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ABSTRACT: A smart ﬂoor is demonstrated by integrating a
square-frame triboelectric nanogenerator (SF-TENG) into a
standard wood ﬂoor. The smart ﬂoor has two working modes
based on two pairs of triboelectric materials: one is purposely
chosen polytetraﬂuoroethylene ﬁlms and aluminum (Al) balls,
and the other is the ﬂoor itself and the objects that can be
triboelectrically charged, such as basketball, shoe soles, and
Scotch tape, etc. Utilizing the Al balls enclosed inside shallow
boxes, the smart ﬂoor is capable of harvesting vibrational
energy and, hence, provides a nonintrusive way to detect sudden falls in elderly people. In addition, when the basketball is
bounced repeatedly on the ﬂoor, the average output voltage and current are 364 ± 43 V and 9 ± 1 μA, respectively, and 87
serially connected light-emitting diodes can be lit up simultaneously. Furthermore, the friction between the triboelectrically
chargeable objects and the ﬂoor can also induce an alternating current output in the external circuit without the vibration of the
Al balls. Normal human footsteps on the ﬂoor produce a voltage of 238 ± 17 V and a current of 2.4 ± 0.3 μA. Therefore, this
work presents a smart ﬂoor with built-in SF-TENG without compromising the ﬂexibility and stability of the standard wood ﬂoor
and also demonstrates a way to harvest ambient energy solely by using conventional triboelectric materials in our daily life.
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sensors.28 However, triboelectric eﬀect generally requires
intimate contact between the materials that might results in
material abrasion and frictional heating, thus aﬀecting the longterm performance of the TENGs. To circumvent these
problems, TENGs that operated in noncontact mode have
been developed by separating triboelectric materials from
electrodes spatially.29−31 In this regard, triboelectric materials
are ﬁrst charged through triboelectriﬁcation. Because these
charges can retain on their respective surfaces for a long time,
the periodic motion of the materials afterward in a noncontact
way between two electrodes produces an AC output as a result
of electrostatic induction.
Mostly, materials in everyday life, such as clothes, paper, and
glass, are triboelectrically chargeable; thus, the spatial separation
of the triboelectric material and the electrodes provides a way
to harvest ambient energy using the materials in our daily life.
In this article, we demonstrate a smart ﬂoor with integrated

INTRODUCTION
With further advances in miniaturization, electronic devices can
beneﬁt from energy harvesters to eliminate the necessity for
battery replacement, hence making the system maintenancefree.1−6 Ever since its discovery, triboelectric nanogenerator
(TENG) has become a strong candidate among energyharvesting devices.5−9 In general, it employs two dissimilar
triboelectric materials, preferably of opposite tribo-polarity, to
generate electrostatic charges on their respective surfaces.
Then, through periodic motion, such as contacting and
separating10−12 or sliding,13,14 between the materials, a
potential diﬀerence can be created periodically between two
electrodes attached to the materials, hence generating an
alternating current (AC) output in the external circuit. On the
basis of the triboelectric eﬀect and electrostatic induction,
TENGs of various structures have been utilized to harvest lowfrequency mechanical energy, such as human motion,15−18
wind,19,20 vibration,10,21 ultrasonic wave energy,22 and water
waves.23 Because the TENG is sensitive to mechanical
agitations, it has also been widely applied as pressure and
touch sensors,24−26 motion sensors,7,27 and acceleration
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Figure 1. Photograph of the (a) front side and (b) back side of the smart ﬂoor, where the SF-TENG is installed. The scale bars in panels a and b are
20 mm; (c) schematic illustration of the SF-TENG. The inset is the photograph of the SF-TENG; (d) the cross-sectional view of the smart ﬂoor.

Figure 2. Working principle of the SF-TENG. (a) Mode I; (b) Mode II.

square-frame TENG (SF-TENG) as energy harvester and
motion sensor. Here, the smart ﬂoor, which is made of wood,
can operate not only using purposely chosen polytetraﬂuoroethylene (PTFE) ﬁlms and aluminum (Al) balls but also using
the ﬂoor itself and the objects that come into contact with it

