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ABSTRACT: Inspired by creatures’ eyes, bioinspired compound eyes (BCEs)
endowed with larger fields of view and vari-focal capability are extremely appealing in
micro-optical devices. However, the present actuation strategies of BCEs commonly
demand complicated fields, e.g., electro-wetting actuation, dielectrophoretic drive
and pressure gradient, which greatly limits their practical applications. In this work,
the photothermal conversion of graphene nanosheets (GNSs) is first utilized to
fabricate lenslets toward BCEs. Under the actuation of near-infrared (nIR) pulsed
laser, GNSs absorb photo energy and convert it to thermal energy, which increases
the temperature of lenslets and then leads to the adjustment of lenslet curvature. At a
result, BCEs manifest a reversible 4-fold zoom and a wide FOV up to 160°. In
addition, BCEs also perform the programmable focusing by selectively confining nIR
laser to a vari-focal region. In contrast with traditional BCEs, graphene-based BCEs
are versatile with wide FOV and vari-focal ability by nIR actuation. Herein, these
excellent properties make graphene-based BCEs promising for remote-driven microfluidic devices.

KEYWORDS: bioinspired compound eyes (BCEs), graphene nanosheets (GNSs), photothermal energy conversion, tunable focusing,
remote actuation

1. INTRODUCTION

Microlens array has been currently used as a highly parallel image
projection to enable unique focusing and collimation abilities.1

Particularly, bioinspired compound eyes (BCEs) constituted by
microlens array have diverse applications, e.g., various imaging
sensors, three-dimensional (3D) displays, and photodetec-
tors.2−4 Although microlens array technology has been greatly
advanced as a result of novel fabrication methods and optical
quality, the current BCEs typically have fixed focal lengths and
relatively large diameters.2,5,6 In nature, insects’ compound eyes
offer a panoramic field of view (FOV) up to 240°.7,8 When an
object moves across the visual field of drosophila compound eye,
each ommatidium is responsible for one area in space, that is,
programmable focusing.9 Otherwise, the eyes of vertebrates can
focus on different distances through adjusting lens shape under
the assistance of ciliary muscles.10 Inspired by these eyes, it is
extremely attractive to fabricate BCEs with advantages of both
insects’ compound eyes and vertebrates’ single-lens eyes, that is,
large FOV and programmable vari-focal capability (Figure 1). In
the past decade, large FOV was normally realized by maximizing
the density of lenslets on a hemispheric dome.11,12 For the vari-
focal ability of BCEs, an external force, e.g., electro-wetting
actuation, dielectrophoretic drive, and pressure gradient, was
commonly employed.13−15 However, electrowetting and dielec-
trophoretic actuation require a complicated electrical circuit to
supply relatively high voltage (up to 200 V), which causes
inevitable hysteresis, electric breakdown, and analyte redox
reactions to substantially decrease device stability. Similarly,

pressure gradient cannot avoid deformable actuators, making
their integration in space a challenge. Thereby, it is extremely
necessary to develop novel actuating approaches toward BCEs.
In recent years, the dispersion of photothermal material into

microfluidics opens up a new interdisciplinary technology of
optofluidics.16,17 Specifically, due to its superior photothermal
conversion, graphene, a two-dimensional atom-thick carbon
nanosheet, has drawn considerable attention in biomedical
imaging, phototherapy, photoelectric fields, and noninvasive
manipulation of fluids.18−20 Under illumination of near-infrared
(nIR) light, the photothermal conversion of graphene nano-
sheets (GNSs) involves the absorption of incident photons and
thermal release, eventually resulting in elevated temperature of
surrounding liquid.21 Therefore, graphene is a promising
material to realize the vari-focal capability of BCEs without
sacrificing the density of liquid lenslets.
In this work, we have utilized GNSs for light-actuated BCEs

with large FOV and programmable focusing capability, as
demonstrated in Figure 1a. Through a template-directed self-
assembly process, glycerol/graphene nanosheets (G/GNSs)
based BCEs were constructed. As shown in Figure 1b, G/GNSs
lenslets are uniformly arranged on a hemispherical dome, which
provides a large FOV up to 160°. Under remote nIR laser light
irradiation, GNSs endow BCEs with reversible 4-fold and
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programmable varifocal ability (Figure 1c); that is, each lenslet
can be tunable on demand like human eyes. Herein, graphene-
based BCEs show potential utilization in adaptive optical systems
such as three-dimensional imager,22 point-of-care diagnostic,23

and real-time motion tracking24 without any physical valves or
mechanical pumping devices.

