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Programmable Robotic Shape Shifting and Color Morphing
Dynamics Through Magneto-Mechano-Chromic Coupling

Xueling Li, Yin Cheng,* Yi Zhou, Liangjing Shi, Jing Sun, Ghim Wei Ho,*
and Ranran Wang*

Recreating natural organisms’ dynamic shape-morphing and adaptive
color-changing capabilities in a compact structure poses significant
challenges but unlocks unprecedented hybridized robotic-visual applications.
Overcoming programmability and predictability obstacles is key to achieving
real-time, responsive changes in appearance and functionality, enhancing
robot-environment-user interactions in ways previously unattainable. Herein,
a Soft Magneto-Mechano-Chromic (SoMMeC) structure comprising a
magnetic actuating and a synthetic photonic film, mirroring the intricate
color-tuning mechanism of chameleons is devised. A model combining
numerical simulation and a strain-dependent color evolution map enables
precise predictions and controllable shape-color alterations across various
geometrical and magnetization profiles. The SoMMeC exhibits rapid (0.1s),
broad (full-visible spectrum), tether-free (remote magnetic manipulation), and
programmable (model-guided control) color transformations, surpassing
traditional limitations with its real-time response, broad and omnidirectional
coloration for enhanced visibility, and robustness against external
disturbances. The SoMMeC translates into dynamic advertising iridescence,
adaptive camouflage, self-sensing, and multi-level encryption, and transcends
traditional robotics by seamlessly blending dynamic movement with nuanced
visual changes. It opens up a spectrum of applications that redefine robotic
functionality through dynamic appearance modulation, making robotic
systems more versatile, adaptive, and suitable for unexplored integrative
functions.

1. Introduction

Many biological organisms have evolved two critical traits of
shape-morphing and color-changing to gain survival advantages:
The Venus flytrap is capable of rapidly closing up the leaves
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to prey insects;[1] The stick insect
changes body color to disguise itself from
predators.[2] Scientists and engineers have
long strived to imitate the two biological
merits to develop functional materials. Soft
robots have borrowed the idea of compliant
shape-morphing for adaptive manipulation
or locomotion,[3–7] and proved effective
in broad applications of grippers,[8–10]

human-machine interactive platform,[11,12]

and biomedical mini-robots.[13,14] Be-
sides, different color-changing strategies
have been employed in applications of
smart display,[15,16] visualized sensing,[17,18]

anti-counterfeiting and encryption.[19,20]

However, such singular shape- or
color-transformation failed to achieve si-
multaneous modulation in appearance
and functionality. In order to enhance
robot-environment and robot-user in-
teractions for hybridized robotic-visual
applications, there have been some at-
tempts aimed at integrating shape-shifting
and color-morphing. In a pioneering work,
Morin et al., devised a pneumatic soft
robot equipped with microfluidic dyed
liquids to realize skin color changes.[21]

However, pumping the liquid flow de-
terred fast color change and tether-free
locomotion.[22] Fluorescent hydrogel

actuators achieved various stimuli-triggered fluorescence, such
as temperature,[23] metal ions,[24] and pH value.[25] Never-
theless, the underlying ion permeation or heat transfer in
hydrogel matrix featured slow kinetics, causing a consider-
ably extended color-response time of up to several minutes.
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Electro- and mechano-luminescence could afford an almost in-
stant color change. Larson et al., combined a pneumatic crawl-
ing robot with a multi-pixeled electroluminescent (EL) skin
based on ZnS phosphor dielectric.[26] Unfortunately, the pre-
determined metal doping in phosphor resulted in hue-fixed
coloration for each pixel, rather than a dynamic spatiotem-
poral tuning.[27,28] Thermotropic cholesteric liquid crystal elas-
tomers possess the desirable heat-induced deformation and color
change. Nonetheless, these liquid crystal robots required a pro-
hibitively high temperature to trigger the shape-color change
(typically above 80 °C),[29,30] and necessitated an extra complex
temperature-control system to cope with the ambient temper-
ature fluctuation.[31] Vapochromic actuators with inverse opal
structures proved to be effective strategy to exhibit fast and
dynamic color change,[32–35] yet they were incompetent to of-
fer stably accessible hues and robust hue control during actu-
ation, hindering the accurate shape-color programming. Cur-
rently, it remains a formidable challenge to develop a robotic
structure with not only fast and broad hue changes, but also spa-
tiotemporally dynamic and coupled tuning for real-time robot-
environment and robot-user interactions, which promises more
sophisticated robotic, sensing, and encryption applications. Mag-
netically triggered mechanical response is a promising avenue
toward complex shape morphing and locomotion considering
the fast, remote, and highly programmable actuating features.
The magneto-mechano effect has been incorporated with tribo-
electric or electromagnetic effect to design flexible nanogenera-
tor for biomechanical energy harvesting.[36–38] Besides, the lumi-
nescence effect could be driven by magneto-mechano imput to
achieve real-time visualization and remote sensing.[39,40] Till now,
magnetic control over shape-color tunability is still unexplored.

