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A compound varifocal lens based on electromagnetic drive technology is designed and fabricated, where the poly-
dimethylsiloxane (PDMS) film acts as a driving component, while the PDMS biconvex lens and the plane-concave lens
form a coaxial compound lens system. The plane-concave lens equipped with driving coils is installed directly above the
PDMS lens surrounded by the annular magnet. When different currents are applied, the annular magnet moves up and
down, driving the PDMS film to undergo elastic deformation, and then resulting in longitudinal movement of the PDMS
lens. The position change of the PDMS lens changes the focal length of the compound lens system. To verify the feasibil-
ity and practicability of this design, a prototype of our compound lens system is fabricated in experiment. Our proposed
compound lens shows that its zoom ability reaches 9.28 mm when the current ranges from −0.20 A to 0.21 A.

Keywords: compound varifocal lens, PDMS film, elastic deformation, focal length, electromagnetic force,
zoom ability

PACS: 41.20.–q, 42.30.–d, 42.79.–e DOI: 10.1088/1674-1056/ad09ce

1. Introduction
Varifocal lens plays an important role in optical imag-

ing, optical communication, bionic optics, medicine, micro-
manufacturing, optical scanning, etc.[1–7] In the traditional op-
tical imaging system, the movable lens is moved by the move-
able mechanical equipment, i.e., stepper motors to image ob-
jects at different locations, and consequently the focal length
of the optical system is changed.[8–11] However, these lenses
mentioned above have problems such as complex structures,
bulky volume, mechanical movement, easily worn, seriously
limiting its scope of application and fields.[12,13]

In recent years, the varifocal lens controlled by magnetic
field or electric field has received much attention. The sur-
face shape of varifocal lens is changed by applying pressure
to realize zooming, and the commonly used filling material is
generally transparent liquid.[14–20] In 2012, Li and Jiang pro-
posed an electrowetting-based variable-focus lens, whose fo-
cal length changes from −15 mm to 28 mm.[21] In 2015, Oh
et al. reported an electromagnetic driving liquid lens, whose
focal length changes from −10 mm to 10 mm.[22] In 2018, Li
et al. demonstrated an electrowetting-based focal-tunable lens,
which reaches ∼ 1.31 zoom ratio.[23] In 2019, Van Grinsven
et al. presented a liquid lens actuated by the Lorentz force,
whose corresponding focal length can vary with the working
current.[24] In 2020, Jamali et al. developed a liquid crystal
lens for presbyopia correction, and its diopter successfully
changes from 1.5 D to 0 D.[25] These electrically or mag-

netically actuated variable focus liquid lens have advantages
of no mechanical movement, simple structure, low cost, and
high compatibility.[21–25] However, these liquid-filled lenses
are prone to leakage, evaporation and fluidity, resulting in un-
stable lens performance. A nonmechanical varifocal lens with
better stability, fast response, high modulation accuracy is ur-
gently desirable for high-performance optical systems.

In this work, a varifocal compound lens driven by the
(PDMS) film elastic deformation is designed and fabricated.
It mainly consists of PDMS elastic film, PDMS lens, plane-
concave lens, driving coil and annular magnet. The annular
magnet surrounding the PDMS lens is fixed on the elastic film,
while the plane-concave lens equipped with driving coils is
installed directly above the PDMS lens to form a compound
lens system. When different currents are applied, the electro-
magnetic force generated by the driving coil drives the annular
magnet to move along the optical axis, which leads to elastic
deformation of the PDMS film and further drives the PDMS
lens to move axially. Since the distance between the PDMS
lens and plane-concave lens changes, the focal length of the
compound lens system changes as well. We depict the com-
pound lens working mechanism and analyze its zoom ability
in detail. When the current ranges from −0.20 A to 0.21 A,
the focal length of the compound lens changes from 29.82 mm
to 39.10 mm, and its relative focal length modulation achieves
about 9.28 mm. According to experimental results, our com-
pound lens exerts the zoom ability of varifocal optical sys-
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tem. The zoom ability of the compound lens can be further
improved by optimizing the structure design.

2. Design and manufacture
2.1. Structure design

The schematic exploded diagram of our PDMS com-
pound lens is depicted in Fig. 1, where a PDMS lens and
a plane-concave lens form a compound lens system. The
plane-concave lens is embedded into an inner cavity of the
first support frame, then a toroidal copper coil is mounted
on the upper surface of the first support frame. The PDMS
lens is attached in the center hole of an elastic film, and a
ring-type neodymium magnet surrounding the PDMS lens is
fixed on the elastic film. The elastic film ring is bonded to
the second ring support while its other side is adhered to the
bottom cavity. Finally, an upper cover is employed to encapsu-
late the system, and the aperture diameter of the upper cover is

Plane concave lens

Cover

Coil

Magnet

Second supporting frame

Membrane

PDMS lens

Bottom cavity

First supporting frame

Fig. 1. Schematic diagram of exploded diagram of varifocal compound
lens.

somewhat larger than that of the plane-concave lens. To main-
tain a high axiality, it is necessary to make sure that the plane-
concave lens and the PDMS lens have the same center sym-
metrical axes.

