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Abstract
Electrically modulated varifocal liquid lenses, which are usually modulated by an external high voltage power source,
have attracted much attention due to their bright application prospects in artificial optical systems. Here, a triboelectric
nanogenerator (TENG)-based varifocal liquid lens (TVLL) has been demonstrated, in which the focal length can be
directly modulated by external mechanical sliding. A dielectrophoretic force is generated by the TENG through the
transfer of triboelectric charges in the asymmetric electrodes, which is used to continuously change the shape of
the air–liquid interface between concave and convex without any complicated boost converter. Moreover, a
triboelectric magnifying glass based on the accurate modulation effect of the TVLL on a light beam has been
demonstrated. In this work, the TENG is used as a medium to modulate and accurately control the focal length of the
liquid lens by an external mechanical stimulus, which may have great applications in micro-optical-electro-mechanical
systems (MOEMS), human–machine interaction, artificial vision systems, etc.

Introduction
For most artificial optical systems, focal length tuning is

accomplished by varying the spacing between lenses; thus, a
complicated mechanical design and a large space are
indispensable. This is not in accord with the development
trend of simple structures and small sizes for next-
generation portable optical devices. In recent years, the
varifocal liquid lens has attracted great interest due to its
remarkable merits, such as a wide adjustment range, a
simple structure, and a small size1–5. According to the
modulation mode, varifocal liquid lenses can be classified
into two categories. The first mode corresponds to
mechanically modulated liquid lenses whose focal lengths
are modulated by changing the volume of the liquid in the
lens chamber by using a fluid pumping system6–8. The
operation mechanism is simple, but it is sensitive to vibra-
tions in the surroundings and inconvenient for portable
devices. The other mode corresponds to the electrically
modulated liquid lenses whose focal lengths are modulated
by an external high voltage9–12. The advantages of this

mode are its wide adjustment range and lack of a complex
mechanical moving part. However, the high voltage
required for modulation presents new challenges in terms
of power consumption and safety.
In 2012, the triboelectric nanogenerator (TENG) was

invented by Wang’s group, which was derived from the
second term of the Maxwell displacement current13–16. A
TENG can effectively convert tiny mechanical energy into
electricity with high voltage and low current. Recently,
TENGs have successfully served as novel and safe high vol-
tage supplies for various functional devices/systems, such as
tunable MEMS mirrors17, triboelectric micromotors18, liquid
robots19, microplasmas20, electrospinning systems21, micro-
fluidic devices22,23, mass spectrometers24, and air clea-
ners25,26. Therefore, a TENG as a controllable high-voltage
power supply would provide an ideal solution to modulate a
varifocal liquid lens by an external mechanical stimulus,
without any external power supply or complicated boost
converter.
In this work, we developed a triboelectric effect-

modulated varifocal liquid lens (TVLL) in which the
focal length can be directly modulated by external
mechanical sliding. A dielectrophoretic force is generated
by the TENG through the transfer of triboelectric charges
in the asymmetric electrodes, which is used to con-
tinuously change the shape of the air–liquid interface
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between concave and convex without any complicated
boost converter. Moreover, a triboelectric magnifying
glass was demonstrated based on the accurate modulation
effect of the TVLL on a light beam. In this work, the
TENG is used as a medium to modulate and accurately
control the focal length of the liquid lens by an external
mechanical stimulus, which may have great application
potential in micro-optical-electro-mechanical systems
(MOEMS), human–machine interaction, artificial vision
systems, etc.

Results and discussions
Overview of the TVLL
The basic structure of the TVLL consists of a

freestanding-mode TENG and a varifocal liquid lens with
a sandwich structure, in which the two electrodes of the
TENG are directly connected to the upper and lower
electrodes of the liquid lens (Fig. 1a). The proposed liquid
lens has a sandwich structure, and the function of the
spacer is to form an optical liquid chamber with upper
and lower PMMA substrates. The length, width, and
height of the liquid lens chamber are 10, 10, and 1mm,
respectively. As the sliding triboelectric layer of the TENG
is moved by external mechanical stimuli, charges are