Herein, by mimicking the mechanism of chameleon’s ac-
tive skin coloration through lattice tuning of guanine nanocrys-
tals in dermal iridophore, we devise an entirely soft magneto-
mechano-chromic (SoMMeC) structure consisted of a photonic
crystal (PC) film and a magnetic actuator. The SoMMeC robots
offer a fast (≈0.1s), broad (full-visible-spectrum) and tether-free
(remote magnetic control) shape-color change through a syner-
gistic magneto-mechano-chromic (MMC) coupling mechanism.
We developed a model combining numerical simulation and a
strain-dependent color evolution map, to allow precise predic-
tions and programmable shape-color alterations across various
geometrical and magnetization profiles. To demonstrate the ver-
satility of SoMMeC structures in robotic-visual applications, we
showcased locomotive robots with dynamic advertising irides-
cence and adaptive self-camouflage, a soft gripper with visual-
feedback, and a pixelated encoding disk with advanced encryp-
tion. The SoMMeC structure holds great potential in future self-
camouflaged robots, self-feedback robotic sensing, and high-
security visual cryptography.

2. Results

2.1. Design of SoMMeC Structure and Predictive Model of MMC
Coupling

Conventional soft robots featured a singular stimulus-responsive
structure, which provided a shape adjustment without appear-
ance (surface color) modification (Figure 1a). Chameleons have

the skill to rapidly change their body color (hue) during loco-
motion, owing to the active neuromuscular tuning of guanine
nanocrystal spacing.[41] We devised a biomimetic SoMMeC struc-
ture composed of a synthetic PC layer (non-close-packed SiO2
nanospheres in an acrylate matrix with a thickness of ≈50 μm)
and a magnetic actuating layer (NdFeB microparticles in PDMS
with a thickness of ≈1 mm) (Figure S1, Supporting Information).
Upon magnetic stimulus, the SoMMeC structure went through
a programmable shape-morphing due to the magnetic torque
and/or magnetic force.[42,43] The shape-morphing leads to bend-
ing deformations accompanied by surface compressive or tensile
lateral strain, resulting in an active tuning of the PC lattice spac-
ing to realize the shifting of the photonic bandgap. This inge-
nious SoMMeC structure couples the localized surface strain to
the dynamic shaping and coloration, distinct from conventional
soft robots (Figure 1b).

We developed a predictive model to analyze the synergistic
MMC coupling (Figure 1c; Note S1, Supporting Information).
First, numerical simulation (finite element analysis, FEA) was
implemented to obtain the shape change and surface strain
mapping under the magnetic stimulus. Due to the huge rigid-
ity discrepancies between the silica particle (Young’s modu-
lus of ≈70 GPa) and the acrylate matrix (Young’s modulus of
0.175 MPa), the applied strain is almost completely transferred
to the soft matrix, while the silica particles maintain the origi-
nal dimensions (detailed experimental and simulation analysis in
Figure S2, Supporting Information). Then, the strain-dependent
color evolving map was established via physical derivation and
confirmed by experiments (discussed later). Lastly, by combin-
ing the simulation results and the color-evolving map, the shape-
color transformation could be predicted. This model is benefi-
cial for the theoretical optimization of the design parameters
of SoMMeC structures for different usages. For instance, the
SoMMeC robot could generate stably accessible multi-hues dur-
ing actuation: a disk-shaped SoMMeC structure with radial mag-
netization exhibits stable and controllable surface colors of up
to seven distinct hues (Figure 1d; Figure S3, Supporting Infor-
mation). Besides, the highly elastic actuating layer dominated
the magnetic deformation to deliver an ultrafast (less than 0.1s
response time) and synchronized chape-color alteration, exem-
plified by a SoMMeC-based flower blooming (Movie S1, Sup-
porting Information). Compared with the state-of-the-art color-
changeable robots, our SoMMeC robot ranks at the highest level
in terms of the response time of hue change and stably accessible
hues (Figure 1e). More importantly, the MMC coupling mecha-
nism enables a spatiotemporally dynamic hue tuning and cou-
pled morphing-coloration behavior through a single magnetic
control (Figure 1f and detailed information in Table S1, Support-
ing Information).