(for example, basketballs, shoe soles, Scotch tape, etc.) as
triboelectric materials. The SF-TENG embedded has only a
thickness of 6 mm and encloses Al balls with a diameter of 1
mm; thus, the SF-TENG can be integrated into the standard
wood ﬂoor without compromising the ﬂexibility and stability.
B
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Figure 3. (a) Open-circuit voltage (VOC) and (b) short-circuit current (ISC) of the SF-TENG with diﬀerent spacings (2, 4, and 6 mm) as a function
of vibrational frequency. (c) Open-circuit voltage at vibrational frequency of 30 Hz. (d) Short-circuit current at a vibrational frequency of 30 Hz. The
(e) VOC and (f) ISC of the integrated SF-TENG produced by consecutive steps as a function of the spacing between the top and the bottom PTFE
ﬁlms.

view of the smart ﬂoor, where the top and bottom electrodes
are connected to the positive and negative probe, respectively,
through our experiments. The detailed fabrication process of
the SF-TENG is presented in the Experimental section.
The working principle of the SF-TENG is depicted in Figure
2. There are two working modes of the SF-TENG. In Mode I,
as shown in Figure 2a, when the TENG is subjected to an
external force or vibration, the Al balls inside will oscillate
between the top and bottom plates, hence driving the electrons
through the external circuit. When the Al balls get in contact
with the PTFE ﬁlms, the electrons will be injected from the Al
balls to the PTFE ﬁlms as a result of the triboelectric eﬀect.32
Thus, the total amount of positive triboelectric charges on the
Al balls should be the same with the negative triboelectric
charges on the PTFE ﬁlms. As illustrated in Figure 2a-i, when
the Al balls stay at the bottom, negative charges are attracted to
the bottom electrode, leaving the same amount of positive
charges on the top Al electrode. As the Al balls approach the
top plate, the electrons on the bottom electrode will transfer to
the top one because the top electrode has a higher potential
(see Figure 2a-ii). All the electrons are transferred to the top
electrode once the Al balls reach the top PTFE ﬁlm (see Figure
2a-iii). Then as the Al balls move toward the bottom electrode,
the electrons are driven in the reverse direction through the
external circuit (see Figure 2a-iv). At last, when the Al balls
return to the bottom, a full cycle is completed (see Figure 2a-i).
Besides harvesting vibrational energy using the Al balls, the
smart ﬂoor is also capable of harnessing energy of the objects
that get in contact with the ﬂoor by taking advantage of the fact

Utilizing the Al balls inside, the smart ﬂoor can be used to sense
sudden falls in elderly people, and moreover, it can harvest
energy from various vibrational sources, such as jumping of
athletes or the bouncing of basketballs on a basketball court. As
for indoor human activities (take walking, for example),
because shoe soles and wood are both triboelectric materials,
the footsteps on the ﬂoor will generate static charges on both
surfaces. Thus, the energy of human walking can be harvested
or sensed without the vibration of the Al balls.

■

RESULTS AND DISCUSSION
Panels a and b of Figure 1 show the photographs of the front
and back side of the smart ﬂoor, respectively, where the SFTENG is integrated into a commercial wood ﬂoor. The wood
ﬂoor is chosen because it is one of the most common ﬂoor
choices. It can be seen that the wood ﬂoor is carved from the
back side, so that the SF-TENG can be ﬁtted into it. Due to the
low thickness of the SF-TENG, the wood ﬂoor still maintains
its hardness afterward. The structural design of the SF-TENG is
illustrated in Figure 1c. The SF-TENG has a 3D-printed square
frame with a side length of 83 mm and an inner side length of
80 mm, which is fabricated by stereolithography (SL). Each
side of the square frame is covered by a layer of PTFE ﬁlm
placed on top of an Al plate. Inside the frame are the Al balls
with a diameter of 1 mm. The Al balls act as electropositive
triboelectric materials, while the PTFE ﬁlm is an electronegative layer according to the triboelectric series.32 The Al
plates on the top and bottom sides act as both the electrode
and the protecting layer. Figure 1d depicts the cross-sectional
C
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Figure 4. (a) Open-circuit voltage and short-circuit current of the SF-TENG with diﬀerent ﬁll ratios (0%, 60%, 80%, 100%, 120%, and 140%); (b)
demonstration of the SF-TENG as fall detection sensor; (c) the VOC and (d) ISC of the SF-TENG as the basketball bounces on the ﬂoor repeatedly.
(e) A row of LEDs being lit up by free-falling basketball at diﬀerent height (h1 = 40 cm, h2 = 80 cm, and h3 = 120 cm). (f) Demonstration of the
smart ﬂoor as energy harvester: four rows of LEDs (∼87 LEDs) being lit up when the basketball bounces oﬀ the ﬂoor.

