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The interaction between light and matter has been long explored,
leading to insights based on the modulation and control of
electrons and/or photons within a material. An opportunity exists
in optomechanics, where the conversion of radiation into material
strain and actuation is currently induced at the molecular level in
liquid crystal systems, or at the microelectromechanical systems
(MEMS) device scale, producing limited potential strain energy (or
force) in light-driven systems. We present here flexible material
composites that, when illuminated, are capable of macroscale
motion, through the interplay of optically absorptive elements
and low Curie temperature magnetic materials. These composites
can be formed into films, sponges, monoliths, and hydrogels, and
can be actuated with light at desired locations. Light-actuated
elastomeric composites for gripping and releasing, heliotactic
motion, light-driven propulsion, and rotation are demonstrated
as examples of the versatility of this approach.
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Actuators are components used to move a mechanical system
or perform shape morphing, in response to certain stimuli.

Among various mechanisms to induce mechanical deformation,
light has distinguishing advantages of wireless control, and the
capability of high-resolution and localized stimulation. Current
photomechanical systems are mainly based on liquid crystal (1–
4), optical gradient force (5), shape memory polymers (6, 7), or
inequivalent expansion of gradient materials (8–10). The actu-
ating direction mostly depends on incident light direction or
material gradient direction. Most optomechanical devices can
perform simple movement such as bending (3, 6, 10, 11), twisting
(4, 12), or expansion (1, 13) with simple light modulation, and
achieve complex movement like folding (14, 15), walking (8, 16),
swimming (17, 18), or waving (2) only with complex light pat-
terning or structured design. There are many occasions, however,
where these modulations cannot be satisfied, and the versatility
is limited by the specific design.
Ferro-/ferrimagnetic materials, which are widely employed for

magnetic actuators (19, 20), become paramagnetic above their
Curie temperature, losing their spontaneous magnetization.
However, most magnetic materials used in magnetic actuators
have high Curie temperature: 857 K for magnetite Fe3O4 (21),
1,043 K for iron, 1,394 K for cobalt and 631 K for nickel (22),
making it difficult to significantly change their magnetic prop-
erties at room temperature. Temperature-sensitive ferrites have
been used for actuators (23, 24) and microrobots (25) based on
their temperature-dependent variation of magnetic properties.
They are alloys made mainly of iron and nickel, which can have
Curie temperature as low as 310 K. However, they are con-
strained by brittle and bulky material formats lacking the me-
chanical flexibility that is generally required for use in actuation
and soft robotics. Chromium dioxide (CrO2) is a ferromagnetic
material that was once widely used in manufacturing data storage
devices in the midlate 20th century (26). Pure and unmodified

CrO2 has a considerably lower Curie temperature of 391 K (27),
allowing the opportunity to achieve large changes in magneti-
zation with relatively small changes in temperature over a con-
venient temperature range.
We introduce here light-responsive magnetic composites by

incorporating CrO2 in multiple flexible, elastomeric, and
mechanically robust, durable materials. Optically induced de-
magnetization provides multiple opportunities for wireless ac-
tuation, shape morphing, and deformation in response to light in
easy-to-use formats. Because of their polymorphic nature along
with their flexibility and high failure strain, biopolymers and
elastomers are used as magnetically inert host material matrices
for ferromagnetic dopants. The former trait allows diverse end-
material formats, adjustable mechanical properties, and pro-
grammable functions through directed assembly while the latter
allows for longer actuator lifetime and good reproducibility.
Specifically, silk fibroin (SF) and polydimethylsiloxane (PDMS)
are used as the base materials to generate the optomechanical
composites. SF is a versatile biocompatible, polymorphic, and
biodegradable biopolymer (28) with excellent optical properties
(29–31) that has been extensively explored for technological and
biomedical applications (32, 33), while PDMS is a widely used
transparent elastomer used in fields such as micromechanics,
prototyping, analytical chemistry, among others (34–36). The
composites are fabricated by direct incorporation of ferromag-
netic CrO2 powder within the biopolymeric and elastomeric
matrices precursors during material formation. The ferromag-
netic powder has an average particle size on the order of 10 μm,
and is pretreated with sodium bisulfite to generate a reduced
barrier surface layer, using methods described in literature (37).
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light sources such as the sun.
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The treatment prevents oxidation reactions with water and or-
ganic solvents, allowing for the CrO2 powder to be directly mixed
with SF or PDMS without introducing any visible aggregation.
The different material forms of SF and elastomers/CrO2 com-
posites will be hereafter referred to as “magnetic” for clarity. The
mass ratio of CrO2 to SF or PDMS base reagent will be denoted
by the percentage (for example, a film with 50 wt % CrO2 rel-
ative to SF will be referred to as 50% magnetic SF film). Unless
otherwise noted, all magnetic PDMS indicates a 50% CrO2
mass ratio.
To illustrate the facile preparation of such light-responsive