2.2. The photonic Crystal Films

A PC film composed of silica particle colloids was fabricated
as the color-changing element. It offers several advantages
over dyed or pigmentary colors, including long-term stability,
environmental friendliness, and most importantly, dynamic
spatiotemporal tunability.[44–46] Monodisperse silica particles
self-assembled into a non-close-packed face-centered-cubic (fcc)
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Figure 1. The design of SoMMeC structure with MMC coupling. a) Conventional soft robot with singular stimulus-responsive structure. b) The synergistic
MMC coupling of SoMMeC robot, including magnetic shaping, shaping-induced surface strain mapping, and dynamic coloration induced by photonic
bandgap shifting. c) The modeling of the synergistic SoMMeC coupling. Including the simulation of morphing and strain distribution i), the color-
evolving trajectory map establishment ii), and the prediction of the shape-morphing and color-changing iii). d) Stably accessible hues of a SoMMeC
rolling robot during magnetic actuation. e) Comparison with the state-of-the-art color-changeable robots in terms of the response time of hue change
and stably accessible hues during actuation. f) 4D programming (actuation, hue, spatiotemporally dynamic tuning, and coupled control) evaluation of
reported color-changeable robots and our SoMMeC robot. The widest possible operation temperature ranges for the different types were summazied
for performance comparison, which were extracted from testing conditions or infered from compositional materials of these color-changable robots.

lattice in a rubber precursor of polyethylene glycol phenyl ether
acrylate (PEGPEA) and di(ethylene glycol) ethyl ether acrylate
(DEGEEA), and were immobilized within the elastomeric matrix
via rapid photocuring (Figure S4, Supporting Information). The
non-close-packing stemmed from the interparticle repulsion
due to the hydrogen bonding between the silanol groups and

the acrylate groups, as affirmed by Fourier transform infrared
spectroscopy (FTIR) and variable-temperature FTIR (25-85 °C)
results (Figure S5, Supporting Information). The non-close-
packed arrangement afforded sufficient lattice tuning space for
wide-range color change under tensile or compressive lateral
strains.
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Figure 2. Properties of the PC film and the strain-dependent color evolving map. a) Reflection spectra of PC films with varied particle sizes (158, 167,
185, and 207 nm). b) Digital photographs of the PC films with different particle sizes (top) and the corresponding coordinates in the CIE chromaticity
diagram (bottom). c) The measured (hollow circles) and predicted (dotted line) reflectance peaks of PC films with varied particle sizes. d) Photographs
of PC films with varied particle sizes under a tensile strain of up to 70%. e) The strain-dependent color evolving trajectory map of PC films with different
initial hues. f) The measured (hollow circles) and predicted (dotted lines) reflectance peak shifting under an increasing lateral strain. g) The reflectance
peaks of PC films at initial and strained states through extreme temperature and cyclic stretch tests.

SiO2 nanospheres with different sizes were prepared by a mod-
ified Stöber method (Figure S6, Supporting Information). At a
constant silica volume fraction of 25%, the resultant PC films ex-
hibited tailorable reflection peaks of 486 nm (blue hue), 536 nm
(green), 594 nm (yellow), and 654 nm (red) at normal reflection
with particle sizes of 158, 167, 185, and 207 nm, respectively
(Figure 2a). The photonic films showed bright colors owing to
the high reflectance of 70%, validated by the border-approaching
positions of the mapped color points in a CIE (International Com-
mission on Illumination) chromaticity diagram (Figure 2b). The
bandgap position 𝜆peak can be calculated using Bragg’s equation
for a normal-incident light on the close-packed plane of an fcc
structure:[47]

𝜆peak = 2d neff =
√

8
3

Dneff (1)

n2
eff = Σn2

i Vi (2)

Here, 𝜆peak is the wavelength of the reflectance peak, d the spac-
ing between the close-packed planes, neff the effective refractive
index, D the interparticle distance, and niand Vi represent the
refractive index and volume fraction of the components in the
PC film respectively. Based on this model, Figure 2c displays the
measured silica particle size dependence of the reflectance peak,
which agrees well with the model-based calculation, proving the
non-close-packed ordered fcc structure. The adoption of homoge-
nous silica particles with other varying size could expand the
color palette of the PC films, and the particle volume ratio in the
matrix is another effective factor to regulate the initial hues (par-
ticle size of 200 nm as an example in Figure S7, Supporting In-

formation). To favor a decent range of lattice spacing variation for
wide color-tuning, we here selected a constant silica volume frac-
tion of 25%. The PC films of varying initial hues were subjected
to gradually increased tensile strain up to 70% (Figure 2d). The
color all experienced a blueshift in spectral reflectance (Figure
S8, Supporting Information), due to the vertical shrinking of lat-
tice spacing caused by the lateral elongation. The color trajecto-
ries were visualized by mapping each measured reflectance spec-
trum to a point in the CIE color space, thus establishing a strain-
dependent color-evolving trajectory map (Figure 2e). To achieve a
generalized relationship between the color and applied strain, we
adopted a linear-elastic mechanical model based on approximate
Poisson’s ratio 𝜈 of the material as seen in Equation (3)[17]

𝜆peak

(
𝜀L

)
= 𝜆0

(
1 + 𝜀L

)−𝜈
(3)