that the ﬂoor and the objects are normally triboelectric
materials. Thus, the smart ﬂoor provides an alternative method
of harnessing the energy from human activities, such as walking
and dancing, without requiring any deformation or vibration of
the ﬂoor. The mechanism of this working mode (Mode II) is
illustrated in Figure 2b, where the human walking is used as an
example. It is noted that the footsteps applied throughout the
measurements are gentle so that no Al balls vibrate; thus, for
clariﬁcation, we only take two Al electrodes of the SF-TENG
into consideration. Initially, as indicated in Figure 2b-i, when
the shoe sole is fully in contact with the smart ﬂoor as a person
steps on it, the electrons transfer from the surface of the ﬂoor
into the shoe sole (depending on their triboelectric polarity)
due to the triboelectric eﬀect. Once the shoe sole is taken oﬀ
the ﬂoor (see Figure 2b-ii), the top electrode, which is closer to
the ﬂoor surface, has a higher potential than the bottom one;
thus, electrons ﬂow to the top electrode on the external circuit.
As the shoe sole gets further away, the electrostatic equilibrium
is reached (see Figure 2b-iii). Conversely, as the shoe sole
approaches the ﬂoor, the electrons are driven back to the
bottom electrode (see Figure 2b-iv). When the shoe sole is in
full contact with the ﬂoor again, the reverse ﬂow of the
electrons ceases (see Figure 2b-i).

To determine the optimum thickness of the SF-TENG, i.e.,
the optimum spacing between the top and bottom PFTE ﬁlms,
the electrical performance of the SF-TENG with diﬀerent
spacings are evaluated under two working modes. The electrical
performance of the SF-TENG in Mode I was ﬁrst evaluated
using an electrodynamic shaker (Labworks Inc.), in which
sinusoidal vibrations with a ﬁxed amplitude and tunable
frequency are produced. By attaching to the shaker, the output
dependence of the SF-TENGs on vibrational frequency was
measured with a ﬁll ratio of 60%. The ﬁll ratio is deﬁned as the
area ratio of close-packed Al balls to the PTFE ﬁlm. The opencircuit voltage (VOC) and short-circuit current (ISC) of the SFTENG over the vibrational frequency (10−100 Hz) are plotted
in panels a and b of Figure 3, respectively. Here, 3 diﬀerent
heights (2, 4, and 6 mm) of the square frame, i.e., the spacings
between the top and bottom PTFE ﬁlms, is used in the SFTENGs. From panels a and b of Figure 3, it is clear that the SFTENGs of diﬀerent distance (d) values are all capable of
harvesting the vibrational energy over the measured frequency.
When the spacing equals to 2 mm, the VOC and ISC of the SFTENG peaked at 50 and 60 Hz, respectively; at the frequency
of 60 Hz, the VOC and ISC produced are 20.3 ± 0.1 V and 1.58
± 0.01 μA, respectively. As the spacing increases, both the VOC
D
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distance between the Al balls and PTFE ﬁlms decreases, and
hence, the potential diﬀerence between the two electrodes also
decreases. Therefore, as the Al balls vibrate, the electrical
output of SF-TENG decreases. Compared to the ﬁll ratio of
0%, the SF-TENGs with the ﬁll ratio of 80%, 100%, and 120%
have a higher electrical output. These results indicate that the
SF-TENGs with the Al balls enclosed can be operated in two
working modes simultaneously, and the maximum output
occurs at the ﬁll ratio of 100%. Therefore, the SF-TENG with a
spacing of 4 mm and the ﬁll ratio of 100% is chosen for the
following experiments and demonstrations.
Due to its stiﬀness and easy maintenance, the wood ﬂoor has
been widely installed in homes or sport courts; for example, the
wood ﬂoor has always been the traditional choice for basketball
courts. When integrated with the SF-TENG, a smart ﬂoor can
serve as a fall-detection sensor for elderly people at home, and
moreover, the smart ﬂoor can harness the energy from various
vibration sources, such as bouncing balls or the jumping of an
athlete on such courts. The fall-detection sensor, as a part of the
medical alert system, is designed for detecting falls in elderly
people who live alone. Commonly, fall detection sensors rely
on wearable technology (for example, a wristband-type TENG)
has been proposed to detect the fall of the elderly.33 However,
long-term wear of the sensors might be intrusive and
uncomfortable for the users, especially for the ones who stay
at home. Here, the capability of the smart ﬂoor as a fall
detection sensor is demonstrated using a 1 kg sandbag that free
falls from diﬀerent heights. Considering the fact that most of
the falls might happen at slippery spots, where no surface
charges exist, the measurements were taken by slightly wetting
the surface of the smart ﬂoor, so that the SF-TENG only works
under Mode I. Figure 4b shows the ISC produced by the
integrated SF-TENG as a 1 kg sandbag free-falls on the smart
ﬂoor. The heights used are 7, 17, and 27 cm. As can be seen in
Figure 4b, each time the sandbag hits the smart ﬂoor, a current
pulse is generated. It is noted that the pulse consists of a
positive peak and a negative peak that follows afterward. This
pulse proﬁle reﬂects a full cycle of vibration, as indicated in
Figure 2a. As the height increases from 7 to 27 cm, the peak
value of the current increases from 0.49 ± 0.05 to 0.8 ± 0.1 μA.
Clearly, under Mode I, the falling events can be detected; hence
the smart ﬂoor provides a nonintrusive method for detecting
the fall of elderly people at home.
Besides sensing the unintentional falls of elderly people, a
smart ﬂoor as an energy harvester is demonstrated by bouncing
the basketball repeatedly on the ﬂoor. The electrical outputs of
the SF-TENG produced are illustrated in panels c and d of
Figure 4, where the average output voltage and current are 364
± 43 V and 9 ± 1 μA, respectively. The inset of Figure 4d
depicts an enlarged view of the current pulse, which consists of
a negative and a positive peak. The negative peak arises as the
basketball approaches the ﬂoor (Mode II, Figure 2b-iv). Once
the basketball hits the ﬂoor, the kinetic energy of the basketball
transfers to the Al balls, hence producing a transient positive
current (Mode I, Figure 2a-ii). Furthermore, the basketball
bouncing oﬀ the ﬂoor also generates a positive current (Mode
II, Figure 2b-ii). As discussed previously, the positive peak
generated by the vibration of the Al balls follows a negative
peak (Mode I, Figure 2a-iv). The reasons for not observing this
negative peak are twofold: ﬁrst, the electrical output produced
under Mode II is dominant over that under Mode I, as shown
in Figure 4a, and second, the duration of positive peak
generated under Mode II is approximately the same as duration

