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A B S T R A C T

Present Human Machine Interfaces (HMIs) that vary in shapes, operation schemes, and functions can be fre-
quently found in our daily life, and the giant market demand has been pushing the development of the HMIs
since the last decades. To greatly extend the communication channels between humans and external devices in a
natural way, here we report an intuitive, self-powered, low-cost, and glove-based HMI towards diversified ap-
plications. A minimalist design based on the triboelectric nanogenerators (TENG) in two configurations is
proposed to balance the requirement on the full functionality and the simplified signal processing capacity of the
HMIs. Each TENG sensor is composed of a PEDOT:PSS coated textile strip stitched onto the glove and a layer of
silicone rubber thin film coated on the glove. The glove-based interface has been successfully demonstrated for
wireless car control, wireless drone control, minigame control, VR game control, and cursor control for online
shopping as well as alphabet writing with a simple and intuitive operation technique. This glove-based interface
provides a novel minimalist design concept distinct from the present rigid and bulky HMIs to open up a new
direction of the further development of the HMIs with advantages of flexibility/wearability, low cost, easy
operation, simplified signal processing, and low power consumption.

1. Introduction

The Internet of Things (IoT) has become a dominating trend with
industrial and consumer products being connected via the internet. To
operate these devices, Human Machine Interfaces (HMIs) are becoming
an essential part for the further development of the IoT [1]. Flexibility
and wearability of the HMIs, as a crucial property for the HMIs to be
carried by humans in a comfortable and simple way, has become an
research challenge that draws massive attention from diversified areas
to conquer the barrier between the flexibility and the similar perfor-
mance compared to rigid sensors with varying sensing capabilities
[2–4]. Accordingly, significant efforts have been made recently

including the development of stretchable conductors [5,6], flexible/
stretchable semiconductors [7], highly sensitive physical sensors
[8–11], multifunctional electronic skin [12], etc. Although the power
consumption for each device in the HMIs may be small, the quantity of
the sensor nodes in the sensor network could be massive which could
lead to a large energy expenditure over time [13]. In addition, the
optical sensor interacting system that remotely detects human motions
by image recognition become one of the mainstream technologies in
quite a few applications [14]. However, this kind of technologies re-
quires a powerful computing capacity either from the device itself or
the Cloud server, which brings in sizable power consumption to the
whole system. To address these issues, self-powered sensors based on
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the mechanism of piezoelectric [15–19], electromagnetic [20,21], and
triboelectric [22–25] have been massively developed. Recently, Chen
et al. reported a simple design with only four outputs to realize a
wearable sensing patch as a 3D motion control interface for a robotic
manipulator, showing an interesting and energy-compatible HMI solu-
tion [26]. Moving forward, this kind of minimalist design to provide
sensing functions in an energy-compatible HMI could be a new strategy
for the implementation of a user-friendly HMI in near future.

Most of the HMIs such as keyboard only require a digital control
where only state “0” and state “1” are involved [27,28]. In some special
cases, one or two more states are also demanded to fulfill a more so-
phisticated control. In general, sensors that are able to monitor a con-
tinuous human motion are not necessary for the majority of the HMIs to
implement the desired functions from users. Besides, it is difficult to
produce a precise force or bending angle for the control system by
different users. Instead, a minimalist design that exactly balances the
requirement on the easy operation and the full functionality is highly
desired. Especially, a wearable HMI with a complicated sensing me-
chanism or structure is almost impossible to be a perfect fit for every
user due to the physical difference between each individual, which may
lead to a great complexity for the sensors to be calibrated and for the
users to learn the operation techniques especially for the elderly and the
child. Consequently, there is an immense demand for the development
of a fully functional, power-compatible, and user-friendly HMIs.