composites and the multiple possible forms obtainable, several
material formats were generated, ranging from magnetic films,
both rigid and elastic, to sponges, monoliths, and hydrogels (Fig.
1). It is worth observing that the freestanding magnetic SF film is
flexible and not transparent (Fig. 1A), and that the addition of
CrO2 into the SF matrix causes physical cross-linking of the
protein, inducing β-sheet structure (SI Appendix, Fig. S1),
thereby rendering the film (largely) water insoluble. Addition-
ally, the mechanical properties of the magnetic SF composite
film are modified with an increase in Young’s modulus in com-
parison with pure SF films (SI Appendix, Fig. S2).

The CrO2 particles are uniformly distributed in plane (SI Ap-
pendix, Fig. S3), but a gradient structure is present out of plane (Fig.
1B). The composite side with higher CrO2 concentration will be re-
ferred to subsequently as the C side, while the other will be either the
S side (for SF composites) or the P side (for PDMS composites). This
gradient is generated as part of the drying process when particle
sedimentation leads to a higher CrO2 concentration on one side (the
bottom) of the film. The CrO2 gradient can be seen in SEM images
of the films’ cross-section (Fig. 1 C and F). Magnetic PDMS can be
easily molded into different shapes and can be formed into various
patterns (Fig. 1 D and E). Additional light-active magnetic material
formats can be obtained by leveraging SF’s polymorphism to gen-
erate magnetic sponges, monoliths, and hydrogels (Fig. 1G–I). These
composites show strong magnetic responses, and can be simply ma-
nipulated with a permanent magnet (Fig. 1J).
The materials as composed are light-responsive and can be

actuated following the simple mechanism outlined in Fig. 1K. A
CrO2 composite cantilever is formed and placed in a magnetic
field generated by either a permanent magnet or an electro-
magnet. The field amplitude exceeds the material’s coercivity
and thus, the magnetic force is attractive. The cantilever bends
toward the magnet and reaches an equilibrium state where the
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Fig. 1. Multiple magnetic composite formats and light-actuation mechanism. (A–C) Photos and SEM images of a 50% magnetic SF film. (A) Photos from top
and side view of a bending film. (B) SEM images of the S-side (Top) and the C-side (Bottom) surfaces. (C) SEM images of the cross-section. (D–F) Photos and
SEM images of magnetic PDMS sheet. (D) A flexible 20% magnetic PDMS slab with 1.5-mm thickness. (E) Different patterns that are laser-cut from magnetic
PDMS membrane of 100-μm thickness. (F) SEM image of the cross-section of a magnetic PDMS sheet. (G) A 50% magnetic SF sponge. (Inset) Photo shows the
light-mass sponge placed on top of a plant leaf. (H) A 20% magnetic SF block by sol-gel transformation. (I) A 50% magnetic SF hydrogel made in a glass vial;
another piece is pressed by fingers. (J) Direct manipulation of different composite forms with a permanent magnet. (K) Schematic of the actuation of a
composite cantilever by photothermal demagnetization.
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magnetic force and elastic force are balanced. When the magnetic
composite is illuminated by light, such as a laser or sunlight, it converts
photonic energy into thermal energy, causing an increase of the can-
tilever temperature. Because of the ferromagnetic nature of the ma-
terial, as the temperature T goes up, the local magnetic susceptibility χ
is decreased. The magnetic attractive force applied on the sample is
F= ðm ·∇ÞB, with the magnetization m=   ðχ=μoÞB. While the mag-
netic field profile stays unchanged, the force F decreases with lower
susceptibility χ resulting from higher temperature. According to the
Euler–Bernoulli beam theory (38), a smaller magnetic force leads to a
smaller beam deflection, because of the decreasing load. When the
light source is removed, the actuator temperature equilibrates to the
surrounding temperature, causing the magnetization to increase with
the temperature decrease, thereby reversing the deflection.
Material response time and performance depend on the pho-

tothermal conversion efficiency, since the temperature change
induced by the light directly determines the amplitude and the
time scale of magnetization loss. The effect is analyzed by forming
magnetic SF film strips (8 mm× 2 mm) with different CrO2
loading percentages, and evaluating the material response when
exposed to a 2-cm-diameter continuous-wave laser beam (λ = 532
nm). Film thickness for different loading percentages is listed in SI
Appendix, Table S1. The light-intensity distribution on a transverse
plane of the beam-propagation path has a Gaussian profile, and

