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Abstract

Olfactory plays an important role in virtual reality technology. In this work, a

bionic fibrous membrane (BFM) integrated with the function of electrostatic

field accelerated evaporation (EFAE) is applied for realizing the virtual olfac-

tory generation (VOG) system. The BFM is capable of self-driven unidirec-

tional liquid transmission and EFAE process is induced on BFM by using an

ultrafast voltage-elevation triboelectric nanogenerator (UVE-TENG). The out-

put voltage from UVE-TENG can reach 8 kV within 40 ms, which is enough to

maintain all of the functions of VOG system. Meanwhile, the output current

from UVE-TENG is smaller than 1 μA, leading to a safe and human compati-

ble system. The flow rate of the volatile liquid spray from the system emitter

can reach 0.1 μl/s, and the average evaporation rate of the BFM device with

integrated EFAE function is 0.12 mg/s. Accordingly, the user of this VOG sys-

tem can feel the generation of odor within 3 s, while the switching of different

odor channels can be wirelessly controlled by a mobile phone. This VOG sys-

tem enhances the user's immersive and interactive experience for virtual real-

ity technology. The similar system composed of UVE-TENG, reed switch, BFM

and EFAE devices also has potential application value in assisted breathing

treatment and nasal delivery.
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1 | INTRODUCTION

Virtual reality (VR) and augmented reality (AR) technology
constructs a communication channel between the real
world and the metaverse, giving users an immersive,

interactive, and imaginative simulation experience.1–3 In
order to recreate a complete virtual environment, olfactory
is also an inevitable element. Compared with visual and
auditory perception, olfactory generation has many unique
requirements, such as high sensitivity, inertia, repeatability,

Received: 12 July 2022 Revised: 22 September 2022 Accepted: 16 October 2022

DOI: 10.1002/eom2.12298

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, provided

the original work is properly cited.

© 2022 The Authors. EcoMat published by The Hong Kong Polytechnic University and John Wiley & Sons Australia, Ltd.

EcoMat. 2022;e12298. wileyonlinelibrary.com/journal/ecomat 1 of 15

https://doi.org/10.1002/eom2.12298

 25673173, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/eom

2.12298 by C
as-B

eijing Institution O
f, W

iley O
nline L

ibrary on [31/10/2022]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://orcid.org/0000-0002-0711-0275
https://orcid.org/0000-0002-5530-0380
mailto:chenxiangyu@binn.cas.cn
mailto:zhong.wang@mse.gatech.edu
mailto:zhong.wang@mse.gatech.edu
http://creativecommons.org/licenses/by/4.0/
http://wileyonlinelibrary.com/journal/ecomat
https://doi.org/10.1002/eom2.12298
http://crossmark.crossref.org/dialog/?doi=10.1002%2Feom2.12298&domain=pdf&date_stamp=2022-10-30


and individual differences.4–7 Adding an olfactory simulator
to the traditional audio-visual virtual environment not only
enhance the authenticity of the immersion experience, but
also provide an additional method to manipulate people's
emotion and memory.8–11 On the other hand, as a typical
self-powered device, triboelectric nanogenerator (TENG)
has excellent controllability, portability, and safety, which
can be widely used in all kinds of human wearable
devices.12–21 The combination study of TENG and VR/AR
equipment has also drawn notable attention, where TENG
can serve as the sensory element or the energy module for
the VR/AR system. In the past 2 year, a series of applica-
tions of TENG device as the somatosensory interaction
interface,22–24 virtual tactile stimulator,25–27 and manipula-
tor of virtual objects28–30 have been rapidly reported. There-
fore, TENG technique may also provide a different
approach for promoting the development of virtual olfac-
tory technology.

Typically, there are four types of odor generation
methods for virtual olfactory devices: free emission,31

card-based heating,32 surface acoustic wave atomization,33

and gas injection.34 However, these methods all have their
own limitations, such as the slow response speed of the
free emission, the poor compatibility of the card-based
heating system, the high working noise of acoustic atomi-
zation device, and the large size of gas injection apparatus.
Alternatively, Electrospray (ES) is a liquid atomization
technology similar as acoustic atomization, which
may also satisfy the purpose of odor generation. However,
the ES device usually requires high-voltage power source
and its safety is challenging for the human-wearable
applications.35–41 In this case, considering the high-voltage
and low-current characteristics of TENG, it provides an
opportunity to establish a safe and effective human-
wearable ES device. It is worth noting that high-voltage
also has a benign effect on the evaporation of water. The
introduction of the high electric field effectively reduces
the free energy barrier of water evaporation and increases
the flux of evaporated water molecules.42–47 Accordingly,
the odor can be carried by the mist droplets and diffusion
rapidly with the ultrafast evaporation of the droplets.
Therefore, the TENG can be used as a special power
source to control the rapid ejection and fast evaporation of
volatile liquids, which may realize a different approach for
the virtual olfactory technology.

In this work, a self-powered virtual olfactory genera-
tion (VOG) system is realized based on an ultrafast
voltage-elevation TENG (UVE-TENG) with charge accu-
mulation principle, which can precisely control the gen-
eration, mixing and diffusion of different odor. The core
element of the system is a bionic fibrous membrane
(BFM) with the functions of unidirectional liquid trans-
mission and electrostatic field accelerated evaporation

(EFAE). The output voltage from UVE-TENG almost
instantly reaches few thousand volts and the related out-
put current is still at microampere level, which is enough
to drive the VOG and also maintain its safety to human
skin. This VOG system has two operation chambers sepa-
rated by a BFM, where the ES devices are in the front
chamber and the EFAE process is occurred in the back
chamber. By applying different perfume solution to ES
device, the VOG system can provide diversified olfactory
information interacting between virtual environment and
users. Hence, this VOG system can undertake the olfac-
tory interaction for various VR/AR system and it is also
expected to be used for intelligent medical treatment and
gas mask.