and ISC increase dramatically over the vibrational frequency. In
the meantime, the peak values of the VOC and ISC are shifted to
30 and 40 Hz, respectively. At the frequency of 30 Hz, the VOC
of the SF-TENGs with a spacing of 4 and 6 mm are 103 ± 1
and 90 ± 1 V, respectively, while at the frequency of 40 Hz, the
ISC are 4.49 ± 0.07 and 3.5 ± 0.1 μA, respectively. We can see
that the SF-TENG with the spacing of 4 mm delivers the best
output performance in the measured frequency range. The
reason can be attributed to the fact that when the spacing
equals to 2 mm, as shown in Figure 2a-i, there is a relatively
strong Coulomb force between the Al balls and top electrode,
which results in a small potential diﬀerence between the top
and bottom electrodes. As the spacing increases, the Coulomb
force decreases, and thus, the potential diﬀerence increases. In
the meantime, the increasing spacing also leads to a smaller
contact force and a decreased contact area as the Al balls
vibrate, thus yielding a decreased potential diﬀerence between
the electrodes. It can be seen from the results that the spacing
of 4 mm reached a balance between the two eﬀects. Panels c
and d of Figure 3 show the VOC and ISC of the SF-TENG with a
spacing of 4 mm at the frequency of 30 Hz, respectively, where
both output signals are quasi-sinusoidal. Panels e and f of
Figure 3 present the VOC and ISC of the SF-TENG as a function
of the spacing under Mode II. Here, the measurements were
taken by consecutively steps on and oﬀ the smart ﬂoor, as
indicated in the inset of Figure 3e. The distance, d0, between
the surface of the wood ﬂoor and SF-TENG is ∼6 mm. Because
Mode II does not require the participation of the Al balls, the
ﬁll ratio of the SF-TENG used here is 0%, and the spacing used
is 0, 2, 4, and 6 mm. We can see that the VOC generated by
consecutive steps peaks at 4 mm, while the ISC produced stayed
consistent at diﬀerent spacings. These results indicate that the
SF-TENG is capable of working under two modes
independently. Taking both Mode I and Mode II into
consideration, the SF-TENG with a spacing of 4 mm exhibits
the best electrical performance.
Except for the spacing between the PTFE ﬁlms, the ﬁll ratio
is another key factor that aﬀect the performance of the SFTENG. By the integration of the SF-TENG with a spacing of 4
mm into the wood ﬂoor (see Figure 1d), the relationship
between the electrical output and the ﬁll ratio of the integrated
SF-TENG is investigated systematically. The measurements
were taken by dropping a basketball at the height of 80 cm,
which serves as a vibrational source. In this situation, the
surfaces of the basketball and the ﬂoor are triboelectrically
charged as the basketball gets in contact with the ﬂoor. Thus,
each time the basketball hits the ﬂoor, the integrated SF-TENG
produces a transient AC current ﬂow in the external circuit.
Figure 4a shows the magnitude of the positive peaks of the VOC
and ISC with diﬀerent ﬁll ratios: 0%, 60%, 80%, 100%, 120%,
and 140%. To begin with, when there are no Al balls inside, i.e.,
the ﬁll ratio is 0%, the SF-TENG is able to generate a voltage of
185 ± 8 V and a current of 4.3 ± 0.2 μA under Mode II. When
the Al balls are added, the kinetic energy of the basketball can
be transferred to the Al balls and causes them to vibrate, hence
converting to the electrical energy under Mode I. As the ﬁll
ratio increases (that is, the number of Al balls placed into the
SF-TENG increases), more charges are transferred between the
Al balls and PTFE ﬁlms; thus, there is an increase in the
electrical output, as shown in Figure 4a. The maximum output
occurs at the ﬁll ratio of 100%, where the VOC and ISC generated
is 220 ± 10 V and 5.6 ± 0.2 μA, respectively. Due to the small
thickness of the SF-TENG, as the ﬁll ratio keeps increasing, the
E
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Figure 5. (a) Open-circuit voltage of the integrated SF-TENG produced by consecutive footsteps; (b) magnitude of the VOC and the exponential
ﬁtting. The inset shows the enlarged view of voltage peak highlighted in panel a; (c) short-circuit current of the integrated SF-TENG produced by
consecutive footsteps; (d) magnitude of the ISC and the exponential ﬁtting. The inset shows the enlarged view of current peak highlighted in panel c;
(e) photograph of a row of serially connected LEDs being lit up as the foot step oﬀ the ﬂoor; (f) the ISC of the footstep during walking.