As a common wearable item, glove is closely related to human's
daily life and human fingers are one of the most flexible and dexterity
body parts, which is a perfect fit for a substrate of the HMIs [29,30].
Textile, due to its unique properties of soft nature, wearable con-
venience, light-weight, natural micro-structure, and air permeability,
has been demonstrated to be an ideal material for varying wearable
applications [31–37]. Thus, using the finger bending motions as well as
the contact motions between adjacent fingers to realize a 2D control is

one of the simplest and the most intuitive approaches that perfectly fits
the brain logic. Piezoresistive sensors [38], which is one of the most
common methods to measure force and strain, is not a preferential
choice for this kind of applications since it requires a power supply to
function. Similarly, piezoelectric-based self-powered sensors have also
been demonstrated to be an alternative choice for both strain and force
measurement [39–43]. However, the common and commercialized
piezoelectric materials that can provide a considerable output are
mostly ceramic-based hence rigid [44]. Besides, the further advance-
ment of the flexible piezoelectric sensor still faces challenges making its
way to large-scale production for practical use due to the sophisticated
fabrication process and the smaller output than the rigid ceramics
[45,46]. Triboelectric nanogenerator (TENG), owing to its unique ad-
vantages of sizeable output, diversified choice of materials, easy fab-
rication, lightweight, simple working mechanism, and low cost, could
be an optimal option for a glove-based intuitive HMI with a minimalist
design [47–56].

Herein, we propose a glove-based and self-powered intuitive human
machine interface towards diversified applications including 2D con-
trol, 3D control, cursor control, and game control as illustrated in
Fig. 1(a). The present control interfaces such as all kinds of joysticks,
the mouse, or the keyboard, are all rigid, bulky, and time-consumable
to get familiar with the operation techniques. To realize an intuitive
and user-friendly control, we incorporated the PEDOT:PSS coated tex-
tiles that are fabricated with a low-cost dip coating approach and the
silicone rubber painted on the glove outer surface into a cotton glove
through a minimalist design. This glove-based interface provides a
brand new intuitive and self-powered control technique to the users in a
wide range.

Fig. 1. (a) Schematic drawing showing the control flow of a subject during the interactions with diversified machines through traditional control interfaces and the
intuitive glove-based interface. (b) The working mechanism of the arch-shaped TENG under the stretching and releasing state. (c) The working mechanism of the
contact-separation TENG sensor. (d) Photograph of the glove-based interface. Inset shows the SEM image of the PEDOT:PSS coated textile.

T. He et al. Nano Energy 58 (2019) 641–651

642



2. Device design and characterization

Poly (3,4-ethylenedioxythiophene): poly (styrene sulfonate)
(PEDOT:PSS) is one of the most successful conducting polymers which
possesses multiple unique characteristics such as good physical and
chemical stability in the air, superior optical transparency in visible
light range, high electrical conductivity, good film-forming ability by
versatile fabrication techniques, and availability of low-cost commer-
cialized dispersion [57,58]. A fabric-based TENG composed of con-
ductive textiles which were coated with metal Ni was reported by Pu
et al. [59]. And coating the carbon nanotubes or the graphene on a
textile substrate have also been reported recently [60,61]. Compared to

metal Ni or the allotropes of carbon, PEDOT:PSS is much more suitable
for wearable applications due to the aforementioned superior proper-
ties. Besides, Ding et al. have demonstrated the feasibility of fabricating
a conductive textile by simply soaking the commercialized textile into
the PEDOT:PSS solution [62]. Hence this facile and low-cost PED-
OT:PSS coating approach is adopted to fabricate the conductive part in
the cotton glove. The SEM image of the PEDOT:PSS functionalized
textile is shown in Fig. 1(d).