Here, 𝜆0 and 𝜆peak(ɛL) are the peak reflection wavelengths at
initial and strained (applied lateral strain ɛL) states, respectively.
In Figure 2f, a PC film with a yellow hue was used for model
evaluation, and a well-matched fitting between the measured
strain-dependent peak wavelengths and the fitted power law re-
lation was observed, giving an estimated Poisson’s ratio value of
0.477±0.016. Further comparison between the predicted curves
(dotted lines) and the measured data (hollow circles) from other
hues showed a close match, corroborating the quantitative pre-
diction of the photonic bandgap shifts upon applied strains.
As the bending-induced actuation strain of the SoMMeC struc-
ture directly determines the hue response of the PC film, the
bending curvature and the thickness collectively influence the
color-tuning performance. Based on the Euler–Bernoulli the-
ory as an approximate analysis, larger curvature and thickness

Adv. Mater. 2024, 2406714 © 2024 Wiley-VCH GmbH2406714 (4 of 12)

 15214095, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adm

a.202406714 by Y
in C

heng - SH
A

N
G

H
A

I IN
ST

 O
F C

E
R

A
M

IC
S , W

iley O
nline L

ibrary on [20/11/2024]. 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

http://www.advancedsciencenews.com
http://www.advmat.de


www.advancedsciencenews.com www.advmat.de

Figure 3. The magnetic and mechanical properties of the magnetic actuating layer. a) Magnetic hysteresis loops of PDMS-NdFeB composites with
varying NdFeB volume fractions. Hc and Br indicate the coercive force and remnant magnetization. b) The magnetization magnitude of PDMS-NdFeB
composites with varying NdFeB volume fractions. c) The Young’s modulus of PDMS, PDMS-NdFeB composites, and the PC film. d) The cyclic tensile
and compressive stress–strain curves of the PDMS-NdFeB composite. e) Simulation and experiment results of a sheet sample under a magnetic field
of 100 mT. Sample size of 25 mm × 5 mm × 1 mm. f) The actuation stability of a PDMS-NdFeB sheet with uniform (35 mm × 5 mm × 1 mm) and
nonuniform (18 mm × 5 mm × 1 mm) magnetizations.

of the SoMMeC structure contribute to increased tensile strain
on the upper surface, leading to the blueshift of the photonic
bandgap for the PC film (detailed discussion in Note S2, Sup-
porting Information). The thermal and mechanical robustness
of the color tunability was assessed under harsh testing condi-
tions. We measured the reflective peak wavelengths of PC film
samples at relaxed and stretched (ɛL of 50%) states after storage
under 80 °C/−18 °C for 3 days at a stretched state (50%), and 2000
stretching cycles (50%). Figure 2g summarizes the 𝜆peak at relaxed
and stretched states before and after each test (Figure S9, Sup-
porting Information), suggesting remarkable mechano-photonic
robustness under thermal and mechanical impacts. The reflec-
tion spectra of the PC film at relaxed and stretched (50%) states
were shown in Figure S10 (Supporting Information), with the
color variation mapped in the CIE chromaticity diagram during
2000 stretching cycles. The two clusters of color points verified
a high color-tuning stability. Besides, the PC films of different
hues exhibited vivid and almost consistent colors after one year
of storage in the ambient environment (Figure S11, Supporting
Information).

2.3. The Magnetic Actuating Layer

A soft composite of hard-magnetic neodymium iron boron
(NdFeB) particles and polydimethylsiloxane (PDMS) matrix
was employed to serve as the actuating element consider-
ing its fast response, untethered control, and magnetization

programmability.[48,49] Figure 3a shows the magnetization hys-
teresis curves of the composites containing different volume frac-
tions of NdFeB particles, revealing high remnant magnetization
and coercive force as desired. The extracted magnetic moment
density in Figure 3b depicts a linear dependence on the volume
fraction, varying from 39.5 to 129.3 kA m−1. A 15% vol% was
adopted for the magnetic actuating layer as it accommodated
both a relatively high magnetization value (101.9 kA m−1) and
a favorable rheological behavior for easy NdFeB particle disper-
sion (the cross-sectional SEM image in Figure S12, Supporting
Information). We conducted tensile stretch tests to PDMS with
varying weight ratios of PDMS base to curing agent (10:1, 20:1,
and 30:1), the magnetic counterparts (PDMS-NdFeB), and the PC
film (Figure S13, Supporting Information). The 30:1 ratio was
used for the fabrication of the magnetic actuating layer, as it pos-
sessed a similar Young’s modulus and rupture strain to the PC
film (Figure 3c), which favored the mitigation of the interfacial
mechanical mismatch and shear stress concentration. Besides,
its relatively low flexural rigidity contributed to a less demand-
ing magnetic field strength to drive shape transformations. As
shown in Figure 3d, the PDMS-NdFeB exhibited minimal resid-
ual strains and almost overlapped stress-strain curves during 400
cycles of tensile and compressive loading-unloading tests.