the sample is located in the center of the beam. The total power
incident on the sample is calculated by integrating the Gaussian
intensity distribution of light with respect to the sample location and
its surface area. The temperature is measured with an IR camera by
averaging over a 1-min period after the temperature stabilizes. The
temperature variation is found to be linearly dependent on the in-
cident power at specific loading percentages (Fig. 2A). A 100%
magnetic SF film exhibits a temperature increase of 105 K from
room temperature (Troom = 303 K) for an incident power P = 145
mW. The maximum temperatures are not significantly affected by
different CrO2 loading percentages, and are found to be within 12 K
of one another (Fig. 2A, Inset). This is attributed to the high light
absorption at all loading percentages (SI Appendix, Fig. S4). The
thermal relaxation time τ is measured by sequential exposure to
light (on/off laser switching cycles), and estimated with an expo-
nential function according to Newton’s law of cooling (39):

heating :T =Tmax − ðTmax −TroomÞe−ðt=τÞ,

cooling :T =Troom − ðTroom −TmaxÞe−ðt=τÞ,

where Tmax and Troom are the temperature from heating and
room temperature, respectively. The thermal relaxation time τ
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Fig. 2. Photothermal responses and thermal-demagnetization properties. (A) Average stabilized temperature rise of magnetic SF film strips (2 mm × 8 mm)
with different loading percentages (25, 50, 75 and, 100%) and 50% magnetic PDMS strip under different laser powers. The thermal camera image is for 50%
magnetic PDMS sample under 120-mW illumination. (Inset) Graph shows the temperature rise at different loading percentages of magnetic SF film under
145-mW laser power. (B) Heating and cooling curve of a 50% magnetic SF film strip under 186-mW laser illumination. (Inset) Bar graph is experimental (thick
bars) and calculated (thin bars) τ values for three 50% magnetic SF and three 50% magnetic PDMS strips with laser power 37 mW. (C) Hysteretic magne-
tization of pretreated CrO2 powder at 300 and 350 K. (Inset) Curve at 300 K around zero magnetic field. (D) Magnetization of pretreated CrO2 powder in the
temperature range from 200 to 400 K (blue) and the first derivative of M(T) (red). (E) The maximum displacement of the tip of a 50% magnetic PDMS strip
(2 mm × 8 mm × 0.1 mm) for laser illumination on both C and P sides.
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for a 24-μm-thin 50% magnetic SF film is 0.66 ± 0.04 s (mean ±
95% CI) under illuminating power 190 mW (Fig. 2B). For a
110-μm-thick magnetic PDMS, with same illumination power, τ
value is found to be 1.92 ± 0.04 s (SI Appendix, Fig. S5). τ can
also be theoretically estimated by τ = ρCb/h (9), where ρ is the
sample density, C is the heat capacity, b is the sample thickness,
and h is the heat convection coefficient. Using the measured
value of C, the calculated τ values are in good accordance with
experimental values (Fig. 2B, Inset), suggesting that CrO2 dom-
inates the heating process. This is further corroborated by the
fact that illumination occurs from the C side, and the thermal
camera mainly measures the surface temperature (SI Appendix,
Supplemental Text and Table S2). Thermal efficiency is calcu-
lated by fitting the cooling curve of all of the samples. The
efficiency of converting photonic energy to thermal energy is
beyond 55% for all of the loading percentages of magnetic SF
composite and for 50% magnetic PDMS (SI Appendix, Supple-
mental Text and Fig. S6). Exposure of the magnetic composite
materials to the temperatures above does not significantly affect
the material or cause it to undergo weight loss, as confirmed by
thermogravimetric analysis of the samples which shows a thermal
degradation onset temperature 550 and 631 K for 50% magnetic
SF and 50% magnetic PDMS, respectively (SI Appendix, Fig. S7).
The effect of the pretreatment process on the magnetic proper-