between the top and bottom electrode; once the foot steps oﬀ
the ﬂoor, the top electrode has a higher potential, and hence, a
positive voltage peak is produced. The ISC generated by the SFTENG shows a similar pattern in Figure 5c, and the magnitude
of the ISC generated as the foot steps oﬀ of the ﬂoor and the
exponential ﬁtting are depicted in Figure 5d, where the current
saturates at 2.4 ± 0.3 μA. The highlighted part in Figure 5c is
enlarged in the inset of Figure 5d. As the foot steps on the
ﬂoor, a negative peak is generated, and the step oﬀ of the ﬂoor
produces a positive peak, which is in accordance with the
analysis in Figure 2b.
Figure 5e demonstrates the smart ﬂoor as the energy
harvester and motion sensor under Mode II. A photograph of
the smart ﬂoor that directly connected to the LEDs is shown in
Figure 5e-i. We can see that as the foot steps oﬀ the ﬂoor, a row
of serially connected LEDs can be lit up (Video S2), and the
intensity of the LEDs increases with increasing contact area
between the surfaces, as illustrated in Figure 5e-ii−iv.
Additionally, as a person walks by the smart ﬂoor, the ISC
produced has two positive peaks, as shown in Figure 5f. The
ﬁrst peak (panel i) arises as the foot steps on the ﬂoor, while
shortly afterward, another positive current (panel ii) is
generated as the foot is taken oﬀ the ﬂoor. Diﬀerent from
consecutive footsteps on the wood ﬂoor, here it is shown that
as the foot steps on the wood ﬂoor, a positive peak is generated,
indicating the net negative charges appear on the shoe sole
before it gets in contact with the smart ﬂoor. Besides the shoe
soles, we also tested other triboelectric materials that get in
contact with the smart ﬂoor. For example, the VOC and ISC of