transferred from the TENG to the asymmetric electrodes
of the liquid lens, and the shape of the liquid lens is
continuously modulated from biconcave to planar and
eventually to biconvex by the dielectrophoretic forces
generated by the heterogeneous electric field. For the
varifocal liquid lens, the asymmetric electrodes are the key
components that determine whether the focal length can
be modulated by the TENG (Fig. 1a.i and ii shows cross-
sections of the liquid lens). In our study, the asymmetric
electrodes consist of two parallel plate electrodes with
different widths and equal lengths. By applying tribo-
electric charges of opposite polarity on the two parallel
plate electrodes, an inhomogeneous electric field is
formed that gradually decays from the center of the two
parallel plate electrodes to the edges. It is worth noting
that the inhomogeneous electric field is axisymmetric
along the length of the electrodes. This means that the
dielectrophoretic forces acting on the two air–liquid
interfaces of the liquid lens are completely equal,
achieving a dual-sided liquid lens with a wide adjustment
range. Moreover, this structural design also has the
advantages of easy fabrication and low cost.
For the TENG, two dissimilar materials, copper and

fluorinated ethylene propylene (FEP), are selected as the
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Fig. 1 Overview of the triboelectric effect-modulated varifocal liquid lens (TVLL). a Schematic diagram of the TVLL. b Molecular structure of the
PMSO applied in the TVLL. c SEM image of the FEP surface with etched micro/nanostructures. d Photograph of the fabricated TVLL
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frictional layers for triboelectrification. Specifically, the
surface of the FEP film was etched with macro/nanos-
tructures (Fig. 1c) by inductively coupled plasma (ICP),
which could increase the effective surface area and thus
effectively enhance the output performance of the TENG.
Polyphenylmethylsiloxane (PMSO) was selected as the

optical medium due to its unique attributes, such as a
high transmittance (over 90% to visible light), a slow
evaporation rate, a low viscous resistance and excellent
electrical insulation performance. Its molecular structure
is shown in Fig. 1b. A digital photograph of the fabricated
varifocal liquid lens is shown in Fig. 1d.

Working principle of the TVLL
The detailed working principle of continuous variation

of the focal length can be divided into two processes, as
shown in Fig. 2a. Initially, the sliding triboelectric layer
(FEP) fully contacts the left electrode of the TENG
(Fig. 2a.i). There is an equal amount of opposite charges
on their contact surfaces, according to the triboelectric

series that copper more easily loses electrons than FEP. In
this state, charges have not been transferred to the
asymmetric electrodes. The shape of the liquid lens is
biconcave (Fig. 2a.i), which is determined by the surface
tension. According to the Laplace law, the pressure dif-
ference at the air–liquid interface can be expressed as27

ΔPs ¼ γk ð1Þ

where ΔPs is the pressure difference, γ is the surface
tension between air and the liquid, and κ is the curvature
of the air–liquid interface.
Then, when the FEP layer is moved by external

mechanical sliding (Fig. 2a.ii), electrons from one of the
asymmetric electrodes are injected into the left electrode of
the TENG, while electrons from the right electrode can flow
into the other asymmetric electrode. The opposite charges
on the asymmetric electrodes form an inhomogeneous
electric field. The air–liquid interface in the inhomoge-
neous electric field is subjected to dielectrophoretic forces
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Fig. 2 Working principle of the TVLL for continuous variation of the focal length. a Focal length variation for three typical states: i biconvex, ii
planar, and iii biconcave. The inserts show the force analysis of the corresponding state (the blue arrows represents the pressure differences, ps; the
orange arrows represents the dielectrophoretic force, fDEP). b Corresponding numerical calculation of the electric potential distribution on the TVLL
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that can manipulate the liquid toward where the electric
field is strong and away from where the electric field
is weak.
The dielectrophoretic forces (FDEP) can be expressed

as12

FDEP ¼ ε0ðεL � 1Þw
2h

V 2 ð2Þ

where ε0 is the permittivity of vacuum, equal to 8.85 ×
10−12 F/m, εL (εL= 2.5) is the relative permittivity of
PMSO, V is the applied voltage, and w and h are the width
and gap of the electrodes, respectively. Apparently, for a
given fabricated device, the magnitude of the variation is
determined by the applied voltage, as indicated in Fig. 2a.
i–iii. Therefore, the sliding distance of the triboelectric
layer (FEP) of the TENG can form an interactive
relationship with the focal length of the liquid lens.
The relevant numerical calculation of the electric

potential distribution on the asymmetric electrodes of the
TVLL by the finite-element method (FEM) in COMSOL
5.4 software was simplified as illustrated in Fig. 2b. The
simulation results indicate that the intensity of the electric
field on the asymmetric electrodes of the TVLL is gra-
dually enhanced as the FEP layer moves from the left to
the right electrode of the TENG, well consistent with the
actual working process.