2 | RESULTS

2.1 | The overall design and working
mechanism of the VOG system

In order to establish the interactive experience between
virtual environment and users, the VOG system is inte-
grated into a wearable mask, as shown in Figure 1A. The
mask completely covers the nose area of the human face
to ensure that the generated odors can enter the user's
nasal cavity smoothly. The mask contains two groups of
odor generating devices, which are located on both sides
of the nasal dorsum. At the same time, the odor generat-
ing devices are not in contact with the nose, to ensure the
wearing comfort of the mask and minimize the impact
on the normal physiological activities of the human body.
Each group of odor generating devices includes four ES
units targeting at a BFM as the liquid receiver. The BFM
is fabricated by electrospinning method to improve the
efficiency of mist droplet phase transition. Compared
with the traditional single-layer quick drying materials,
the prepared BFM have excellent characteristics such as
rapid absorption of droplets and self-driven unidirec-
tional water transmission. Then, a spherical electrode is
placed on the skin surface of the nose, in order to guide
the EFAE process. The whole device is driven by the
high-electrostatic field from UVE-TENG, while the gen-
eration, mixing and diffusion of odor can be precisely
adjusted by the multi-channel switch module. Two opera-
tion chambers separated by BFM receiver are designed
for VOG system and the generated gas molecules finally
enter the human nasal cavity through three stages, as
shown in Figure 1B. The ES process happens in the front
chamber, where the perfume solution firstly accumulates
at the emitter tip owing to the wicking effect and then, is
sprayed onto the receiver under the action of high-
voltage electrostatic field. Due to the surface energy
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difference of each side of the BFM receiver, the perfume
solution quickly penetrates and spreads on the BFM.
After that, in the back chamber, the perfume solution on
the BFM evaporates rapidly under the drive of EFAE pro-
cess and then, the generated odor can be quickly received
by the human nose at the exit of back chamber, leading
to the virtual olfactory experience. The double chamber
structure can also effectively block the natural emission
process of odor from the emitter, leading to a highly con-
trollable generation process of different odor.

2.2 | Penetration and spreading of the
liquid in the BFM

As shown in Figure 1B, two operation chambers of the
VOG system are separated by a BFM film. The BFM is
capable of self-driven unidirectional liquid transmission
and it is composed of three layers of different fiber
membranes, which are polypropylene spun-bond non-
woven fabric (PP-SBNF), polyacrylonitrile-based carbon
fiber membrane (PAN-CFM) and polyvinylidene fluoride
fiber membrane (PVDF-FM), respectively (see Figure 2A

[i]). The preparation process of the BFM is shown in
Figure S1 and explained in detail in the methods section,
while the surface SEM images of three fiber membranes
are exhibited in Figure 2A (ii–iv). The distribution of pore
size of three fiber membranes are designed to follow
Murray's law. The PP-SBNF has an average fiber diame-
ter of 20 μm and an average pore size of 100 μm (macro-
sized pores), which are bigger than PAN-CFM (micron-
sized pores, average fiber diameter is 250 nm and average
pore size is 1.5 μm) and PVDF-FM (sub-micron-sized
pores, average fiber diameter is 120 nm and average pore
size is 700 nm). Further, the wider range of SEM images
of the material surface are shown in Figure S2 to show
the distribution of pores in different fiber membranes.
Figure 2B illustrates the spatial arrangement of different
materials in the BFM. It is important to note that PAN-
CFM is a conductive film and thus, BFM can also serve
as the electrode during ES and EFAE process. Equally
notable is that according to the Laplace equation, nar-
rower pores and a higher degree of super wettability can
increase the capillary force to enhance the penetration
and spreading of liquid in capillary pores. Therefore, in
order to achieve unidirectional liquid transmission, the

FIGURE 1 The concept and

working mechanism of VOG system.

(A) Schematic diagram of the

application scenario of the VOG system

in VR/AR, showing the wearing effect

and internal structure of the VOG

system. (B) Operation mechanism of the

VOG system, including (i) the ES

process between the emitter and

receiver, (ii) the penetration and spread

of the sprayed droplets on the BFM, and

(iii) the EFAE between the receiver and

the nose.
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surface energy gradients of three fiber membranes are
further modified, as described in the methods section.
The contact angle change of the three fiber mem-
branes before and after hydrophilic treatment is
shown in Figure 2C and Figure S3. Then, the trans-
mission process of water in three modified monolayer
fiber membranes is tested, as depicted in Figure S4.
The experimental result indicated that droplet (vol-
ume: 15 μl) spread in different degrees on each fiber
membrane surface with a certain degree of penetra-
tion. This process is mainly dominated by the Laplace
pressure between the fiber membranes. On the other
hand, the spreading area of the same volume of water
on PP-SBNF, PAN-CFM, and PVDF-FM gradually
increases, as described in Figure S5, suggesting that
the pore size of capillary channels has a pivotal influ-
ence on water spread. The photos of BFM prepared
from the three-layer fiber membrane are illustrated in

Figure S6. When the water is on the top side of BFM,
owing to the surface energy difference between each
layer of fiber membrane, it quickly penetrates from
PP-SBNF to PVDF-FM as well as forming spreading
simultaneously, and the spreading area enlarges
with the increase of the volume of water (Figure S7).
Combining the above discussion, the transmission proce-
dure of liquid inside BFM can be analyzed in the vertical
and horizontal directions. In the vertical direction, since
the gradual reduction of pore size, the pressure difference
between the upper and lower ends can be analyzed by
the conical model, as shown in Figure S8(A). According
to the Laplace equation, the capillary pressure differ-
ence between PP-SBNF and PAN-CFM ΔP1ð Þ can be
expressed as:

ΔP1 ¼ 4γ � cosθ2
DPP�SBNF

� 4γ � cosθ1
DPAN�CFM

, ð1Þ

FIGURE 2 Design and characterization of BFM. (A) SEM image of BFM with three-layer structure. (i) The cross-sectional images of

BFM. (ii–iv) SEM images of PP-SBNF (ii), PAN-CFM (iii), PVDF-FM (iv). (B) Schematic diagram of BFM. The direction of the arrow

indicates the transmission direction of the droplet on the BFM. (C) Contact angle of fiber membranes before and after hydrophilic treatment,

(i-iv) contact angle images of PP-SBNF top (i), PP-SBNF bottom (ii), PAN-CFM (iii) and PVDF-FM (iv) after hydrophilic treatment.

(D) Infrared thermal images on BFM during water evaporation (droplet volume: 15 μl), when the temperature returns to the ambient

temperature, the water is considered to be completely evaporated.
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where θ1 and θ2 are the contact angle of PP-SBNF and
PAN-CFM respectively, DPP�SBNF and DPAN�CFM are the
pore diameters of the two fiber membranes, γ is the water
surface tension coefficient. At room temperature, the ΔP1

between PP-SBNF and PAN-CFM is 0.19MPa, and simi-
larly, the ΔP2 between PAN-CFM and PVDF-FM inter-
face is 0.22MPa, indicating that the water transport in
the vertical direction is an unidirectional transmission
process. In addition, owing to the horizontal Laplace
pressure, water can spread rapidly along the fiber
channel in the horizontal direction, as shown in
Figure S8(B) (see Movie S1). Compared with PP-SBNF
and PAN-CFM, PVDF-FM have higher permeation and

diffusion driving force for liquid as well as larger specific
surface area, indicating a faster water evaporation rate
(Figure S9).Therefore, the BFM prepared by selecting
three kinds of film arrangements can effectively improve
the response speed of the device through the action
of Laplace pressure. In order to characterize the water
evaporation on the BFM, the infrared camera is used
for detecting the temperature change of the BFM
(Figure 2D). The water droplet (volume: 15 μl) drops
upon the BFM and the whole evaporation process
takes 225 s with an evaporation of 0.07mg/s (ambient
temperature: 20 �C, wind scale: 0), showing the quick-
drying characteristics of the BFM.

FIGURE 3 The structure and electrical characteristics of the UVE-TENG. (A) Structural diagram of UVE-TENG. (B) The open-circuit

voltage output during the counterclockwise step rotation of the disc. Upper left inset: diagrammatic sketch of disc rotation. Lower right

illustration: voltage output curve of one cycle, which is divided into voltage holding stage (i) and voltage rise stage (ii). (C) Open-circuit

voltage output by UVE-TENG under different disc rotating speed. (D) UVE-TENG output stability test (the disc speed: 1200 rpm). (i) Startup

characteristics of UVE-TENG. (ii) The photograph of UVE-TENG. Scale bar: 3 cm. (iii) Detail drawing of UVE-TENG output waveform.

(E) Response of UVE-TENG open-circuit voltage to the electrode center angle (disc speed is 1200 rpm). Lower left inset: schematic diagram

of circle center angle of sector electrode. Upper right illustration: image of discharge between spherical electrodes driven by UVE-TENG.

Scale bar: 5 mm. (F) Dependence of output voltage, current and peak power on different resistive loads.
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2.3 | Configuration and output
performance of the UVE-TENG

As the energy source of the VOG system, the structure of
UVE-TENG is illustrated in Figure 3A. The power gener-
ation part is mainly composed of triboelectric films with
opposite electrification polarity (Kapton and Nylon),
double-sided disc electrodes, conductor pole, and output
terminals. Polymethylmethacrylate (PMMA) acts as the
supporting component to ensure structural stability dur-
ing operation. The top and bottom of the disc are
arranged 30 sector electrodes with a central angle of 5�

(top and bottom electrodes), which are driven by a brush-
less motor for high-speed operation. It is worth noting
that the electrodes on both sides are not completely coin-
cident in space, but there is a certain angle dislocation.
The conductor pole and output terminals locate above
the top electrode and keep effective contact with the top
electrode array to continuously transfer and transmit
charges. The sponge lays under the triboelectric films to
ensure full contact between the bottom electrode of the
disc and the triboelectric films. When the disc rotates
clockwise, the bottom electrode array of the disc slides
relative to Kapton and Nylon. Due to the triboelectric
electrification and charge transfer between the dielectric
layers and the electrodes, the surface charge density of
the dielectric layer remains saturated. Simultaneously,
the angular dislocation exists between the top and bot-
tom electrodes, so there is not much effect between the
charges on the top and bottom electrodes. On this basis,
electrodes A and B are selected as research objects to
explore the voltage output mechanism of UVE-TENG, as
depicted in Figure S10. According to the contact electrifi-
cation principle and charge transfer characteristics, the
electrification process of UVE-TENG can be divided into
four stages. In stage i, the disc rotates clockwise and the
electrodes A and B do not enter the area where the
dielectric layers are located. At this time, the electrodes A
and B are not in contact with the conductor pole and the
UVE-TENG has no voltage output. In stage ii, electrodes
A and B rotate above Nylon and Kapton respectively, and
negative and positive charges are induced on electrodes
A and B respectively owing to electrostatic induction. At
this moment, there is directional movement of charges
on the conductor pole to keep electrostatic balance.
When in stage iii, the conductor pole locates in the gap
between the top electrodes and the charges on electrodes
A and B continue to maintain. Similarly, new induced
charges accumulate in the subsequent electrodes. Then,
in stage iv, with the continuous rotation of the disc,
surfaces of the electrodes A and B contact the output
terminals, and their surface charges are output outward
to generate current in the external circuit. Therefore,

neglecting charge leakage, the output voltage of UVE-
TENG VOC tð Þð Þ can be expressed by the following
equation:

VOC tð Þ¼ 2NfqRair 1� e�
t

RairCA

� �
, ð2Þ

where N is the number of sector electrodes in the top
electrode array, f is the rotation frequency of the disc, t is
the rotation time, q is the amount of charge on a single
sector electrode, CA is the capacitance between two out-
put terminals, and Rair is the air resistance air resistance
between output terminals (The detailed deduction pro-
cess of the above equation is displayed in note S1).
Hence, the UVE-TENG output voltage increases with the
amount of accumulated charges, but there is a saturation
process due to the charge leakage phenomenon. When
the charge generation and leakage reach a balance, the
output voltage maintain a relatively stable output state.
Figure 3B shows the voltage output curve of UVE-TENG
during step rotation, where the output voltage appears a
step-by-step elevation (see Figure S11). With the rotation
of the TENG, the output terminals alternately pass
through the top electrodes and two stages of output sig-
nal are periodically presented, which are voltage holding
(i) and voltage rising (ii). The experimental results in
Figure 3C show that the output voltage of UVE-TENG
increase with the rise of rotating speed (the output volt-
age of UVE-TENG can reach 13.38 kV at 1900 rpm). How-
ever, when the rotating speed increases, the charge
leakage of top electrode becomes more serious. Thus, the
output voltage may reach a saturated value based on the
dynamic balance of charge accumulation and charge
leakage. The longtime running test of UVE-TENG are
illustrated in Figure 3D, where the speed of brushless
motor is controlled to 1200 rpm (the output voltage is
8 kV). The output voltage of UVE-TENG remains stable
after 1400 s test time. The scanning electron microscopic
(SEM) images of the two dielectric films before and after
the test are shown in Figure S12. It can be seen from
Figure 3D (i) that the voltage output of UVE-TENG
increases rapidly to about 8 kV within 40ms, indicating
its instantaneous response capability. Similarly, when the
disc stops rotating, the voltage output curve of UVE-
TENG is illustrated in Figure S13. Further, the impact of
the center angle of the sector electrode on the voltage
output is also discussed, as shown in Figure 3E. With the
center angle increases, the charge transfer frequency
decreases rapidly, resulting in the decrease of output volt-
age. Figure 3F shows the change of open-circuit voltage
and short-circuit current of UVE-TENG with external
resistance. It can be seen that the power curve of the load
shows a trend of first increase and then decrease, which
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is consistent with the volt-ampere characteristic curve of
the resistance property. Meantime, the output current is
always below 1 μA, indicating the high safety for the

human involving applications. When the matching resis-
tance is 9 GΩ, the maximum peak power of 0.25mW can
be obtained.

FIGURE 4 The structure analysis, operation process and parameter control of ES and EFAE devices. (A) Working principle of single ES

and EFAE devices. (i) Schematic diagram of ES and EFAE devices operation process. (ii) Structure representation of the components of the

ES device. Inset: the photograph of the assembled ES device. Scale bar: 1 cm. (B) Four channels control of the output voltage of UVE-TENG

(the disc speed: 1200 rpm). (i) Comparison of the voltage waveform before and after UVE-TENG startup with the reed switch opens.

(ii) Detail drawing of the voltage waveform after the reed switch closes. (iii) After the reed switch opens, the falling curve of UVE-TENG

output voltage. (iv) Physical picture of the multi-channel switching module, scale bar: 3 cm. (C) Jet photo at the emitter tip, 4 jets appear at

the same time (driving voltage: 5 kV). Inset: detail drawing of the tip. (D) Response of the spray area on the receiver to the distance (det)

between the emitter tip and the receiver. Lower left illustration: schematic diagram of the det, and the sectional view of the ES device shows

the internal structure after assembly. Upper right inset: photograph of a receiver sprayed with blue ink. (E) Dependence of the spray area on

the angle of the emitter tip. (F) The time required for the water (volume: 2 μl) on the receiver to evaporate completely under different

electrostatic voltages. The series voltage divider is used to obtain the low voltage output of UVE-TENG. Lower left inset: infrared thermal

imaging comparison on the receiver with the high-voltage electrostatic field off and on. Upper right illustration: Simulation of voltage

distribution between receiver and spherical electrode.
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2.4 | Design and implementation of ES
and EFAE devices

The ES and EFAE processes of odor solutions occurs in
the front and back chambers respectively and the whole
working process is shown in Figure 4A (i). As illustrated
in Figure 4A (ii) the ES device is consisted of a shell
manufactured by resin 3D printing, an inner cylinder
and a polypropylene (PP)-polytetrafluoroethylene
(PTFE)-based emitter, while the PAN-CFM inside BFM
works as the receiver electrode. The inner cylinder can
store 0.2 ml of the perfume solution each time
(Figure S14, the detailed preparation process is
explained in methods section). To realize the electronic
control of multiple ES emitters, a wireless multi-channel
switching module based on high-voltage electrostatic
management is designed (Figures 4B, S15, and S16),
adapting the reed switch as the basic control unit. The
reed switch is a passive electronic switching element
with contactors, which uses inert gas to seal two elastic
reeds in a glass tube. When the external magnetic field
acts around the glass tube, the two reeds in the tube are
magnetized and attract each other, and the contactors
on the reeds are pulled in to switch on the circuit. After
the external magnetic field disappears, the two reeds are
separated due to their elasticity to disconnect the line.
The controllable switching voltage of the reed switch
used in this work can reach 20 kV, which is enough to
work with the output signal from UVE-TENG. Further-
more, the opening and closing of the external magnetic
field of the reed switch are controlled by WIFI wireless
communication and thus, a communication interface
for regulating the ES processes is realized based on
cloud communication platform and intelligent mobile
devices. The on–off control test of the multi-channel
switching module for the voltage output of the UVE-
TENG is illustrated in Figure 4B. Here, the output signal
from UVE-TENG can be well managed by the reed
switches and the enlarged curve of the output signal can
be seen from Figure 4B (i–iii). When the reed switch
closes, the measured voltage rises rapidly to 7.5 kV
(channel 2) within 0.661 s. Then, after the reed switch
opens, the measured voltage drops from 8 kV to 4 kV
within 15 s, and finally dropped to 0 V after a period
of time.