For a 2D control interface, four basic directional controls are es-
sential. Since fingers are one of the most flexible and dexterity body
parts, to realize an intuitive control, four motions of the index finger
including bending down at proximal interphalangeal (PIP) joint,

Fig. 2. Characterization of the four sensors. (a) Photographs with a front view and a side view demonstrating the configurations and the positions of the four sensors.
(b) The real-time output of sensor 1 when the index finger bends up at a low degree and a high degree with a constant speed. (c) The real-time output of sensor 2
when the index finger bends downs at 30 degrees, 60 degrees, and 90 degrees at a same speed. (d) The real-time output of sensor 2 when the index finger bends
downs at 90 degrees at different speed. (e) The real-time output of sensor 3 when the index finger contact with the thumb with an ascending applied force. (f) The
real-time output of sensor 4 when the index finger contact with the middle finger with an ascending applied force.
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bending up at the metacarpophalangeal (MP) joint, contacting with the
side of the thumb, and contacting with the middle finger are endowed
with four direction moving commands towards different applications.
Moving the index finger to contact with the adjacent fingers on its left
and right side can be easily associated with the left and right move-
ments of the controlled objects. The process of bending the index finger
at the PIP joint is akin to a forward or downward arrow as shown in Fig.
S1 (a), which is highly synchronized with the moving direction of the
controlled object (forward or downward). Similarly, the bending di-
rection of the MP joint which is perfectly opposite to the one of the PIP
joint as shown in Fig. S1 (b), corresponding to the moving backward or
upward of the controlled objects. Accordingly, the four movements of
the index finger are in good correspondence with the control commands
in human instinct, which should largely reduce information processes
during the whole control procedure.

Here we propose a minimalist design of a self-powered interface
based on a cotton glove with four textile-based TENG sensors in-
corporated as shown in Fig. 2(a). To endow the glove-based interface
with the functionality of the four-movements sensing, versatile struc-
tures of the TENG could be implemented. Pu et al. reported a tribo-
electric quantization sensor with a high resolution for rotation sensing
as well as bending sensing of a finger with the sliding-structure TENG
[63]. But the majority part of the device is still rigid, and such high
resolution for the targeted control scenarios of this glove-based inter-
face is not essential. Hence, to realize a fully flexible and stretchable
HMI with a minimalist design that can satisfy the sensing requirement,
two different kinds of sensor configurations are proposed with the same
triboelectric materials as shown in Fig. 1(b–c) based on the required
command gestures. In Fig. 1(b), the arch-shaped textile-based sensor is
implemented to measure the finger bending motions, while the con-
figuration in Fig. 1(c) is to detect the contacts between the index finger
and its adjacent fingers. The working mechanisms for all the TENG
sensors are based on the contract-separation mode of the TENG as
shown in Fig. 1(b–c) in order to simplify the interface structure as much
as possible. The photos of the four sensors incorporated into the sensing
glove are shown in Fig. 2(a), which are labeled from 1 to 4 based on the
endowed function. Before stitching the PEDOT:PSS coated textiles on
the glove, a thin layer of silicone rubber was painted onto the four sides
of the index finger where the contact-separation processes happen. The
contact separation sensor is 1 cm wide and 4 cm long that perfectly fits
even a small finger. And the arch-shaped sensor is 1.3 cm wide and 4 cm
long with an arch height of 6mm.

Four sensors are characterized separately under different finger
motions. Each conductive textile strip is connected out to a commer-
cialized Microprogrammed Control Unit (MCU) from channel 1 to
channel 4 for signal acquisition which is then connected to a computer
for real-time display. Firstly, the index finger was controlled to bend up
at the MP joint at a constant frequency of 1 Hz. This up bending motion
will only trigger sensor 1 that is attached to the edge of the palm and
the bottom end of the index finger, which could be defined as the up-
movement control sensor accordingly. At a large bending angle around
60 degrees where the bending limit of the MP joint is, the collected
negative voltage is at a large value of 0.6 V with a small variation of
0.03 V, while the negative voltage reaches its minimum value of−0.3 V
with a variation of 0.05 V when the MP joint only bends slightly at
around 30 degrees as shown in Fig. 2(b). The corresponding short-cir-
cuit current signal is given in Fig. S2(b). Similarly, the index finger is
controlled to bend down at the PIP joint solely at 30 degrees, 60 de-
grees, and 90 degrees at a constant frequency of 1 Hz, and the real-time
outputs from sensor 2 that is triggered individually in three cycles at
each bending degree are depicted in Fig. 2(c), and its corresponding
short-circuit current signal is given in Fig. S2(a). Since the position and
the movement of sensor 2 are just reversed from that of sensor 1, sensor
2 could be defined as the down-movement control sensor appropriately.
It can be observed that the output voltage increases with the bending
angles, and hence the angle of the bending could be a variable