Characteristics of the TENG
The output performance of the freestanding-mode

TENG was characterized, as shown in Fig. 3. Figure 3a,
b indicates that as the sliding distance increases from 0 to
180mm, the open-circuit voltage and short-circuit
transferred charges almost linearly increase from 0 to
7 kV and from 0 to 2.4 μC, respectively. At the same time,
we obtained the V output vs. sliding distance in the TENG
by FEM simulation, and the result (Fig. S3) is in good
agreement with the experimental measurement (Fig. 3a)
and previous work28, confirming the accuracy of the
measurement. The proposed varifocal liquid lens is a
typical capacitive device. Thus, the output characteristics
of the TENG when connected to a commercial capacitor
were investigated, as shown in Fig. 3c. According to
previous work29, the freestanding-mode TENG is
equivalent to an ideal high voltage source (VOC) and a
constant capacitor (CT) in series, and the equivalent cir-
cuit diagram is shown in Fig. 3c (inset). The results
indicate that the voltage applied on CL varies as the ratio
of CL to CT varies, especially in the range of 10−1–101.
Finally, the stability of the output of the TENG (maximum
open-circuit voltage) was also investigated (Fig. 3d). The
measurement results (inset in Fig. 3d) indicate that there
is only a slight decay of the maximum open-circuit voltage
during continuous operation for 5000 cycles. Therefore,

the TENG could serve as a reliable high voltage power
supply for modulation of a varifocal liquid lens.

Characteristics of the TVLL
As discussed in the working principle section, a dielec-

trophoretic force is exerted on the air–liquid interface. Thus,
the air–liquid interface was first analyzed by using the FEM
in COMSOL 5.4 software. As shown in Fig. 4a, the air–liquid
interface is not a strict interface but a thin two-phase mixing
zone. Thus, the dielectrophoretic force exists at a certain
depth of the liquid droplet, as shown in Fig. 4b.
To visually and conveniently describe the change in the

liquid shape, the distance (d) between the two air–liquid
interfaces was chosen as the parameter for analysis, as shown
in Fig. 4c. First, the influence of the width of the electrodes
on the deformation of the air–liquid interface was investi-
gated. As the experimental results in Fig. 4d show, for a
certain width of the electrodes, as the sliding distance
increases, d increases. This occurs because with increasing
sliding distance of the TENG, the voltage applied on the
liquid lens increases, and according to Eq. (2), the dielec-
trophoretic force is increased. In other words, a larger sliding
distance of the TENG means a larger dielectrophoretic force
exerted on the air–liquid interface and a larger deformation.
For a certain sliding distance of the TENG, when one elec-
trode width is fixed (WE2= 10mm), as the other electrode
width (WE1) increases, d decreases. This is due to the
increase in WE1 resulting in an increase in the equivalent
capacitance of the liquid lens (CL), as the experimental
measurement in Fig. 4e shows. According to the experi-
mental results shown in Fig. 3c in the previous section, as CL

increases (CT is a constant, ~6.63 pF), the voltage applied on
the liquid lens decreases, which means that a smaller die-
lectrophoretic force is exerted on the air–liquid interface, and
a smaller deformation is obtained. Next, the influence of the
volume of the droplet on the deformation of the air–liquid
interface was investigated. As the experimental measurement
illustrated in Fig. 4f shows, for a certain sliding distance of the
TENG, as the volume increases, d decreases. This occurs
because with increasing volume, the equivalent capacitance
of the liquid lens (CL) increases, as the experimental mea-
surement in Fig. 4g shows. In addition, the voltage applied on
the liquid lens decreases, which means that a smaller die-
lectrophoretic force is exerted on the air–liquid interface,
resulting in a smaller deformation. Then, the influence of the
sliding speed (acceleration, a) on the deformation of the
air–liquid interface was investigated. As the experimental
measurement illustrated in Fig. 4h shows, for a certain sliding
distance of the TENG, the deformation (d) is almost constant
with increasing sliding speed (a). This occurs because the
output voltage of the freestanding-mode TENG is deter-
mined by the triboelectric charge quantity and sliding dis-
tance (contact area) but is independent of the sliding
velocity17,28. This means that the dielectrophoretic force
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exerted on the air–liquid interface does not change, and
thus, the deformation (d) is constant. Finally, a stability test
of the deformation of the air–liquid interface was per-
formed with a sliding distance of 180mm, an electrode
width ratio of 0.1, a droplet volume of 20 μL and a sliding
speed of 1m/s2, as presented in Fig. 4i, which indicates that
the fabricated TVLL has good long-term stability for further
application.
The equivalent circuit diagram shown in Fig. 3c (inset)