In the process of ES, the emitter plays a decisive role
in the spraying and atomization of the liquid. Hence,
based on the microfluidic technology of porous media, a
PP-PTFE-based emitter is applied to this work
(Figures S17, S18), which is composed of PP coarse skele-
ton covered by PTFE fibers. The liquid flow rate of the
emitter can be explored by the capillary model of porous
media. According to the Washburn equation,48 the

moving speed ϑLð Þ of the liquid-front on PP-PTFE-based
emitter can be expressed as:

ϑL ¼ 1
4
�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
D2

h

Dc
� γ � cos θð Þ

μt

s
, ð3Þ

where γ is the liquid surface tension, θ is the contact
angle, μ is the liquid viscosity, Dc is the capillary pore
diameter, Dh is the hydraulic pore diameter, t is the time
(see note S2 for the derivation process). Further, the volu-
metric flow rate on the emitter can be expressed as:

QL ¼
1
4
Aα �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
D2
h

Dc
� γ � cos θð Þ

μt

s
, ð4Þ

where A, the cross-sectional area of the emitter, α, the
ratio of capillary channel area to cross-sectional area. It
can be found that the volumetric flow rate on the emitter
is related to the shape and liquid properties of the emit-
ter. Through the wicking experiment of the rectangular
emitter (long: 35mm, wide: 3mm, and thick: 0.15mm),
the average volumetric flow rate of the perfume solution
in PP-PTFE-based emitter is 0.21 μl/s. Therefore, in this
work, the volume flow at each cross-section of the emit-
ter tip (QLi) can be expressed as:

QLi ¼
si
s
�QL, ð5Þ

where s is the width of the emitter (3mm) and si is the
width of each cross-section. Usually, the liquid forms a
Taylor cone at the capillary port under the combined
action of surface tension and electric field. However, the
electric field produced by UVE-TENG is quite high and
the Taylor cone is no longer stable, resulting in the trickle
ejected from the cone tip. Then, the repulsion between
the same kind of charges decomposes the trickle into
smaller mist droplets. It should be noted that there is a
turn-on voltage (VON ) in the process of ES,49 which can
be expressed as:

VON ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Dcγ cos θð Þ

4ε0

s
� ln 4ser

Dc

� �
, ð6Þ

where Dc is the capillary pore diameter, ser is the distance
from the emitter tip to the receiver, γ is the liquid surface
tension, ε0 is the dielectric constant of air, θ is the degree
of Taylor cone half angle (49.3�). On the other hand,
UVE-TENG voltage management can be realized by
adjusting the disc rotation frequency. Hence, according
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to equation (1), the minimum rotation frequency of disc
(f min ) can be expressed as:

f min ¼
VON

2NqRair 1� e�
t

RairCA

� � , ð7Þ

In this work, the distance between the electrode end
and the capillary emitter tip is still a certain distance.
Therefore, when the distance between the emitter tip and
the receiver is 5 mm, the turn-on voltage of the ES is at
least 4 kV. At this time, the image of ES driven by UVE-
TENG is illustrated in Figure 4C (see Movie S2) and it
can be seen that the ejected stream has four branch at
the same time (see Movie S3), due to the randomly dis-
tributed microchannels inside the PP-PTFE emitter.
Combined with Equations (4) and (5) above, the initial
droplet diameter of ES can be expressed as:

re ¼ ρ

4π2γ � tan π
2�θ
� � � VA

VON

� �2
�1

	 

0
BB@

1
CCA

1
3

� Qtð Þ23, ð8Þ

where ρ is the density of the liquid, θ is the degree of Tay-
lor cone half angle (49.3�), γ is the liquid surface tension.
The VA and VON are the actual operating voltage and the
ES turn-on voltage respectively. Qt is the volumetric flow
rate at the emitter tip and the initial droplet size can be
obtained at the micron scale. Here, the final spray area of
the receiver is determined by using an evaluation index
(colored dyes are added to the perfume solution in this
process). When the output voltage of UVE-TENG is 8 kV,
the impact of the distance between the emitter tip and
the BFM receiver is shown in Figure 4D and the influ-
ence of voltage on the spray area are illustrated in
Figure S19(A). The rising of voltage can increase the liq-
uid volume emitted by ES, while the excessive increase of
voltage may lead to the discharge between the emitter
and the receiver. Similarly, the change of the area on the
receiver with time is shown in Figure S19(B), from which
it can be seen that the sprayed volume of the emitter tip
is about 1 μl within 10 s (the ejection flow is 0.1 μl/s on
average). The angle of the emitter tip also has a certain
impact on the final spray area (Figure 4E), which is
rather a minor effect. Meanwhile, in order to meet the
spatial layout requirements of VOG system, the effect of
the rotation angle of the single ES device on the spray
area is verified, as depicted in Figure S20.The EFAE pro-
cess is occurred in the back chamber between the BFM
receiver and the spherical electrode (diameter: 0.5mm)
pasted around the nasal cavity. During the EFAE process,

the high-voltage electrostatic field can reduce the free
energy of phase transition and improve the evaporation
efficiency (see Movie S4). The effect of high-voltage elec-
trostatic field on the perfume solution evaporation can be
quantified from the perspective of molecular dynamics.
According to the activated Arrhenius expression, the effect
of high-voltage electrostatic field on the perfume solution
evaporation can be expressed as:

J ¼Ae
�Ea�α Ej j

kBT

� �
, ð9Þ

where J is the evaporation flux of solution molecules, A
is the system reference constant, kB is the Boltzmann
constant, T is the ambient temperature during evapora-
tion, Ea is the free energy during liquid evaporation, α is
the parameters related to the high-voltage electrostatic
field, and E is the electric field intensity. Obviously, the
effect of EFAE is affected by the voltage at both ends of
the device and the distance between two electrodes. The
rising of voltage shortens evaporation time of the per-
fume solution on the BFM receiver (Figures 4F, S21).
When the high-voltage electrostatic field is applied, the
temperature of the central part of the liquid on the infra-
red image drops significantly, indicating that the liquids
are gathered in this area and evaporated rapidly. Com-
pared with the control group, the high-voltage electro-
static field also has a certain inhibitory effect on the
spreading of liquid, which is due to the liquid accumula-
tion caused by electrostatic field. The increase of the dis-
tance between the BFM and the spherical electrode could
weaken the enhancement effect on the perfume solution
evaporation (Figure S22). Then, with the increase of the
liquid volume on the receiver, the evaporation time grad-
ually gets longer (Figure S23). When the electrostatic
voltage is 5 kV and the distance between electrodes is
5mm, the perfume solution evaporation rate can reach
up to 0.12mg/s (ambient temperature: 20 �C, wind scale:
0), which is 70% higher than the evaporation rate without
electrostatic field. The relationship between the odor
intensity perceived by the human body and its concentra-
tion conforms to the Stenvens's power law50:

I¼ k � cng , ð10Þ

where I is the odor intensity perceived by the human
olfactory, cg is the concentration of the spice volatilized
to the air at the sniffer, k is the relative sensitivity of the
human olfactory to the odor, and n is the intensity index.
The concentration of aroma in the nasal cavity can be
analyzed by the double-membrane mass transfer model.
To simplify the model, the perfume solution is regarded
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as an ideal solution with low solute concentration and
water as the main solvent. Then the concentration of sol-
ute in the air inhaled by the human nasal cavity cn can
be expressed as:

cn ¼ Ssβ

4πd2ϑ
� εc0e�εSt

V , ð11Þ

where S is the area of the gas–liquid two-phase interface,
s is the maximum cross-sectional area of the nasal cavity,
β is the inspiratory time, d is the distance between the
nasal cavity and the BFM, ϑ is the single inspiratory vol-
ume of the human body, ε is a parameter related to the
properties of the perfume solution, c0 is the initial con-
centration of the solute, t is the volatilization time and V
is the volume of the perfume solution on the BFM (see
note S3 for the specific derivation process). Hence,
whether people can finally perceive odor is related to var-
ious factors including the nature of the odor itself and
the solute concentration. In the current experiment, we
mainly focus on the application of representative top-
note perfumes for the VOG system. The perfumes of the
top notes are usually volatile liquids with short residence
time and fresh smell and therefore, it is easy to control and
switch the odor in the ES and EFAE devices by using top-
note perfumes. Lemon perfume belongs to the citrus olfac-
tory family and it is a typical top-note perfume solution
with high odor identification. Here, a perfume solution
with lemon odor is applied to study the human perception
of the aroma sprayed by the ES and EFAE device, where
15 volunteers are selected for the test (Figure S24, see the
Methods section for the test method) and the sprayed vol-
ume from the emitter tip is about 1 μl. In this work, the
olfactory responses of volunteers are tested according to
the relevant standards of the Chinese Smell Recognition
Test (CSIT) and a lemon perfume solution with 1 wt% is
finally selected as the test solvent (Figure S25, see note S4
for the experiment methods, and Tables S1, S2, S3, S4, S5,
S6, S7, S8, S9, S10 show the statistical results). In the
single-channel spray experiment, after the EFAE is turned
on, the subjects feel the presence of the aroma in about
3.1 s on average. At the same time, the subjects generally
cannot feel the aroma after 5.16 s, which is caused by the
complete evaporation of the perfume solution on the
receiver.

2.5 | Multi-channel verification and
system application

Figure 5A shows the diversified applications of this VOG
technique consisting of UVE-TENG, reed switch, BFM