parameter for a more sophisticated control in an intuitive way. The
resistance change of the textile during the repetitive stretching-re-
leasing process is given in Fig. S3. The overall resistance variation of the
1 cm×4 cm textile strip is much smaller than its original resistance,
and the impedance of the TENG is usually in MΩ scale. Hence the in-
fluence of the resistance change of the conductive textile on the tribo-
electric output can be negligible. Except for the bending angle, the
speed of the movement will also affect the output of the finger bending
sensor. As shown in Fig. 2(d), a higher speed of the bending motions
gives rise to a higher output when the bending angles stay the same at
90 degrees. The low speed is around 0.138°/ms ( ± 0.014°/ms), the
medium speed is around 0.287°/ms ( ± 0.04°/ms), and the high speed
is around 1°/ms ( ± 0.125°/ms). To eliminate the interference between
the two parameters, a medium moving frequency of 1 Hz is used for all
the characterizations of the four sensors. The remaining two contact-
separation sensors in charge of the movements perpendicular to the
moving trajectory controlled by the arch-shaped sensors are char-
acterized under different forces at a constant speed. A flexible com-
mercial force sensor is used for precise calibration of the applied
pressure. The triboelectric outputs of sensor 3 and sensor 4 under re-
petitive contact-separation processes at three-level applied forces are
depicted in Fig. 2(e–f). The measured three-level forces are 0.8 N, 4 N,
and 8 N respectively with a variation of 0.5 N. The corresponding cur-
rent signals of them are given in Fig. S2(c–d). Similarly, the tribo-
electric outputs of the contact separation sensors increase with the
applied force, which could be another control parameter to broaden the
functionality of the glove-based interface for some special scenarios. To
investigate the effect of the applied force on the triboelectric output of
the textile-based TENG, a 2 cm×2 cm textile-based contact-separation
TENG is tested under different force load from 1N to 27 N with a fre-
quency of 2 Hz. The measured open-circuit voltage is depicted in Fig.
S4. It can be observed that the output voltage increases with the applied
force linearly in two regions, and it saturates at around 25 N.

Since this glove-based HMI is targeted for game control, here we
define the response time of the TENG sensors as the time from the index
finger starts to move to where the peak voltage is generated. For the
triggering motion, it takes time for the finger to be at the position where
the textile contacts with the silicone rubber, hence a mechanical switch
is implemented here as a reference of the time where the finger starts to
move. For the releasing motion, once the finger moves, the textile and
silicone rubber start to separate, where only a negligible delay between
the movement of finger and the signal generation is observed. In this
case, the response time associated with the speed of the finger move-
ment is studied in Fig. S5. A pair of the contact-separation sensor and
the arch-shaped bending sensor are characterized individually. From
slow motion to fast motion, the response time of the bending sensor
varies from ~84ms to ~230ms for triggering and ~78–110ms for
releasing. While for the contact-separation sensor, the response time
varies from ~96ms to ~260ms for triggering and ~63ms to ~107ms
for releasing. It can be observed that the variation of the response time
in releasing state in much smaller than the one in triggering state when
different speed is applied. The durability of the two sensors is also
tested as shown in Fig. S6. It can be observed that the triboelectric
output voltage of the contact-separation sensor only shows a slight
degradation of around 5% after being hit at 60 N for around 11,250
times. An arch-shaped sensor with a length of 4 cm and width of 1 cm is
attached to a linear motor for repetitive stretching-releasing processes.
After ~20,571 times of the stretching and releasing process, its tribo-
electric output voltage still maintains 97% of its original value. Both of
the results demonstrate the good durability of the textile-based sensors.
The tight adhesion between the PEDOT:PSS and the textile is further
proved by the washability test in Fig. S7.