2. EXPERIMENTAL SECTION
Synthesis of GNSs. Glycerol containing GNSs was explored as

functional G/GNSs solution (Figure S1). A desired amount of GNSs (4
mg) was well dispersed into glycerol (100mL) by ultrasonication. GNSs
were synthesized from natural graphite flakes by a modified Hummers
method.25 The TEM image and corresponding selected area electron
diffraction (SAED) pattern indicate sheet-like morphology (Figure
S1a). In order to further investigate the transparency of as-prepared
BCEs, the transmittance spectrum was tested (Figure S1d). The
transparency of GNSs is determined to be∼98% at the wavelength from
400 to 1000 nm.
Microfabrication of BCEs. A transparent hemispheric dome with

uniform microcavity array (MCA) was constructed by a reconfigurable
microtemplating process (Figure S2) and then served as the template. In
order to uniformly assemble G/GNSs droplets into MCA template, a
beaker with glycerol was placed in an assembly system (Figure S2e). The
moving velocity of the template was kept at 0.32 mm/s by a stepper
motor and temperature was accurately guided to be 15 °C via a Peltier

element. When the template was dragged out from solution, the droplet
at the micromeniscus−substrate interface was adsorbed into the
microcavity by the breakup of capillary. Finally, uniform BCEs were
achieved (Figure S2f).

nIR Actuation of BCEs. To achieve programmable focusing and
remote actuation, a nIR light source with a wavelength of 808 nm and
power density of 2.0W/cm2 was utilized. The light density was recorded
with THORLAB PM200D intensity meter. The angular acceptance was
directly measured by three-dimensional optical sectioning with a
modified transmissive confocal microscope. The incident light was first
collected by lenslets, then magnified by an objective lens and finally
detected with a charge-coupled device (CCD). When light was incident
from a certain angle, the objective lens was well rotated to receive the
light signal. The repeatability of BCEs was investigated by multicycle
actuation over 1 week.

3. RESULTS AND DISCUSSION

3.1. Fabrication and Characterizations of BCEs.
Graphene-based BCEs with a large FOV are prepared using a
simple template-directed self-assembly method. Scanning
electrical microscopy (SEM) image in Figure 2a reveals that
MCA template was composed of ∼900 microcavities, in which
each diameter was 100 μm. Second, a template-directed self-
assembly system was managed in Figure 2b. When the template

Figure 1. BCEs with wide FOV and vari-focal ability: (a) Insects’ compound eyes and vertebrates’ single-lens eye offer panoramic FOV and varifocal
ability, respectively. (b) High-density lenslets are omnidirectionally distributed on a hemispheric dome to realize panoramic FOV (ψ). (c) GNSs
functioning as ciliary muscle endow BCEs with programmable vari-focusing and remote actuating under nIR irradiation.
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was dragged out from solution, the droplet formed at the
micromeniscus−substrate interface filled in the microcavity.
Finally, liquid lenslets were obtained and each droplet in a
microcavity has a circular diameter of 100 μm and a period of 115
μm (Figure 2c). The height of the lenslet was determined to be

∼30 μm by features of moving contact line (Figure 2c), which
was first appreciated by Huh and Scriven (1971).26 They
revealed that there was a viscosity-induced pressure on the free
surface. This pressure must be balanced by capillary pressure and
hence requires a curvature of interface.27

Figure 2. Fabrication process of BCEs: (a) SEM image of a transparent hemisphere dome with microcavity array (MCA). (b) Lenslets arranged on the
hemispherical dome via MCA-directed assembly process. (c) Cross profile of BCEs are measured by a LSCM. (d) Sketch of angular acceptance by a
modified transmissive confocal microscope; (e) Captured images by two CCD cameras at two distinct angles of 0° (center) and 80°, respectively. Scale
bar is 100 μm.