As an illustrative example to demonstrate the magnetically
controlled shape-morphing, a PDMS-NdFeB sheet with an al-
ternating magnetization profile was fabricated as shown in
Figure 3e. Upon the application of a uniform magnetic field of
100 mT, the straight sheet transforms into an “s” shape instantly,
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which was in good agreement with the FEA simulation results.
The actuating stability was assessed by cyclically applying a uni-
form magnetic field to PDMS-NdFeB sheets with uniform and
nonuniform magnetization profiles (Figure 3f). A stable actua-
tion output was confirmed through 2000 cycles for both cases.
The actuation rate for the uniform magnetization profile was
measured to be 35.8 mm s−1 in terms of the vertical uprise under
a quasi-transient horizontal magnetic field of 20 mT (detailed in-
formation in Figure S14, Supporting Information). The highly
resilient mechanical properties of the actuating layer, together
with the robust hue-tuning capability, cooperatively empowered
repeatable and durable shape-color programming of the SoM-
MeC structures.

2.4. SoMMeC Robots with Programmable Dynamic Advertising
Iridescence and Adaptive Camouflage

Some animals can actively change their skin coloration for at-
traction or camouflage. To mimic the skill, we designed the
SoMMeC-based caterpillar robot and rolling robot with pro-
grammable locomotion and coloration by tailoring the dimen-
sions and magnetization profiles (Figure 4a(i) and Figure S15,
Supporting Information). Based on the MMC coupling map de-
rived from the predictive model (e.g., the MMC coupling map for
radial magnetization case in Figure 4a(ii)), the shape-color predic-
tion could be obtained from simulation results (Figure 4a(iii) and
Figure S16, Supporting Information): The caterpillar robot with
sinusoidal magnetization transformed from flat and yellow into
a wavy and iridescent appearance across the body length under a
uniform magnetic field; The rolling robot with radial magnetiza-
tion transformed from flat and yellow into a concave and red, or
convex and blue, hemispherical shape under an upward or down-
ward uniform magnetic field.

Upon a programmed rotating magnetic field, the caterpillar
robot delivered undulating crawling locomotion, accompanied by
a continuously changing iridescent skin (Movie S2, Supporting
Information). The rotating magnetic field could produce a longi-
tudinal traveling wave across the robot’s body length. Assisted by
the friction between the two ends of the robot with the ground,
the traveling wave would propel the robot to move in the same
direction as the body wave transmission. The undulatory crawl-
ing locomotion strategy was schemed in the Figure S17 (Sup-
porting Information). Figure 4b(i) records the body hue profile
of the caterpillar robot during locomotion, featuring a spatiotem-
porally dynamic hue tuning along the body length. Such adver-
tising coloration for soft robots can serve not only for attractive or
aposematic purposes but also for color-encoded signaling upon
choreographed magnetic input. For the rolling robot, adjusting
the direction and magnitude of the applied magnetic field gave
access to a full-visible-spectrum robot color tunability (Figure
S18 and Movie S3, Supporting Information). Such efficient body-
color switching inspired a camouflaging strategy: the robot loco-
moted by rolling and adapted its body color to the varying back-
grounds (Movie S4, Supporting Information). Figure 4b(ii) dis-
plays that the rolling robot kept a minimal robot-background
hue deviation during the locomotion on different backgrounds.
We deployed the rolling robot in a simulated forest environment
with leaves and petals (Figure 4c): Under an adjusted magnetic

field based on the predictive model, the robot changed its color to
blend in with the red petals, confirmed by a close resemblance of
the three-channel RGB histograms between the background and
self-camouflaged states. Noteworthy is that the SoMMeC robot
accomplished a full-visible-spectrum color shift with a minimal
lateral dimension variation (Figure S19, Supporting Informa-
tion), avoiding the large uniaxial tensile strain required by con-
ventional mechano-chromic structures[17,45,50,51] (typically above
60%). The minimal lateral size adjustment is favorable for in-
conspicuous concealment. Furthermore, the shape-color tuning
of the SoMMeC robot could be exploited in more application sce-
narios through specific modification. For instance, a strip-shaped
SoMMeC rolling robot with conductive coating could serve as a
remote steering “circuit patch” with a visual positioning marker
to repair damaged electric circuits where manual operation is in-
accessible (Figure S20, Supporting Information).

