns at a very low price. As an average adult walked
cross the floor, more than 480 V output voltage and over 75 �A
utput current were obtained. The peak instantaneous output
ower was about 4.6 mW with an equivalent resistance of about
3.3 M�.  The device also showed a high charging ability, gener-
ting 1.6 �C transferred charge during one step and charging a
0 �F capacitor to 2.75 V in only 100 s. After optimizing the distance
etween its EVA spacers, the device showed very high sensitivity
7.1 V/KPa) in the pressure range from 2.5 KPa to 30 KPa. A novel
EG array was designed to monitor target positons with high SNR.
ue to its high output performance, the generator was able to
ower 20 red LEDs as an average adult walked across the floor. By
mploying a simple signal-processing circuit, the electricity gener-
ted from the device was able to be used to switch some house-hold
ppliances. Taken together, the results presented above suggest
hat the proposed LTEG shows considerable potential as an active
ensor for security monitoring or smart home purposes.
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