Figure 3. Photothermal-to-hydrodynamic energy conversion mechanism. (a) Model of G/GNSs lenslets subjects to a nIR incident light (EM plane
wave). (b) Lenslet temperature-dependence of irradiation time: obviously improved temperature was noted for the lenslet with a concentration of 0.04
mg/mL, in contrast with 0.02 mg/mL and glycerol without GNSs. The optical photographs show G/GNSs lenslets (at a concentration of 0.04 mg/mL)
convergent with light-off (c) and divergent with light-on (d).
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In order to demonstrate the FOV of fabricated BCEs, the
imaging experiment was conducted, as shown in Figure 2d.
When light is incident onto the BCEs, every lenslet produces a
focal image - “smiley face”. Thus, as the CCD camera shifts from
0° (center) to 80°, the “smiley face” pattern appears on the
detector surface. These “smiley face” patterns possess high
optical uniformity along the X−Y plane in Figure 2e. Therefore,
the focused images of “smiley face” have a strong optical contrast
with the background, without noticeable off-axis aberration,
distortion, or blur. It indicates the capability of real-time motion-
tracking and wide FOV up to 160°.
3.2. Mechanism of Graphene-Based Photothermal

Conversion. The photothermal energy conversion of GNSs
and tunable focusing capability of liquid lens can be explained by
Maxwell’s electromagnetic wave theory, which is assumed to be a
homogeneous wave-absorbing plate as shown in Figure 3a, and
then, the thermodynamic method is introduced to describe the
mechanism of photothermal energy conversion.28,29 Based on
Maxwell’s equations, the distributions of electric field and
magnetic field in G/GNSs lenslet (Ey and Hx) and in vapor (Ey0
and Hx0) can be, respectively, expressed as eqs 1 and 2:30,31
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where superscripts I, R, F, and B denote the incident, reflected,
forward, and backward waves, respectively. ω and θ0 are the
angular frequency and incident angle of the electromagnetic
wave, respectively. A, B, A0, and B0 denote amplitude factor.
Reflection coefficient is defined as R = (z− z0)/(z + z0), in which
Z = Z0(μr/∈r)

1/2 is impedance and the impedance in free space is
Z0 = (μ0/∈0)

1/2.
Here, γi = [(jωεi) (jωμi)]

1/2 (i = 0, 1), θF = θB = θ = cos−1[1 −
(γ0 sin θ0/γ1)

2]1/2, θ0
I = θ0

R = θ0, ε1 = ε1′ − jε1″, and μ1 = μ1′ − jμ1″ are
complex permittivity and complex permeability in G/GNSs
lenslet; ε0 and μ0 are permittivity and permeability of vapor.
Generally, absorbing materials always dissipate incident

electromagnetic wave energy by converting it into heat. Based
on the Poynting vector theorem, the absorbed energy in G/
GNSs lenslet can be given as
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In the above equations, material properties, such as density ρ,
specific heat Cv and thermal conductivity λ, are the effective
values of solution. These parameters can be obtained by volume
averaging method feff = V1 f1 + V2 f 2, in which V1 and V2 are

volume fraction of GNSs and glycerol, and f1 and f 2 denote their

fraction. In this paper, the material parameters of GNSs and
glycerol are ρ1 = 20g/L, ρ2 = 1.263g/cm

3, cv1 = 710 J/(kg·K), cv2 =
2.4 × 103 J/(kg·K), λ1 = 5300 W/mK, λ2 = 0.285 W/mK, which
are assumed independently on temperature T. However, the
complex permittivity of G/GNSs lenslet behaves dependence on
wave absorption, which is highly affected by temperature
variation. So, in our model, the dielectric parameters ε′ and ε″
are both dependent on temperature and assumed to be an
exponential function32 based on nIR absorption characteristics of
GNSs. Furthermore, considering that glycerol is nonmagnetic
and the permeability of GNSs is very low, the real part of complex
permeability is thus close to 1.0 and the imaginary part is close to
0.0, which are far less than the parts of complex permittivity.33,34