can be regarded as a TENG powering a capacitive device.
According to a previous work30,31, the transferred tribo-
electric charges can be maintained in the load capacitive
device, which means that the state of the liquid lens can
be sustained. In our experiments, when the liquid lens is
modulated by the TENG, it can be in a stable state.
However, because of the imperfect device fabrication and
because the selected materials are not completely insu-
lated, there is gradual leakage of the transferred tribo-
electric charges. This issue could be solved by optimizing
the fabrication technology and enhancing the insulating
properties of the materials.

Modulation effect on a light beam
For the liquid lens, realizing focal length variation over a

wide range without any complicated mechanical assistance

system is its greatest advantage. Here, the relationship
between the focal length and sliding distance of the TENG
was investigated. As the experimental measurement illu-
strated in Fig. 5a shows, with the sliding distance increasing
from zero to the maximum, the focal length of the liquid lens
is continuously modulated from −6mm to infinite to 7mm.
The modulation process consists of two parts: as the sliding
distance increases from 0 to 90mm, the shape of the liquid
lens is modulated from biconvex to planar, and the corre-
sponding focal length of the liquid lens is changed from
−6mm to infinite, as shown in the upper right part of Fig. 5a;
as the sliding distance increases from 90 to 180mm, the
shape of the liquid lens is modulated from planar to bicon-
cave, and the corresponding focal length is changed from
infinite to 7mm, as shown in the lower left part of Fig. 5a.
The experimental results were fitted by the Origin embedded
function ExpDec2, which well described the relationship
between the sliding distance of the TENG and the focal
length of the liquid lens with an Adj. R-Square of over 0.99. It
is worth noting that there is a one-to-one correspondence
between the sliding distance and the focal length, which
means that the focal length could be accurately controlled by
changing the sliding distance of the TENG. In our experi-
ment, both the human hand-controlled and linear motor-
controlled TENG demonstrated a perfect modulation effect
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on the liquid lens. Considering the accuracy of the results,
when the TENG was controlled by the linear motor, the
velocity was 0.1m/s. In other words, an interesting
human–machine (light) interaction relationship was

obtained, which has broad application prospects in MOEMS,
portable optical devices/systems, etc. Figure 5b exhibits the
modulation effect of the TVLL on a laser beam. Meanwhile,
the energy consumption during the modulation process was
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also evaluated. The experimental measurement is shown in
Fig. 5c; due to the high voltage and low current output
characteristics, the energy consumption is as low as the
millijoule level. This means that the proposed TVLL does not
pose a safety problem compared to the traditional electrically
modulated varifocal liquid lens. On this basis, a triboelectric
magnifying glass was demonstrated. The schematic diagram
is shown in Fig. 5d, in which the curvature of the air–liquid
interface could be modulated by the TENG, which eventually
presented as a change in the magnification ratio. As the
experimental results in Fig. 5e and Video S2 show, as the
sliding distance of the TENG increases from zero (initial

state) to 180mm (final state), the height of the letter “t” in the
image increases from 0.61 to 0.89mm. Compared to the
actual height of 2mm, the magnification ratio is modulated
from 30.7% to 44.6%.

Conclusions
In summary, we reported a TVLL realized by coupling a

liquid lens and a TENG, in which the focal length could be
directly modulated by external mechanical sliding. A die-
lectrophoretic force is generated by the TENG through the
transfer of triboelectric charges in the asymmetric electro-
des, which is used to continuously change the shape of the

0 30 60 90 120 150 180

0

2

4

6

8

In
p

u
t 

en
er

g
y 

(m
J)

Sliding distance (mm)

0 20 40 60 80 100

–6
–12
–18
–24
–30
–36
–42
–48
–54

Sliding distance (mm)

Sliding distance (mm)
80 100 120 140 160 180 200

54
48
42
36
30
24
18
12
6

F
o

ca
l  

le
n

g
th

(m
m

)

F
o

ca
l l

en
g

th
 (

m
m

)

a b

d

State I

Biconvex

State III

8 mmBiconcave

Planar

c

0
2
4
6
8

30 60 90 12
0

15
0

18
00

e

Initial
Final

A
m

p
lif

ic
at

io
n

 r
at

io
(%

)