2.5. SoMMeC Gripper with Visual Feedback Sensing

The perception of gripping status is indispensable for accurate
grasping control. Visual sensing related to color change can sup-
plement conventional digital sensing, or relieve the compact soft
gripper from the need for sophisticated electronic or mechanical
sensors. We assembled a SoMMeC soft gripper with three pho-
tonic crystal films on top of each arm to act as structural-color pix-
els (PC pixels) for visual self-sensing (Figure 5a and detailed mag-
netization profile in Figure S21, Supporting Information): The
gripper and cargo were placed on an operation table, and a white
LED light was applied from top and a camera was set by the side
to record the structural color variation. A magnet of adjustable
magnetic intensity was fixed onto an industrial robotic arm un-
der the operation table to translate or rotate in a predefined pro-
cedure for different shape-morphing or locomotion types (Figure
S22, Supporting Information). As the magnetic field intensity in-
creased from 0 to 180 mT, the gripping angle 𝛽 increased and the
PC pixels changed the colors, as shown in the simulated and ex-
periment results from Figure 5b (Movie S5, Supporting Informa-
tion). Here the structural color variation was due to the bending-
induced change of both the PC lattice spacing and the viewing
angle. To quantitatively measure the gripping angle, we adopted
the hue channel from HSV (hue, saturation, value) color space
using a simple imaging tool (e.g., a smartphone camera), rather
than sophisticated hyperspectral imaging equipment, to make it
a simple and feasible method. Figure 5c displays the gripping an-
gle dependence of the PC pixels hues. The PC pixel hue change
proved stable and durable through 1000 cycles of magnetically
controlled gripping (Figure 5d). The set of PC pixel hues could
serve as a colorimetric indicator of the gripping angle. For exam-
ple, when the SoMMeC gripper grasped cylinder-shaped cargos
of varying sizes (Figure 5e, Movie S6, Supporting Information),
the set of the PC pixels hues at the fastening state varied from
each other, suggesting the gripping angles of 38, 68, and 72 de-
grees according to the calibration curves. The SoMMeC gripper
could grab a maximal weight of 4 g under a magnetic field of 180
mT, which was 8 times its own weight. Interestingly, the SoM-
MeC gripper could also identify different cargo shapes (e.g., cylin-
der, tetrahedron, cube, and crescent moon shapes) via the hue
combinations of the four sets of PC pixels from the gripper arms,

Adv. Mater. 2024, 2406714 © 2024 Wiley-VCH GmbH2406714 (6 of 12)
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Figure 4. SoMMeC robots with programmable locomotion and coloration. a) i) The structural illustration of SoMMeC robots with programmable
magnetization profiles; ii) The MMC coupling map derived from the predictive model of the radial magnetization case; iii) The model-based shape-color
prediction of SoMMeC robots with sinusoidal (caterpillar robot) and radial (rolling robot) magnetization. b) i) The hue profile variation of the caterpillar
robot body (divided into three parts) during undulatory crawling. The inset shows the crawling robot with iridescence. ii) The hue deviation between
the rolling robot and the background during the rolling locomotion. The inset shows the rolling robot with adaptive self-camouflage. c) Photographs
of SoMMeC robot at un-camouflaged and self-camouflaged states (top); Corresponding RGB histogram of the background, non-camouflaged, and
self-camouflaged states (bottom).

wherein the cargo geometries directly affect the bending states
of each gripper arm and the corresponding hues (detailed in-
formation in Figure S23, Supporting Information). Considering
the low cost of analyzing color data and the high sampling rate
by a commonly available camera, the hue channel-enabled mo-
tion sensing can serve as a cost-effective and real-time monitor-
ing platform for robotic locomotion and manipulation. Besides,
the SoMMeC gripper is also ready for functional upgradability

by integration with other conventional materials. For instance,
multi-walled carbon nanotube (MWCNT) percolation film could
be assembled to provide piezoresistive sensing of the gripping
angle to supplement the colorimetric indicator when the lighting
condition is unsatisfactory (detailed information in Figure S24,
Supporting Information).

By integrating the SoMMeC gripper into an industrial
robotic arm, the grasping and self-sensing can be exploited for

Adv. Mater. 2024, 2406714 © 2024 Wiley-VCH GmbH2406714 (7 of 12)
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Figure 5. SoMMeC gripper with visual feedback self-sensing. a) The magnetically controlled gripping and hue-recording setup of the SoMMeC gripper.
b) Simulation and experimental results of the gripping angle increase under a uniform magnetic field from 0 to 180 mT. c) The dependence of the PC
pixels hues on the gripping angle. d) The PC pixels hues variation during 1000 magnetic actuation cycles at 40 mT. e) The PC pixels hues when grasping
cargos of varying size and the calculated gripping angle. The weight of the cylinder-shaped foam cargo was 20, 100, and 220 mg for the diameters of
6, 13, and 20 mm respectively. f) Schematic of the robot-assisted SoMMeC gripper for cargo identifying and sorting. g) The operational flow chart of
the SoMMeC gripper. h) The process of grasping, analyzing, and transferring using the robot arm-assisted SoMMeC gripper. i) The SoMMeC gripper
enabled the transport and classification of chaotically placed cargo.

complicated tasks such as cargo identification and sorting
(Figure 5f). The operational procedure is shown in Figure 5g
(detailed process in Note S3, Supporting Information). The
robotic arm could locate the SoMMeC gripper to the cargo
to allow the grasping and size identification controlled by a
magnetic field of 180 mT. The measured size was utilized for
further transferring and sorting (Figure 5h). Thus, the SoMMeC
gripper with automated visual-sensing and actuation feedback
could wirelessly classify and sort chaotically placed cargo into
an ordered state according to the size (Figure 5i and Movie S7,
Supporting Information).