In addition, the complex permeability is defined as a constant
because it is far less than complex permittivity. The convection
heat transfer parameter is k0 = 10W/(m2·K) and the surrounding
temperature is T0 = 300 K.
Based on the above mechanism of photothermal conversion

(see detailed Supporting Information: Mechanism of photo-
thermal conversion), the calculative and experimental results are
presented in Figure 3b. The temperature of G/GNSs lenslet (at a
concentration of 0.04 mg/mL) rose by 20 °C in 120 s, while the
temperature of lenslets without GNSs undergoes significant
changes upon nIR irradiation. So, without GNSs, lenslets possess
negligible profile changes under nIR irradiation (Figure S3).
This remarkable photothermal conversion results in a transfer

of energy from GNSs to environmental droplet in the form of
thermal dissipation. In addition, for each lenslet, the Biot number
BiD = (k0I/λeff) = (k0R/λeff) ≈ 5.7 × 10−7 ≪ 1 means that each
lenslet has consistent internal temperature.35 k0 is convection
heat transfer parameter, I is characteristic length of lenslet, and
λeff is equivalent thermal conductivity of lenslet. Therefore, based
on the theory of thermodynamics conduction,35 temperature
differences inside lenslet can be ignored.
The temperature increase resulting from photothermal

conversion will cause a change in pressure difference P across
the air−solution interface, with P directly determining the
geometry of liquid meniscus. In Adamson’s theoretical
model,36,37 the contact angle θ can be expressed in the following
equation:

θ = + − −C T Tcos 1 ( )c
a b a/( )

(5)

where Tc represents a critical temperature at which contact angle
goes to zero, C is integration constant, and a and b are
temperature-independent constants from a balance of inter-
molecular forces. Initially, owing to minimization of Gibbs free
energy, the equilibrium contact angle θe is determined by a
balance of solid−vapor γSV, solid−liquid γSL, and liquid−vapor
surface γ tensions: cos θe = (γSV − γSL)/γ, which is also known as
Young’s law.38 However, when the droplet is actuated by nIR
irradiation, the balance is off and the contact line of the lenslet
moves along the template surface, which is different from that in
equilibrium. As demonstrated in Figure 3c and d, before nIR
irradiation, the lenslet remains static. When nIR irradiation is
switched on, GNSs-activated photothermal conversion makes
lenslets extravasate from microcavity. Once the nIR laser
switches off, cold-contraction makes lenslets contract to the
microcavity. These experimental results illustrate the reversibility
of lenslet via switching nIR irradiation, meaning that the
photothermal strategy can effectively regulate the lenslet
meniscus by virtue of GNS-based photothermal conversion.
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3.3. Programmable Focusing of BCEs. The key character-
istic of the fabricated BCEs is the vari-focal capability, which

benefits BCEs to dynamically track motion of tiny objects. Here,

the vari-focal capability of nIR light-responsive BCEs was

investigated by angular acceptance.39 In order to avoid

environmental disturbance, the nIR-actuated strategy was

conducted in a superclean laboratory with constant temperature

(20 °C) and humidity (50%). Two CCDs detected the related

Figure 4. Programmable focusing capability of BCEs: sequentially irradiating BCEs at two angles of 0° (a) and 80° (d). The corresponding imaging
information at 0° and 80° at different irradiation time (e.g., 0, 10, 20, and 30 s) are shown in (b) and (e), respectively. The local lenslets at (c) 80° and (f)
0° are always in focus.