3. Game control in cyber space

To demonstrate the functionality of the glove-based and self-
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powered interface, the sensor outputs are implemented to control an
aircraft move around in a shooting minigame on a computer. A video
demo of the shooting minigame control can be found in Video S1
(Supporting Information). The operation technique of this minigame is
to control the aircraft to move within the screen to shoot down as many
enemy planes as possible. The four sensors from 1 to 4 are defined as
the up-movement sensor, down-movement sensor, left-movement
sensor, and right-movement sensor respectively in this specific appli-
cation. Eight moving directions are allowable through controlling the
TENG sensor-embedded glove: up, down, left, right, down left, down
right, up left, and up right. The corresponding hand gestures performed
to trigger the eight different moving signals are shown in Fig. 3(a).
When the index finger bends up at the MP junction as shown in
Fig. 3(a–i), sensor 1 located at the edge between the palm and index
finger will generate a negative peak voltage due to the induced contact
between the PEDOT:PSS coated textile and the silicone rubber thin film
on the glove as shown in Fig. 3(b) and hence it will trigger the aircraft
to move up at a constant speed. The aircraft stops moving when the
index finger returns to its original position where a positive peak vol-
tage (the releasing signal) is generated due to the separation between
the PEDOT:PSS coated textile and the silicone rubber thin film. Simi-
larly, sensor 2, sensor 3, and sensor 4 command the aircraft to move
down, left, and right when the index finger bends down at the PIP joint,
contacts with the side of the thumb, or contacts with the side of the
middle finger. All the negative peak voltages generated due to the
contact between the PEDOT:PSS textile and the silicone rubber thin film
are triggering signals for the corresponding movements, and all the
positive peak voltages are commands to stop the moving aircraft. Since
the speed variation for this kind of minigame is not necessary, the hand

gestures can be performed at any speed and force as long as the sensors
being triggered. Additionally, diagonal movements are also possible
when the two corresponding sensors are triggered during the same time
period as shown in Fig. 3(a–v)-(a-viii). In general, this glove-based in-
terface is able to function as a wearable game control interface for
various minigames where just a 2D movement control is needed. The
operation method is highly intuitive by only controlling the index finger
to bend up, bend down, move left, and move right, which is easy to
learn and use in a short time. Another video of a virtual reality (VR)
automobile game control with the glove-based interface can be found in
Video S2 (Supporting Information).

Supplementary material related to this article can be found online at
doi:10.1016/j.nanoen.2019.01.091.

4. Wireless car control and drone control

As what has been demonstrated in the sensor characterization part,
the outputs of the sensors can be controlled by the applied force or the
bending angles, which could provide more states than the state “0” and
state “1” in the minigame control. To demonstrate a more advanced and
complicated control, the glove-based interface is implemented to
manage a toy car wirelessly. The circuit connection for the wireless car
control is depicted in Fig. 4(a). The four sensors are connected to an
MCU through a processing circuit that eliminates environmental noise
and minimizes the possible interferences between different channels. In
this scenario, the triboelectric outputs from the sensor 1–4 are defined
as commands of running backward, running forward, turning left, and
turning right. The outputs of the sensors are connected to one MCU for
signal acquisition and processing to decide the corresponding control

Fig. 3. Minigame control with the glove-based interface. (a) Eight hand gestures corresponding to the eight movements of the aircraft in the minigame. (b) The real-
time outputs of the four sensors divided into eight segments corresponding to the eight hand gestures. (c) Pictures showing the eight-direction movements of the
aircraft in the minigame triggered by the eight different gestures.