ties of the CrO2 powder is also investigated. Magnetic hysteresis
loops are measured for pretreated CrO2 powder at 300 and 350 K
(Fig. 2C), showing high saturated magnetization values of 43.2 and
35 emu g−1, respectively. The received nontreated CrO2 has satu-
rated magnetization of 80.8 emu g−1 (SI Appendix, Fig. S8), revealing
a trade-off between the stability necessary for material processing
and a variation in the baseline magnetic responses. The measured
remnant magnetizationMr and coercivityHc is 15.3 emu g−1 and 510
Oe, consistent with values reported in the literature (24, 40). The
Curie temperature, Tc, is defined as the point where the first
derivative dM/dT has largest magnitude (41), and is measured to be
395 K (Fig. 2D). The discrepancy from tabulated values is attrib-
uted to the introduction of the pretreatment barrier/protective
layer that may lead to an increase of the Curie temperature com-
pared with pure, unmodified CrO2 (42).
The vertical CrO2 gradient described previously causes an ineq-

uivalent expansion of the two sides of the magnetic composite when
exposed to heat (SI Appendix, Fig. S9), humidity (SI Appendix, Fig.
S10), and light, resulting in mechanical deformation. To quantify
light-driven actuation, a simple elastomeric cantilever (100 μm

thick, 8 mm × 2 mm) is evaluated under different illuminating
power as shown in Fig. 2E. The cantilever displacementD is defined
as the displacement of the cantilever tip compared with the original
position with no illumination. The sign of the displacement D is
defined as negative when the side facing the incident light expands
(to the left of the image), while defined as positive when the back
side of the incident light expands (to the right side of the image).
For received laser power of 368 mW, D reaches −3.86 ± 0.10 mm
for P side and 3.42 ± 0.09 mm for C-side illumination.
Fig. 3A shows frames of recorded videos at t = 0, 2.5, 5, 7.5 s

after laser is switched on and 10 s after laser is switched off.
Values of the measured deflection D plotted against time for
different laser intensities are shown in Fig. 3B. When the can-
tilever is lifted by the electromagnet, the magnetic field is 30 mT
at the cantilever tip. With higher laser power, the actuating
speed is faster and the corresponding maximum displacement is
larger. As one can see in Fig. 3B, for higher laser powers, the
cantilever does not recover to its original position after the laser
is switched off. With repeated heating and cooling, the cantilever
always returns to the same position (within 100 μm). This can be
explained as follows: before each experiment, the cantilever is
magnetized horizontally with an ∼400-mT external field to
maximize the magnetic force between the cantilever and the
electromagnet. The magnetic field from the electromagnet does
not exceed the coercivity of the cantilever. When illuminated by
the laser, the coercivity decreases as the temperature rises, de-
creasing the cantilever’s net magnetization since the magnetic
field is weaker as the distance is greater from the electromagnet.
Thus, the total attractive force between the cantilever and the
electromagnet is smaller after the heating process compared with
the initial condition, which results in a smaller deflection of the
cantilever after the light is switched off. By directing light on
different sides (C or P side) of the composites, significantly dif-
ferent actuations can be achieved (Fig. 3B, Inset) for the same
incident light power. When illuminated on the C side with
160 mW, after reaching the original vertical alignment (D =
4.46 mm), the displacement continues to increase to 5.38 ±
0.11 mm because of the thermal expansion. Finally, the elasto-
meric composite was evaluated for performance, cycling the
cantilever 300 times by switching the laser on/off with 5 s/5 s
period. The performance did not deteriorate, which implies a
mechanical operation in the elastic range and a total recovery of
the magnetization when the temperature decreases (Fig. 3C).
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Fig. 3. Light-induced actuation of a 50% magnetic PDMS strip. (A) Actuation process under 89-mW/160-mW laser illumination and 30-mT external magnetic
field. The white arrow indicates the light incident on the C side of the strip. (B) Sample tip displacement as a function of time under different laser power with
C-side illumination. The maximum temperature is marked for each curve. (Inset) Maximum measured displacement for both C- and P-side illumination.
(C) Cyclic response when the strip is illuminated by 100-mW laser power at 50% cycle with a period of 10 s for ∼300 cycles.
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These types of composite material strategies and their in-
terplay with light can be used to achieve complex multiscale
untethered actuation, and could generate interesting applica-
tions for reconfigurable surfaces, locomotion, or soft robotics.
Demonstrator devices based on this approach were fabricated to
illustrate complex movement with simple illumination. The
ability to generate an optomagnetic elastomeric composite can
enable soft grippers to capture and release objects in response
to light.
The device is shown in Fig. 4A. A shaped CrO2/PDMS “claw-