Figure 5. Under nIR laser pulses, irradiation time (a) and recovery time (b) dependence of lenslet temperature. (c) For each cycle process, the time-
dependent temperature. (d) Focal length is plotted as a function of irradiation time and recovery time, respectively. The inset in (d) is the stability of
BCEs by repeatable actuation after 1 week.
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imaging information on BCEs at designated areas of 0° and 80°
(Figure 4a and d). As irradiation time gradually varied from 0 to
30 s, the detected images of lenslets at 0° changed from clear to
blurry (from in focus to defocused state) (Figure 4b and Video
1). Simultaneously, images in the area of 80° remained clear
(Figure 4c). Similarly, when the nIR light was turned on at the
area of 80° and off at 0° (Figure 4d), the local lenslets at 80°
changed from in focus to defocused state (Figure 4e and Video
2). During this time, the local lenslets at 0° was always in focus
(Figure 4f). Interestingly, given that the diffraction-limited
diameter of the laser spot is 266 nm, it is theoretically possible to
control a single G/GNSs lenslet. As a remote stimulus, nIR
possesses the advantage of transmitting through tissue with
relatively little attenuation and favorable biosafety to minimize
the side effects on the adjacent region. Thus, in this work, nIR
was utilized to drive the BCEs with programmable vari-focal
ability.
Focal length is an important parameter to fulfill the vari-focal

capability for microlenses. Based on the light-actuated strategy
above, the increased radius of curvature R resulted in enhanced
focal length. So, in order to realize a constant focal length, laser
pulses with certain frequency ( f1, f 2,···, f n) was adopted to
maintain the expectant temperature (see Video 3). As
demonstrated in Figure 5a and b, to keep a larger focal length,
irradiation time and recovery time demanded a larger frequency
( f n+1 > f n) for a higher temperature. This behavior was ascribed
to a faster energy lossQout = ρcν (∂T/∂t) at a higher temperature.
Herein, laser pulses were selectively modulated to reach a specific
temperature (Figure 5c) for the desired focal length (Figure 5d).
BCEs showed an ascending focal length f i under nIR irradiation
and reduced focal lengths f r as switching light off. When
temperature changed from 20 °C (at ti = 0 s or tr = 120 s) to 44 °C
(at ti = 120 s or tr = 0 s), the focal lengths of f i and f r increased
from 127 to 510 μm. Obviously, when temperature was less than
35 °C, focal length was passive to irradiation time and recovery
time. As long as temperature was more than 44 °C, focal length
became highly sensitive to irradiation time and recovery time.
Similarly, BCEs were tunable by varying laser power (Figure
S4and Video 4). Comprared to lower laser power of 1.0 W/cm2,
higher laser power led to larger imaging changes under the same
irradiation time (Figure S4). Accordingly, this experiment was
performed under a laser power of 2 W/cm2. In addition, the
reversibility is another key indicator to evaluate the performance
of vari-focal lenses. Thus, the point spread function of graphene-
based lenslets was also measured in our experiment. Along with
increased recovery time, the light intensity gradually became
larger and recovered to original state (Figure S5 and S6). This
excellent reversibility of lenslet curvature indicates recurrent
imaging activity of graphene-based BCEs.
The stability of BCEs was studied over 1 week by multicycle

actuation. As illustrated in inset of Figure 5d, the focal length
deviation δde among samples was less than 5 μm. A dimensionless
parameter δ% = δde/δmax was defined to depict the repeatability of
focal length curves during irradiation/recovery time, where δmax
denoted focal length induced by irradiation/recovery time. As
illustrated in the inset of Figure 5d, δ% changed between 2% and
10%, indicating that the fabricated BCEs possessed outstanding
stability under multicycle actuation.
For an application in 3-D microscopy of successive objects, a

tunable-focus G/GNSs lens with a diameter of 800 μm was
utilized. Frames in the scanning cycle (Figure S7 and Video 5)
indicated that graphene-based lenses had a vari-focal ability from
microscale to millimeter-scale.

4. CONCLUSION
In this work, based on photothermal conversion mechanisms,
GNSs are utilized to fabricate novel and sensitive photo-
responsive BCEs which feature large FOV, sensitive vari-focal
capability, superior remote actuating, and programmable
focusing. Meanwhile, BCEs have excellent imaging reversibility
and repeatability. Considering that light actuation absolutely
avoids mechanical and electronic disturbances, BCEs could be
precisely operated under complicated work environments,
providing promising applications in intelligent remote-driven
systems.
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