T. He et al. Nano Energy 58 (2019) 641–651

645

https://doi.org/10.1016/j.nanoen.2019.01.091


commands such as moving backward or turning left fast. Then this di-
gital state signal will be transmitted from one wireless module to an-
other one which is connected to the MCU for the car motor control. The
corresponding signals from the four channels are depicted in
Fig. 4(b–e). In Fig. 4(b), sensor 2 was triggered with index finger
bending down at various angles, and hence two-level negative peak
voltages were generated accordingly. At a low bending degree smaller
than 60 degrees where the peak negative voltage is smaller than the set-
up threshold voltage of 0.43 V in the region marked with light purple in
Fig. 4(b), the toy car moves forward at a low velocity as shown in
Fig. 4(f). While the index finger bends down at 90 degrees, the peak
negative voltage exceeds the threshold voltage by at least 0.22 V and
then commands the toy car run forward fast. Additionally, as men-
tioned in the characterization section the triboelectric outputs of the
sensors increase with the moving speed of the finger, which is actually
beneficial to the controlment. For most of the human motions including
finger motions, the large applied force or the large bending angle is
usually accompanied by a relatively high speed, and vice versa. Hence,
while the glove-based interface is handled, the controlment can be
further adjusted by the moving speed of the fingers in a straightforward

way. In other words, to control the car run forward in low speed, one
can bend the index finger down slowly and at a low degree; to com-
mand the toy car fast run forward, one can bend the index finger down
at 90 degrees with a high velocity. By incorporating the finger motion
speed to control the car, the operation accuracy could be further im-
proved and simplified. As shown in Fig. 4(c), the sensor 1 that is defined
as the backward control sensor is triggered whenever there is an up-
bending motion at the MP joint of index finger, and the toy car will run
reversely at a constant speed once a negative voltage is detected as
shown in Fig. 4(g). To enable the car turn left and right, the tribo-
electric outputs of sensor 3 and sensor 4 are defined as the triggering
signals for rotating left and right. Similar to the forward control, two
speeds of the rotation are allowable by controlling the contact forces of
the two sensors as well as the moving speed. Threshold voltages of
0.54 V and 0.59 V were set to differentiate the low-speed state and high-
speed state of the sensor 3 and sensor 4. A video demo of the wireless
car control can be found in Video S3 (Supporting Information). With a
slight and gently touch, a low negative peak voltage will be generated
as marked in the light purple region in Fig. 4(d–e) which will let the toy
car start rotating slowly counterclockwise or clockwise.

Fig. 4. Wireless car control with the glove-based interface. (a) Schematic diagram showing the circuit connection from the sensors on the glove to the toy car. (b) The
real-time output of sensor 2 when the running forward commands are executed at a low speed and a high speed. The boundary between the purple region and the
pink region demonstrates the threshold voltage of the high-speed triggering. (c) The real-time output of sensor 1 when the car is triggered by the up-bending motion
to move backward. (d) The real-time output of sensor 3 when the turning left commands are executed at a low speed and a high speed. (e) The real-time output of
sensor 4 when the turning right commands are executed at a low speed and a high speed.
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Correspondingly, the car can be managed to rotate at a higher velocity
with a slight increase on the applied force. Either the finger bending
angle or the applied contact force of the index finger are intuitive to
humans and easy to be controlled subconsciously due to the minimal
involvement of moving muscles. Besides, the car movement could, in
turn, serve as a visual feedback to the user that helps the user to quickly
pick up the operation techniques of how to control its moving speed.
This could further shorten the learning curve of this glove-based in-
terface.

Supplementary material related to this article can be found online at
doi:10.1016/j.nanoen.2019.01.091.

To expand the functionality of the glove-based control interface, we

added two more contact-separation TENG sensors (sensor 5 and sensor
6) on another hand (left hand) on the same positions as the right hand.
Together with these extra two sensors endowed with up-moving (sensor
5) and down moving (sensor 6) control capabilities as shown in Fig. S8,
the expanded interface could realize a 3D control easily. Accordingly,
the outputs of the six sensors were then used to control a drone fly in six
directions. A video demo of wireless drone control can be found in
Video S4 (Supporting Information). Song et al. reported a wearable
force touch sensor array with a high sensitivity attached to the arm for
drone control, yet only one threshold voltage is used to set up the “0”
and “1” states in the control process which demonstrates that this two-
state control signal is already good enough for drone controlling [64].