of the current pulse generated in one cycle under Mode I
(includes both positive and negative peaks), where the duration
is around 0.016 s. The capability of the SF-TENG as a power
source is demonstrated in panels e and f of Figure 4. Figure 4e
shows the free-falling of the basketball from diﬀerent heights
(h1 = 40 cm, h2 = 80 cm, and h3 = 120 cm) to light up a row of
serially connected light emitting diodes (LEDs). We can see
that as the height increases, the intensity of the light also
increases. As we bounce the ball on the ﬂoor repeatedly, each
bounce can light up 4 rows of serially connected LEDs (∼87
LEDs), as demonstrated in Figure 4(f). The inset are the LEDs
being lit up in a dimmer environment for better illustration
(Video S1).
Generally, indoor human activities, such as walking, do not
have enough kinetic energy to cause the Al balls vibrate inside
the integrated SF-TENG, hence the smart ﬂoor in these
situations works only under Mode II. The VOC generated by
consecutive footsteps (no vibration of the Al balls involved) is
shown in Figure 5a, while the magnitude of the VOC and the
exponential ﬁtting are depicted in Figure 5b. It can be seen that
the ﬁrst footstep on the ﬂoor generates a voltage of ∼100 V.
With consecutive footsteps, the magnitude of the VOC ﬁrst
increases and then remains stable afterward. At the beginning,
the increasing voltage is attributed to the accumulation of
charges on the contact surfaces with each footstep; when the
surfaces are saturated with the charges, the magnitude of the
VOC generated is 238 ± 17 V. The inset of Figure 5b shows the
highlighted region in Figure 5a. When the foot steps on the
ﬂoor, as indicated in Figure 2b-i, there is no potential diﬀerence
F
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the SF-TENG as the bare hand taps on and oﬀ the smart ﬂoor
are illustrated in panels a and b of Figure S1, respectively.
Moreover, for the rolling of a roll of Scotch tape (width: ∼50
mm) over the smart ﬂoor, the VOC and ISC of the SF-TENG are
shown in panels a and b of Figure S2, respectively. We can see
that as the speed of the tape increases, the duration of the
generated signal decreases. Hence, the smart ﬂoor can sense
not only the motion but also the speed of the rolling tape.
We have presented a single unit of the smart ﬂoor with
integrated SF-TENG as energy harvester and motion sensor.
With the optimized size and number of the integrated SFTENGs, the smart ﬂoor equipped at a sport court, such as
basketball and volleyball courts, can not only harvest the energy
of the players and the bouncing balls but also could be used to
sense whether the ball is out of bounds, especially near the
boundaries. When the array of the integrated SF-TENGs is
equipped at home, a smart ﬂoor is capable of sensing the
movement of a person and thus can serve as an automatic
switch for lighting, ventilation, and air conditioning, etc. or as
an invisible sensor in the surveillance system for detecting
unusual behavior, such as thefts and break-ins. Thus, smart
ﬂoors may play an important role in next-generation homeautomation systems.

generator (Stanford Research Systems DS345) and a linear power
ampliﬁer (Labworks PA-141) were used to produce the sinusoidal
oscillations. A vibration shaker (Labworks ET-126B-4) was used to
simulate mechanical vibration.
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EXPERIMENTAL SECTION

The SF-TENG consists of a square frame, Al balls, and two PTFE
ﬁlms on the Al plates. The square frame has a side length of 83 mm,
while the inner side length is 80 mm. The square frame is fabricated
using epoxy acrylate by stereolithography, which has a resolution of
±0.1 mm. The thickness of the SF-TENG is 6 mm, while the height of
the frame, i.e., the spacing between the PTFE ﬁlms, is 4 mm. Inside the
frame is ﬁlled with the Al balls with a diameter of 1 mm. On each side
of the square frame is a layer of PTFE ﬁlm placed on top of the Al
plate. The thickness of the PTFE ﬁlms is 80 μm, while the Al plate has
a thickness of 1 mm. The standard wood ﬂoor used has a size of 195 ×
167 mm and a thickness of 12 mm. All of the electrical measurements
of the SF-TENG were performed using the Keithley 6514 system
electrometer (except for the open-circuit voltage of the SF-TENG as
the basketball bounces oﬀ the ﬂoor; see Figure 4c). A function
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