2.2. Working principle

The working mechanism of the proposed compound lens
is depicted in Fig. 2. In this work, the current in the driving
coil is assumed to be forward when the magnet receives an up-
ward electromagnetic force. When the electromagnetic force
is downward, the current in the driving coils is defined as re-
verse current.

In Fig. 2(a), the current in the driving coils is zero corre-
sponding to the initial state of the compound lens.

In Fig. 2(b), the elastic film deforms upward, resulting
in the longitudinal movement of PDMS lens when an up-
ward electromagnetic force is loaded on the magnet. Since
the distance between the PDMS lens and plane-concave lens
decreases, the focal length of our compound lens tends to in-
crease.

Similarly, when reverse current is applied to the drive
coils, the magnet receives a downward electromagnetic force,
thus the PDMS lens following the magnet is downward. Con-
sequently, the distance between the PDMS lens and plane-
concave lens increases, making the focal length of the com-
pound lens smaller as shown in Fig. 2(c).

According to the geometric optics theory, the focal length
of our proposed compound lens system can be given as[26]

f =
f1 f2

f1 + f2 −d
, (1)

where f1 is the focal length of the plane-concave lens, f2 is the
focal length of the PDMS lens, and d is the distance between
the optical centers of the two lenses.

d

f2

f1

Plane concave lens

PDMS lens

Membrane

Coil

Supporting frame

Magnet

(a) (b) (c)

Fig. 2. Working principle diagram of compound lens in (a) initial state, (b) operating state at forward current, and (c) operating state at reverse current.

2.3. Device fabrication

In this work, the upper cover, bottom cavity, the first and
second supporting frames are printed by three-dimensional

(3D) epoxy material. A circular PDMS film with a central

hole (11.7 mm in diameter) is used as the elastic film, whose

diameter is 30 mm and Young’s modulus is about 1.7. Here,
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the PDMS film connects PDMS lens (∼ 0.7 g) and magnet
(∼ 0.9 g) together by the PDMS prepolymer (ratio 10:1). In
order to facilitate passage and observation of light, high trans-
parency materials are used.

The fabrication processes of our compound lens are gen-
erally described as follows: the first step is to embed the plane-
concave lens (−25 mm in focal length, 12.7 mm in diameter)
into the inner cavity of the first support frame, and then place
a toroidal copper coil on the first support frame, and the sec-
ond step is to fabricate the PDMS lens, whose detailed process
is summarized as follows. First, a chemical mixture (Sylgard
184 silicone elastomer base and curing agent at a radio of 10:1)
is evacuated in a vacuum pump until no bubbles appears; then,
the degassed mixture is poured into a prepared mold (diameter
11.7 mm and thickness 4.8 mm in the middle part, thickness
0.5 mm in the edge parts, width 1.5 mm) and cured in the bak-
ing oven at 55 ◦C. After drying , the PDMS lens is carefully
removed from the mold, which is strong enough to be detached
from the mold and touched by tweezers. To smooth the sur-
faces of the PDMS lens, PDMS prepolymer is spin-coated on
the lens by a spin coater (low speed 800, high speed 1000);
finally, the PDMS lens is baked in the baking oven at 80 ◦C
for 40 min.

The PDMS prepolymer (ratio 10:1) is coated on the
brim of the PDMS lens to join the PDMS lens and elastic
film together. Similarly, the annular magnet (inner diam-
eter 12.2 mm, outer diameter 15.6 mm, NdFeB, 1970 Gs,
1 Gs = 10−4 T) surrounding the PDMS lens is stuck on the
elastic film by the PDMS prepolymer, and the bonded PDMS
lens component is put into baking oven and treated at 70 ◦C
for 1.5 h.

The elastic film equipped with PDMS lens and annular
magnet is fixed between the second ring support and the bot-
tom annular cavity.

The PDMS lens component and the plane-concave lens
component are combined together to form a coaxial compound
lens.

Finally, the compound lens is encapsulated by an upper
cover. To avoid the influence of external electromagnetic inter-
ference, an additional magnetism-insulator shell can be used to
make an effective magnetic shield of the proposed compound
lens.

3. Results and discussion
The schematic diagram of experimental setup is shown in

Fig. 3. The setup consists of a bottom light source, DC volt-
age with a current stabilizer control unit, our compound lens,
and charged coupled device (CCD) camera and personal com-
puter. A USAF resolution target is imaged by our compound
lens and then recorded by a CCD camera.