Fig. 5. Cursor control with the glove-based interface for online shopping and alphabet writing. (a) The screenshots of an online shopping website showing the page
scrolled down and up. (b) Corresponding real-time outputs of the six sensors to control the website page scrolling down and up. (c) Schematic drawing demonstrating
the moving trajectory of the cursor when the three characters are written on the screen. The highlighted mouse with a hand on top indicates the “click” sensor is
triggered so as to start writing in the Paint application. (d) The real-time outputs of the six sensors during the whole control process to write “NUS” on the screen. The
detailed steps while writing character “N” was highlighted with the blue circle labeled from 1 to 4 chronologically. (e) Photos of the corresponding hand gestures to
write the character “N”. (i) Bending the index finger up to trigger the sensor 1 for cursor moving up. (ii) Bending the index finger down while contacting with the
middle finger to trigger sensor 2 and sensor 3 at the same time for cursor moving diagonally down. (iii) Bending the index finger up again to command cursor move
up.
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Besides, the authors used six pixels of the force sensors to execute all
the control commands, which is quite complex and not instinctive for
the user to memorize all the gestures to be performed. Hence this glove-
based control interface is more preferential due to the intuitive, simple,
yet self-powered control schemes.

Supplementary material related to this article can be found online at
doi:10.1016/j.nanoen.2019.01.091.

5. Cursor control

Besides of video games, toy cars, or drones, mouse or keyboard is
also frequently-used control interfaces in our daily life. To demonstrate
the glove-based interface as an alternative choice for cursor control in
an electronic device, we connected the sensor outputs from the tribo-
electric sensors to a computer for online shopping and alphabets
writing. Distinct to previously controlled entities, to endow this glove-
based interface with full function of the mouse, two more contact se-
paration sensors for the scroll mode switching and clicking are added
onto another glove labeled as sensor 5 and sensor 6 as shown in Fig. S8.
Similarly, the triboelectric signals from sensor 1–4 are defined as up,
down, left, and right movement commands respectively. This expanded
glove-based interface was then implemented to browse an online
shopping website, add an item to the shopping basket, and finally
proceed to check out. The real-time outputs of the six sensors when the
page is controlled to scroll up and down are depicted in Fig. 5(b).
Firstly, the sensor for the scroll mode switching was triggered by con-
tacting the index finger with the thumb on the left hand, then bend up
the index finger on the right hand to drag the website page up. Once a
positive voltage is detected, the moving page stops at its current posi-
tion. With the bending down of the index finger on the right hand, a
negative voltage is generated from the sensor 2 and triggers the page to
scroll down as shown in Fig. 5(a). When the page stays at the desired
position and the operations on the cursor are needed, the index finger of
the left hand can be controlled to separate from the side of thumb to
generate a positive voltage for switching back to the normal mode as
illustrated in Fig. 5(b). A video demo of online shopping through the
glove-based interface can be found in Video S5 (Supporting
Information).

Supplementary material related to this article can be found online at
doi:10.1016/j.nanoen.2019.01.091.

Except for browsing a web page, one can also write or paint through
the Paint application in the computer desktop. Here we successfully
used the glove-based interface to write the alphabets “NUS” in the Paint
application. The trajectory of the cursor when writing the three al-
phabets is depicted in Fig. 5(c), and the real-time outputs from the six
channels are shown in Fig. 5(d). Firstly, the click sensor located at the
left-hand glove was triggered to let the cursor become a pencil so as to
enable write marked by a hand-clicked mouse in Fig. 5(c). Then the
right hand performs different gestures to trigger sensors for different
directional movements of the virtual pencil follows the same trajec-
tories as shown in Fig. 5(c). After writing of each alphabet, the click
sensor was released intentionally and the right sensor was then trig-
gered to shift the cursor to where the start point of the next alphabet is.
Before the start of writing the next alphabet with the four directional
sensors, the click sensor was triggered to enable write function again.
To make the whole process clearer, a detailed description of how to
write the alphabet “N” was provided. Firstly, the index finger on the left
hand was moved to contact with the middle finger to trigger the click
function and the generated real-time output is marked as step one in
Fig. 5(d). Then the right-hand index finger was bent up and stayed at
this position for a short period to write a straight line as demonstrated
in Fig. 5(e–i). The corresponding detected signal from sensor 1 is
marked as step two in Fig. 5(d). As shown in Fig. 5(e-ii), the sensor 2
and sensor 3 were triggered at the same time through bending the index
finger while touching with the middle finger to move the pencil in a
diagonally downward direction in step three. Correspondingly, a