and EFAE devices. In addition to odor generation, the
similar system is also expected to play a vital role in
assisted breathing treatment and nasal delivery. Even
though its operation voltage is few thousands volts, this
VOG system still has superior human-friendly character-
istics due to the low output current from UVE-TENG,
which allow it to be integrated into various masks. The
wearing performance and detailed structure of the mask
are shown in Figures S26 and S27, respectively. The spray
processes of multi-channel ES driven by UVE-TENG is
demonstrated in Figure 5B (distance between the emitter
tip and the receiver is 5 mm), which proves the stability
of the 4-channels operation. Meanwhile, it can be seen
that with the rising of driving voltage, the spray area also
increases accordingly, which verifies the controllability of
the injection volume of the liquids through UVE-TENG
voltage. Furthermore, in the high-voltage electrostatic
field, the variation of the spray area with the distance
between the emitter tip and the receiver is illustrated in
Figure 5C. It can be seen that the ES result has an opti-
mal distance, which is about 6 mm with rotation speed of
1300 rpm of UVE-TENG. Furthermore, UVE-TENG can
respectively drive different emitters through channel
switching (Figure 5D), which confirms the reliability of
UVE-TENG. On the other hand, the liquid evaporation
effect of the four areas on the receiver in the multi-
channel working mode is tested (Figure 5E). Since the
spatial position of the spherical electrode on the outer
surface of the nasal cavity is not completely symmetrical
relative to the four areas, the evaporation time of the liq-
uid on the four areas is different. The wireless control-
ling process of the 4-channel ES by mobile devices is
illustrated in Figure 5F. When the mobile phone inter-
face is set in the sequence of channel 1, 2, 3, 4, the liquid
carried by each channel sequentially appears on the
receiver, and the response speed of ES is related to the
WIFI signal intensity and transmission distance. Simi-
larly, the 2-channel ES process diagram is shown in
Figure S28. Figure 5G illustrates the evaporation process
of the liquid on the BFM receiver with the help of high-
voltage electrostatic field, and the liquid spread on a sin-
gle channel evaporates completely after 5 s (ambient
temperature: 20 �C, wind scale: 0), confirming the rapid
evaporation characteristics (see Movie S5). The interac-
tion performance between the VOG system and the user
is further tested (Figure S29), and the results indicate
that during the operation of the entire system, the users
can feel the change of odor on each channel in about 3 s
on average. The integrated design of BFM and EFAE
ensures that the odor can be released quickly, indicating
the great potential of the VOG system in practical
application.
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3 | DISCUSSION

In summary, an integration of a VOG system into a wear-
able mask is proposed and investigated, in which the
high-voltage electrostatic field generated by UVE-TENG
serves as the power source. The double chamber struc-
ture is applied for VOG system separated by BFM, while
the ES and EFAE occur in the front and back chambers
respectively. The porous media based on PP-PTFE is used
as the emitter in the ES device and the spray flow rate of
the perfume solution can reach 0.1 μl/s on average under

the drive of high electrostatic field. A BFM based on Mur-
ray's law is fabricated as receiver, which is composed of
PP-SBNF, PAN-CFM, and PVDF-FM, and the pore size
distribution of these fiber films are respectively in the
scale of macro-, micron-, and sub-micron-. The sprayed
droplets penetrate and spread rapidly on the BFM due to
the Laplace pressure and the water evaporation rate on
the BFM can reach 0.07 mg/s at ambient temperature of
20�C. Further, the EFAE rate of perfume solution reaches
up to 0.12 mg/s with the output voltage of 5 kV from
UVE-TENG. When lemon perfume, a typical top-note

FIGURE 5 Verification and experiment of multi-channel ES and EFAE devices. (A) Application scenario of basic units composed of

UVE-TENG, reed switch, ES and EFAE devices. (B) Response of the spray area of the receiver on each channel to the UVE-TENG output

voltage (the distance between the emitter tip and the receiver is 8 mm). (C) Dependence of the spray area on the receiver on the distance

between the emitter tip and the receiver. (D) Driving state of UVE-TENG for different number of ES devices (UVE-TENG voltage: 8 kV).

(E) Images of ES in the mask through mobile phone control. (F) Photos of EFAE process for a single channel on the receiver in the mask.
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perfume, is selected as the test solution, the users can
feel the change of the generated odor in the back cham-
ber within about 3 s during the operation of the VOG
system. A 4-channels ES device is also applied for the
VOG system, where the changing-over of different odor
channels can be wirelessly controlled by a mobile
phone. The output voltage from UVE-TENG can reach
8 kV within 40 ms, while its output current is at micro-
ampere scale. Hence, for the first time, the ES and
EFAE devices can be safely integrated into wearable
mask, leading to a human compatible system. The pro-
posed VOG system provides a different approach for
improving the immersive and interactive experience of
VR/AR users, which can strength the communication
between the virtual digital world and the real world.
Moreover, the similar system composed of UVE-TENG,
BFM and EFAE devices also can be applied for many
different purposes, including the assisted breathing
treatment, nasal delivery and so on.

4 | METHODS

4.1 | Fabrication of BFM

First, 5 g fatty alcohol polyoxyethylene ether (Model
TF629C, Transfar) was added into 495 g deionized water
and stirred with a magnetic stirrer (Model HJ4A, Xinrui)
for 30 min to prepare the solution. A certain quality of
polyvinylidene fluoride (PVDF) powder (Arkema) was
dissolved in the mixed solution of N, N-Dimethyl
Acetamide (Aladdin) and acetone (Xilong-Scientific)
(The volume ratio is 2:3), and stirred for 5 h under the
condition of water bath heating at 50 �C to prepare PVDF
solution (20 wt%). Then, PVDF-FM was spun on PAN-
CFM (SJ-Technol) surface by electrospinning technology
(Microinjection pump: Model TYD01-01, Leadfluid).
PAN-CFM was fixed on the aluminum flat receiver, and
adjusted to the spinning voltage was 13 kV, the collection
distance was 15 cm, and the flow rate was 5 μl/min to
prepare double fiber membrane. After spinning, remov-
ing the double fiber membranes and soaking it in fatty
alcohol polyoxyethylene ether solution for 15 min, and
then, taking it out and drying under vacuum in a drying
oven at 77 �C for 6 h. One side of the PP-SBNF (Jingtai)
was tightly covered by a layer of adhesive tape. The
masked fabric was placed into a plasma cleaner (Model
IoN 40, PVA TePla) for cleaning (cleaning power: 150 W,
time: 5 min). After plasma treatment, the tape mask was
peeled off from one side of the fabric. The side of PP-
SBNF not covered by adhesive tape was sprayed with
granular glue (Model Super 77, 3 M) to ensure its adhe-
sion, and then the adhesive side of PP-SBNF was pasted

on the surface of PAN-CFM in the double fiber mem-
branes to obtain the BFM.