2.6. SoMMeC Platform for Information Hiding and Encryption

The capability of predictable multi-color transformation of the
SoMMeC structure suggested a promising alternative for in-
formation hiding and encryption. Image information could be
magnetically written into a carbon black-PDMS (CB-PDMS)
sheet using NdFeB-PDMS as the magnetic ink, as illustrated
in Figure 6a(i) (detailed magnetization profile in Figure S25,
Supporting Information). An S-shaped pattern, as shown in
Figure 6a(ii), transformed between a displayed state under an ap-
plied magnetic field (B on) and a hidden state (B off) and could

Adv. Mater. 2024, 2406714 © 2024 Wiley-VCH GmbH2406714 (8 of 12)
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Figure 6. SoMMeC platform for information hiding and advanced encryption. a) Information hiding platform including i) the explosive-view configura-
tion, ii) photographs of information state transformation, and iii) magnetically programmable display sequence of image information. b) Single-level
mode information encryption including i) the structure of the PE-disk and model-based color prediction, ii) the encryption algorithm of target information
“SOS”, and iii) the information decryption of “SOS” using a uniform magnetic field of 180 mT. c) Multi-level mode information encryption including i) the
dual-key design to decrypt information from a PE-disk with random magnetization, and ii) multiple authorized individuals sequentially and collectively
decrypted the correct information “LEAVE NOW”.
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be erased using a decreasing oscillating magnetic field. The dis-
play sequence could be programmed by tuning the magnetic ink
and the magnetic field: Under an increasing magnetic field, the
letters “SICCAS” with a single magnetic ink (NdFeB volume con-
tent of 15 vol%) started to appear at 100 mT and bolder at 200 mT;
For magnetic inks of varying compositions (15 vol% for “SIC”, 5
vol% for “CAS”), the “SIC” first emerged at 100 mT, followed by
the “CAS” at 200 mT. The image hiding and programmable dis-
play sequence can be potentially utilized in anti-counterfeiting
labels.

For information encryption, we devised a SoMMeC-based
pixelated encoding disk (PE-disk) with nine PC pixels. Un-
der an upward magnetic field, the PC pixels exhibited hues
of yellow, red, and green with different magnetization profiles
of non-magnetized (N-magnetized), concavely magnetized (C-
magnetized), and convexly magnetized (V-magnetized) respec-
tively, as shown in Figure 6b(i). We predefined an encoding
table (Figure S26, Supporting Information) to cover the alpha-
bet, whereby a set of three colors indicated a specific letter. 27
available sets could be assigned to 26 letters and a number sign
“#” as a space between letters. The PE-disk accommodated 3 sets
of pixels from the starting pixel. The targeted information (for
instance, “SOS”) was encoded into the PE-disk by adjusting the
magnetization profiles(N-/C-/V-magnetized) of each pixel, com-
prising a magnetizing code for the PE-disk (Figure 6b(ii)). An au-
thorized individual with the encryption algorithm (the encoding
table) could decrypt the information by applying an upward mag-
netic field of 180 mT to the PE-disk, representing a single-level
mode information encryption, as shown in Figure 6b(iii).

To further enhance the security level, a multi-level encryption
scheme was developed. Instead of a uniform magnetic field, a
dual-key, comprised of a magnetic disk and a rotation angle rela-
tive to the PE-disk, was employed to decode the information from
a PE-disk with random magnetization profiles (Figure 6c(i)). The
magnetic disk consisted of nine magnets with a northpole up-
ward (N) downward (S) or blank (X). Only with a correct assembly
of magnets and a correct rotation angle 𝛼, the targeted informa-
tion could be correctly decrypted by applying the magnetic disk
to the PE-disk. A confidential message could be broken up and
encoded into multiple dual keys for multiple authorized individ-
uals. For example, three authorized individuals with three dual
keys (magnetic disk and rotation angle), could independently de-
code part of the target information, and collectively compose a
decrypted information of “LEAVE NOW” (Figure 6c(ii)). Upon
receiving incorrect keys (magnetic disk of incorrect magnets as-
sembly or incorrect rotation angle), the multi-level mode encryp-
tion system would generate fake information to deceive the unau-
thorized attackers (Figure S27, Supporting Information).