like” structure with multiple “fingers” is attached to the tip of an
optical fiber (which only serves as a mechanical support). This
structure can be used as a small gripper tool, given that the
fingers of the claws experience cyclical tightening and loosen-
ing in response to the light-induced demagnetization and the
changing magnetic force. A demonstration of this functionality
has been carried out by having the structure grab and move an
object (of size 4 mm × 4 mm × 3.5 mm and mass m = 2 mg)
placed in proximity to the magnet. The light used to actuate the
device is provided by a laser (λ = 532 nm, Ptotal = 3 W, beam
diameter w ∼ 1 cm) that illuminates the structure from above
and demagnetizes the “claw.” When the laser is switched on, the
object is gripped, lifted, and eventually released away from its
original location in a few (t ∼ 6) seconds (Fig. 4B and Movie S1).
It is expected that larger loads can be handled with different
combination of materials and actuating magnets.
The same structure can also act like a resonator by suspending

the structure above a permanent magnet, so that the construct is
pulled and bent toward the magnet and the fingers are closed. As
the heat accumulates in the structure and temperature gradually
increases, the attractive force on the structure correspondingly
decreases, leading to the unbending of the optical fiber and
opening of the fingers. While still being in the proximity of the
magnetic field, the light-responsive structure is attracted toward
the magnet and the optical fiber bends again and the fingers

close. The resonating cycle continues as long as the light is kept
on (Movie S2).
Compared with magnetic actuators, the use of light-responsive

materials offers the advantage of being able to localize the
control and selectively actuate portions of the material. This can
be shown by reshaping a piece of 130-μm-thick magnetic PDMS
film with 20 wt % CrO2 into a flower-like geometry with six
“petals” of equal dimensions (4 mm × 1 mm). Because of the
magnetic force between the permanent magnet and the film, the
petals are lifted toward the magnet located above as shown in
Fig. 4C. Directing light onto an individual petal allows it to be
moved without affecting the others. By mounting the structure
onto a post, it is possible to address the petals sequentially by
rotating the post in the path of the laser beam, causing that
portion to heat up, lose its partial magnetization, and “open”
under gravity. In this way, the six petals can be alternatively and
independently actuated (Movie S3). These composites can be
rationally designed to move with (heliotropic) or against (con-
traheliotropic) the direction of incident light, which is usually not
the case for uniform liquid crystal based photoactuators. It is
worth noting that in this case, the actuation does not depend on
the CrO2 gradient and the sample can be placed with either side
facing up, unlike other photothermal actuators with gradient
structures. These types of composites can also respond to solar
irradiance. As an example, sunlight was used to control the
vertical position of a levitated permanent magnet (SI Appendix,
Fig. S11). A magnetic sponge composite is placed above a levi-
tated magnet floating between two sheets of pyrolytic graphite.
Focusing sunlight onto the sponge changes its magnetization and
displaces the permanent magnet vertically. The magnet can be
also moved in plane by focusing sunlight on different spots of the
magnetic SF sponge.
As a final demonstration, a Curie engine powered by light

(Fig. 4D) was realized by reshaping a 1.5-mm-thick magnetic
PDMS slab into a ring structure that can freely rotate on a
stainless-steel needle post in the presence of a permanent
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Fig. 4. Demonstrators of optomechanical actuators. (A) Schematic illustrating the operation of a magnetic composite gripper. (B) Sequential images of the
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magnet. The laser beam (λ = 532 nm, Ptotal = 1.8 W, beam di-
ameter ∼ 1 cm) is focused onto a fixed spot on the ring and
neither the magnet nor the laser beam are moved. Local de-
magnetization at the illuminated spot leads to local decrease of
the magnetic susceptibility, while the magnetic susceptibility of
the rest of the rotor stays unchanged. This results in an un-
balanced net force in vertical direction which starts the rotation.
The Curie engine as constructed can continuously rotate at a
speed of 2 rpm (Movie S4).
The concepts presented here represent different instances of a

composite platform that merges optomechanical and magnetic
functions. Multiple material formats, manufacturing approaches,
characterization, and initial device demonstration for light-
activated material systems and actuators provide the underpin-
nings for expanded opportunities in functional, flexible mate-
rials. Additional utility will be added by magnetic field control,
and patterned material designs with opportunities in non-
homogeneous shape morphing, such as origami folding or auxetic
material forms, valves and switches in microfluidic devices, or sun
tracking systems are among the possible options offered by the
platforms. Tailored light control can offer further control through

shaped wavefronts, diffractive optics, and multispectral operation
which can be matched to specific resonant codopants such as
plasmonic nanoparticles. Alternative device designs along these
lines open promising directions for future actuator concepts,
particularly when coupled with flexible electronic or soft-robotic
platforms, and new modes of wireless, untethered dynamic
interfaces.
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