4.2 | Preparation of an ES unit

The three-dimensional structure of the reservoir was
designed by software (Solidworks 2017, Dassault Sys-
tèmes) and manufactured by 3D printing (Model D133,
Creality). The inner cylinder (Model BI-EP002, BioFount)
was located inside the reservoir, which was made of
PP. The PP-PTFE-based emitter was shape cut by a laser
cutting machine (Model LM-1390, LaserMen), the cutting
power was 10 W, the moving speed of the laser head was
200 mm/s, and the distance between the laser head and
the object to be cut was 7 mm. The emitter entered the
inner cylinder from the circular opening and extended to
the bottom of the inner cylinder, while the emitter tip
was reserved outside the reservoir to realize the ES. The
electrode entered the inner cylinder through the reservoir
and fixed them together. At the same time, there was still
a certain distance between the electrode end and the
emitter tip to avoid discharge.

4.3 | Fabrication of the perfume solution

As a typical top-note perfume, lemon perfume was
mainly composed of D-limonene, and its olfactory thresh-
old was 200 ppb, which had the advantages of fast volatil-
ity and high odor identification. First, 5 g hydrosoluble
perfume (Lemon RuiBo) was added into 495 g of deio-
nized water, and stirred for 1 h under the water bath
heating condition at 30�C. After the stirring was com-
pleted, sealing the beaker containing the solution and let-
ting it stand for 2 h at room temperature to obtain the
perfume solution of 1 wt%. Perfume solutions of other
mass fractions used in typical top-note perfumes response
test are also manufactured according to this procedure.

4.4 | Device fragrance test method for
subjects

A total of 15 (mean age 27.71 years) non-smokers with
birthplaces across mainland China participated in the
main study. They reported to have no respiratory allergy
or upper respiratory infection at the time of testing. Writ-
ten informed consent and consent to publish was
obtained from participants in accordance with ethical
standards of the Declaration of Helsinki (1964). These
volunteers participated in the previous olfactory response
test according to the relevant standards of the Chinese
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Smell Identification Test (CSIT) to prove the normality of
the volunteers' olfactory response and the sensitivity to
the lemon perfume used in the test. The experimental is
carried out at room temperature and windless environ-
ment to reduce the influence of the test environment on
odor. In single-channel ES experiment, spherical elec-
trodes were first attached to the subject's nasal dorsum.
The electrodes attached to the back of the nose did not
affect the olfactory receptors inside the subject's nasal
cavity. Then, the mask was worn on the subject's face
and ensured that there was no direct contact between the
receiver and the nose. With an elastic sling as a means to
connect the mask and the face, this ensures the tightness
of the mask and face fit. The ES device was turned off after
working 5 s, and the electrostatic field between the receiver
and the human body was turned on. Furthermore, the
moments when the subjects perceived the aroma and when
they could not perceive the aroma were recorded. In multi-
channel ES experiments, the test method was the same as
that of single-channel ES experiments, but it should be
noted that each time after completing a channel test, it was
necessary to wait 2 min to relieve the fatigue of nasal recep-
tors, and then continue to next channel test.

4.5 | Fabrication of mask integrated
with VOG system

The half-mask was used as the main structure, while the
flanks, mounting brackets, and receiver supports were
designed with software (Solidworks 2017, Dassault
Systèmes), and the product was fabricated by 3D printing
(Model D133, Creality). The rotary locking structure was
introduced to connect the main body with other compo-
nents as well as the quick-release design was adopted on
the mounting frame to ensure quick replace of reservoirs.

4.6 | Experiment measurement and
characterization

A programmable electrometer (Model 6514, Keithley)
was used to test the transferred charge of UVE-TENG.
The voltage output signal of the UVE-TENG was mea-
sured with an electrostatic voltmeter (Model 341B,
Advanced Energy Industries). The speed tester (Model
6236P, Victor) was used to record the rotating speed of
the disc. The external load of UVE-TENG was simulated
by resistance box (Model MC-21-B, MingCheng) to test
its optimal peak power. The charge and voltage signals
were collected and recorded by the signal acquisition
card (Model USB-6356, National Instrument), and a soft-
ware platform for real-time acquisition, analysis, and

processing of experimental data was built based on Lab-
VIEW (2017, National Instrument). The on–off test of the
reed switch was performed with digital multimeter
(Model 86B, Victor), and record the signal with a com-
puter terminal. The temperature change on the BFM dur-
ing evaporation was observed by the infrared camera
(Model 225 s, Fotric). The contact angles of the three
fiber membranes (PP-SBNF, PAN-CFM, PVDF-FM)
before and after modification were measured by a contact
angle meter (Model CA100C, Innuo). The weight change
during wicking of the porous media-based emitter was
reflected by an electronic balance (BSA224S-CW, Sarto-
rius) to derive the volumetric flow rate of liquid on the
emitter. Ink drop flight test equipment (Dropwatcher,
JexXpert) was used to photograph the ES process at the
emitter tip in the high-voltage electrostatic field. SEM
(Nanosem 450, Nova) was used to study the micro mor-
phology of BFM, PP-PTFE- based emitter and two dielec-
tric films in UVE-TENG.

4.7 | Experiments with human subjects

We have studied the olfactory perception of sprayed per-
fume of seven different subjects. The experiments with
these human subjects have been performed in compli-
ance with all the ethical regulations under a protocol that
was approved by the Institutional Review Board at
Beijing Institute of Nanoenergy and Nanosystems, Chinese
Academy of Sciences. The participants in the odor and
device tests were the authors of the paper and some popu-
lar volunteers. All of us gave written, informed consent
about the experimental procedure.
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