DC voltage

Illuminator

CCD Camera

PC

Fig. 3. Schematic diagram of the experimental setup.

Figure 4 describes the imaging ability of our compound
lens at different currents. In Fig. 4(c), the photo is imaged
in the focal plane of the compound lens corresponding to zero
current. Modulate the working current from −0.2 A to 0.21 A,
the image magnification as well as the focal length of our com-
pound lens tends to increase gradually with the currents. Its
relative change of image magnification is about 1.25. Once
the current is removed, the compound lens will recover to its
original state.

From Figs. 4(c) to 4(a), we can find that when the reverse
current is in the range from 0 A to −0.20 A, the line of element
4 in group 5 changes from clear at first to fuzzy when reverse
current ranges from 0 A to −0.20 A. Similarly, when the for-
ward current ranges from 0 A to 0.21 A, the image of pattern
at element 1 of group 5 in resolution chart is getting fuzzy as
shown in Figs. 4(c)–4(f). It indicates that our compound lens
has zoom ability and imaging ability. Finite change in imaging
definition, the authors think, is attributed to limited movement
distance of PDMS lens. By choosing high elastic film and op-
timizing device structure, the zoom ability and imaging ability
of our compound lens can be improved significantly.

(a) -0.2 A

(d) 0.06 A (e) 0.12 A (f) 0.21 A

(c) 0 A(b) -0.1 A

Fig. 4. Photos imaged by compound lens at different currents.

Figure 5 shows focusing ability of the compound lens to
distinguish between two objects positioned at different dis-
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tances, where letters “N” and “J” are located 9 mm and 5 mm
away from the proposed compound lens, respectively. When
−0.2 A is applied to the driving coil, letter “J” is just focused
shown in Fig. 5(a), while the letter “N” achieves focusing ef-
fect shown in Fig. 5(b) as the current is increased up to 0.18 A.
The response time of the proposed compound lens is about
45 ms. The experimental results indicate that our proposed
compound lens has excellent focusing ability.

(a) (b)

Fig. 5. Focusing ability test of compound lens by using letters “N” and “J”
located at different distances, showing (a) I = −0.2 A focusing letter “J”
and (b) I = 0.18 A focusing “N”.

When it works in a vibration environment, the PDMS lens
will jump up and down, while the annular magnet fixed on the
diaphragm will aggravate the displacement of PDMS lens. By
optimizing the structural design and choosing the best elastic
film, the proposed compound lens will possess certain anti-
vibration ability and stability. Additionally, the spring plates
can be added to absorb and buffer external shock.
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-2

-1

1

2

0

Applied current (A)

A
x
ia

l 
d
is

p
la

c
e
m

e
n
t 
h
 (

m
m

)

Fig. 6. Longitudinal displacement of PDMS lens versus applied current.

Figure 6 shows the longitudinal displacement versus the
applied current for the PDMS lens driven by the electromag-
netic force. Here the initial displacement of the PDMS lens is
set to be zero when the current is zero. When the forward cur-
rent ranges from 0 A to 0.21 A, the displacement of the PDMS
lens increases with the working current increasing, whose in-
crement reaches 2.74 mm. When the reverse current is ap-
plied to the driving coils, the displacement of the PDMS lens
changes slowly and its displacement variation is only 0.9 mm.
The displacement increment of the PDMS lens in the forward
current is larger than that in the reverse current, and the authors
suggest that this might be because the distance between mag-
net and driving coil produces significant effects on the electro-
magnetic force.

Figure 7 illustrates the variation of focal length with ap-
plied current for our compound lens. In this work, the initial

distance between the PDMS lens and the plane-concave lens is
about 7.7 mm, their corresponding focal lengths are 18.3 mm
and −25 mm, so the initial focal length of the compound lens
is 31.62 mm. From Fig. 7 it can follow that the focal length
increases from 31.62 mm to 39.10 mm when forward current
ranges from 0 A to 0.21 A, while the focal length decreases
from 31.62 mm to 29.82 mm as the reverse current changes
from 0 A to −0.20 A.
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Fig. 7. Variation of focal length with applied current.

4. Conclusions
In this work, a varifocal compound lens is designed and

fabricated. It mainly composed of PDMS lens, plane-concave
lens, elastic membrane, driving coils, annular magnet, where
PDMS lens and plane-concave lens form a compound lens sys-
tem, the elastic membrane serves as the driving component.
When different currents are applied to the driving coils, the
annular magnet moves upward or downward, resulting in the
elastic deformation of the PDMS film and then the longitudi-
nal movement of PDMS lens. Due to the change of the dis-
tance between the PDMS lens and plane-concave lens, the
compound lens exerts the zoom ability. The relative focal
length varies from 29.82 mm to 39.10 mm when the current
is in the range from −0.2 A to 0.21 A.
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