negative voltage can be detected in both channel 2 and channel 3 as
marked by the blue circle in Fig. 5(d). In step four, a same gesture with
the step two was performed to finish the right straight line of “N” as
demonstrated in Fig. 5(e-iii). Lastly, the sensor 6 staying at the con-
tacted state during the whole period was released to stop the click
function. Similarly, by combining with different hand gestures, other
alphabets can also be written in the same way. A video demo of al-
phabet writing with the glove-based interface can be found in Video S6
(Supporting Information). Hence this glove-based interface works well
as an alternative choice for the existing control interfaces to provide a
simple and intuitive operation approach at situations where the rigid
and bulky interfaces are in lack or hard to carry. Besides, it is also
highly beneficial for people in some special situations where their hand
may be too weak to operate the existing control interfaces.

Supplementary material related to this article can be found online at
doi:10.1016/j.nanoen.2019.01.091.

6. Conclusion

In this study, a glove-based HMI is fabricated towards diversified
applications ranging from 2D/3D control, game control, to cursor
control in real/cyber space. A minimalist design based on the tribo-
electric nanogenerators in two configurations is proposed to balance the
requirement on the full functionality and the easy to hands-on opera-
tion scheme. We have successfully demonstrated using the glove-based
interface to control an aircraft in a shooting minigame. We have also
controlled a real toy car run at all the directions on the ground wire-
lessly with different speeds through controlling the bending angles or
the contacting forces. Similarly, a drone is also successfully controlled
to fly and move in the 3D space with two more sensors embedded. With
the additional sensors endowed with other defined functions, the ex-
panded glove-based interface has also been demonstrated to mimic the
same function of a mouse. Benefit from the minimalist design, this
glove-based control interface could be easily produced in large scale
due to the simplified device structure and its low-cost fabrication pro-
cess. Looking forward, this wearable glove-based interface could be
incorporated into more applications to provide a more intuitive, simple,
yet power-compatible control method.

7. Experimental section

7.1. Fabrication of the glove-based interface

Firstly the as-purchased PEDOT:PSS solution was doped with 5 wt%
DMSO solution to further improve its conductivity, and then the doped
PEDOT:PSS solution was diluted by DI water to a weight percentage of
12.5% in the coating solution. The PEDOT:PSS functionalized textile
was first fabricated with the dip coating method where the cotton
textile was soaked in the PEDOT:PSS solution for 10min for full ab-
sorption. Then the wet textile was put into an oven and baked for at
least 30min at 80 °C until it was fully dried. The next step was to
prepare the silicone rubber thin films. After dispensing required
amounts of Parts A and B of the EcoFlex™ 00-30 into a mixing container
(1 A:1B by volume or weight), the blend was mixed thoroughly for
3min, and then paint the mixed solution onto the plain glove at the
desired locations followed by a 20-min baking at 70 °C for curing.
Lastly, the PEDOT:PSS coated textiles are fixed on the glove by
stitching.

7.2. Characterization of the textile-based sensors

Open-circuit voltage and short-circuit current measurement were
conducted by connecting the output signal to a Keithley Electrometer
(Model 6514), and the signals are displayed and recorded with a DSO-
X3034A oscilloscope (Agilent). The speed of the finger movement is
measured by a high-speed camera. To generate stretching motion with
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controllable speed, a linear motor connected to a programmable
Arduino UNO was used.
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