Initial state Final state

45

40

35

30

Sliding distance (mm)

0 180

2 mm

0.61 mm

2 mm

0.89 mm

State II

Fig. 5 Modulation effect on a light beam. a Relationship between the sliding distance of the TENG and focal length. b Photograph of a laser beam
modulated by the TVLL. c Energy consumed in the modulation process. d Proposed novelty magnifying glass based on the TVLL. e Magnification
corresponding to different states (scale bar, 2 mm)

Fang et al. Microsystems & Nanoengineering            (2020) 6:61 Page 7 of 9



air–liquid interface between concave and convex without
any complicated boost converter. The performance of the
proposed TVLL was investigated in detail for different
structural parameters; when the electrode width ratio was
0.1 and the volume of the optical medium in the liquid lens
was 20 μL, the focal length was modulated from −6mm to
infinite to 7mm by sliding the TENG. In addition, a tri-
boelectric magnifying glass was demonstrated based on the
accurate modulation effect of the TVLL on a light beam, in
which the magnification ratio could be directly modulated
by sliding the triboelectric layer of the TENG. In this work,
the TENG was used as a medium to modulate and accu-
rately control the focal length of a liquid lens by external
mechanical sliding, which may have great application
potential in MOEMS, human–machine interaction, artifi-
cial vision systems, etc.

Materials and methods
Etching of the micro/nanostructures on the surface of FEP
First, an FEP (10 μm thick) film was cleaned by alcohol

and deionized water within an ultrasonic cleaner. Next, a
thin film layer of copper was deposited on the cleaned
FEP film by magnetron sputtering (Denton Vacuum
Discovery-635). Then, ICP etching (SENTECH SI-500)
was performed, where the flow rates of O2, Ar, and CF4
gases were 20.0, 30.0, and 35.0 standard cubic centimeters
per minute, respectively, and the power of the plasma
source was 500W. The etching process lasted 60 s.

Fabrication of the TVLL
To fabricate the freestanding-mode TENG, two pieces

of acrylic (250 × 190mm and 250 × 90mm) were first cut
as substrates by a laser cutter (Universal PLS6.75) with a
cutting depth of 5 mm. Then, a 10 μm-thick copper film
was adhered on one of the acrylic pieces (250 × 190mm)
and cut into two pieces. Next, the prepared micro/
nanostructured FEP film was adhered on the other acrylic
piece (250 × 90mm) to form the sliding friction layer. The
liquid lens was fabricated by common lift-off fabrication
technology; the detailed fabrication procedure is shown in
Fig. S1 and the supporting information.

Characterization of the TVLL
The morphology of the FEP surface was observed by

scanning electron microscopy (Nova NanoSEM 450). The
sliding distance of the TENG was controlled by a linear
motor (Akribis System). The open-circuit voltage was
measured by an electrostatic meter (Trek 347), and the
transferred charges of the TENG were measured by a
preamplifier electrometer (Keithley 6514). The capacitance
was measured by an LCR meter (Agilent 4263B). The focal
length of the liquid lens was measured by the constructed
testing system shown in Fig. S2. Photos and video were
taken by a digital camera (Canon EOS 5D Mark III).

Tribotronics Research Group
Brief introduction
The Tribotronics Research Group mainly focuses on

nanogenerators (NGs) and self-powered microsystems, in
particular triboelectric nanogenerators (TENGs), tribo-
tronics, and self-powered MEMS/NEMS. In recent years,
a series of original and influential works have been
reported, including on the mechanism characterization,
micro/nano-fabrication, and application of TENGs.
The group revealed the symmetry and complementarity

between a TENG and a traditional electromagnetic gen-
erator (EMG) for the first time (Adv. Mater. 26,
3580–3591 (2014)) and developed enhanced TENGs with
ultrahigh surface charge density and output power (Nano
Energy 49, 625–633 (2018); Nano Res. 8, 722–730 (2015)).
The group initiated the new field of tribotronics by

coupling triboelectricity and semiconductors and carried
out a series of influential works in fundamental theory,
material diversity, functional devices, and system inte-
gration of tribotronics (Nano Today 11, 521–536 (2016);
ACS Nano 8, 8702–8709 (2014)). Meanwhile, they also
proposed a universal power management module for
TENGs, which broke through the bottleneck of low sup-
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