3. Conclusion

Integration of shape-morphing and color-changing in soft struc-
tures promises sophisticated robotic and sensing applications,
but previous trials face the issues of slow response, limited
coloration choice, and model-predictable programming. In this
work, we successfully mimic the chameleon’s color-tuning mech-
anism to propose a two-layered SoMMeC structure composed
of nonsolvent photonic film and magnetic actuating film. The
synergistic MMC coupling enabled fast, dynamic, tether-free,

and programmable shape-color tunability. The SoMMeC struc-
ture was mechanically robust to endure stretch, bend, and twist
deformations, and also functionally robust to sustain thermo-
mechanical impacts with consistent color-tuning and shape-
morphing properties. A predictive model was established based
on mechanical FEA and strain-dependent color evolving map, to
provide the shape-color changes with various geometrical con-
figurations and magnetization profiles. To demonstrate the po-
tential of robotic-visual applications, we showcased SoMMeCS-
based locomotive robots with dynamic advertising coloration and
adaptive camouflaging, a soft gripper with visual feedback self-
sensing, and an encoding platform for information hiding and
encryption.

These prototypes show how this unique SoMMeC structure
could unleash the untapped potential for hybrid robotic and vi-
sual systems that require compact design, mechanical compli-
ance, high robustness, and multimodal functionality. In the fu-
ture, we can envision the incorporation of magnetic ink 3D
printing to achieve more complex and customizable geometri-
cal transformation and dynamic coloration.[42,52] Beyond pure
bending-induced shape change, more complex shape morph-
ing could be achieved by using a kirigami strategy. Predefined
cutting patterns in planar SoMMeC structures could transform
into 3D architecture involving bending and twisting deforma-
tion modes upon magnetic simuli (3D helical shape as an exam-
ple in Figure S28, Supporting Information). Also, instead of an
inactive PDMS matrix, a phase transition polymer could serve
as a shape-locking element for localized structure adjustment
independent of the global geometry and homogeneous magne-
tization profile, to enrich the programming space of complex
SoMMeC structures (thermal phase transitional polymer as an
example in Figure S29, Supporting Information). In this work,
we selected the reflected color in a normal direction and ne-
glected the viewing-angle effect, for structural color analysis, as
we here focused on the investigation of synergistic MMC cou-
pling for shape-color programming. If demanded by specific sce-
narios, the photonic crystal film could readily be engineered to
gain a viewing angle-independent structural color to eliminate
the observing angle influence.[53,54] Besides the shape-morphing
induced strain, other stimuli that could bring about consider-
able dimensional variation of the photonic film would also af-
fect the color-changing performance, such as the organic solvent
that could swell the PC film. An extra coating of inert polymer
on the PC film could be a possible solution. For locomotion tasks
in open spaces with a large motion range (e.g., field exploration
robots), the current on-site magnetic source would be unqual-
ified. Integrating an onboard magnetic input module into the
robotic system is a promising avenue, however, it raises higher
demand for robot design and assembly to avoid interference from
the onboard magnetic module. Mechanical vibrations in the sur-
roundings can affect the accurate transfer of strain distribution
on the SoMMeC structure, resulting in a disturbed shape-color
response. Adoption of a cushion pad at the operation site or an
increase in the robot size could facilitate the SoMMeC robot to
withstand violent mechanical disturbances. In terms of the con-
trol system, the SoMMeC crawling and rolling robots belong to
the feedforward type as the magnetic input was predetermined
based on the pre-evaluated environmental factors of interest;
The SoMMeC gripper features a feedback control as an on-site
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camera system that automatedly recorded the hues of PC pix-
els in real-time to adjust the magnetic input programming for
smart identification and transportation. Another alternative strat-
egy to accomplish a closed-loop feedback control system is to in-
tegrate on-board sensing and analyzing modules into the robotic
system, which is more demanding due to the increased com-
plexity of the robot design to avoid interference from the alien
components.

4. Experimental Section
Materials: Tetraethyl orthosilicate (TEOS, Shanghai Titan Technol-

ogy), carbon black (CB, average particle size: 30–45 nm, Xianfeng
Nanomaterials Technology), aqueous ammonia (Sinopharm Chemical
Reagent), polyethylene glycol phenyl ether acrylate (PEGPEA, MW324,
Sigma–Aldrich), di(ethylene glycol) ethyl ether acrylate (DEGEEA, MW188,
Sigma–Aldrich), polyethylene glycol diacrylate (PEGDA, MW700, Shang-
hai Macklin Biochemical Technology), 2-hydroxy-2-methylphenylacetone
(Irgacure1173, Adamas), poly dimethylsiloxane (PDMS, Sylgard184, Dow
Corning), NdFeB particles (average diameter: 5 μm, Megacun Interna-
tional Trading), and multi-wall carbon nanotubes (MWCNT, 40–60 nm,
Chengdu Jiacai Technology). All chemicals were used directly without fur-
ther purification.

Preparation of the Photonic Crystal Thin Film: SiO2 nanospheres with
different particle sizes were prepared by the modified Stober method.
0.02 mL SiO2 (5 vol% in ethanol) was re-dispersed in ethanol solution
containing 0.03 mL DEGEEA and 0.03 mL PEGPEA. Then 2-hydroxy-2-
methylphenylacetone with a monomer content of 0.5vol% was added as a
photo initiator and PEGDA with a monomer content of 1vol% was added
as a crosslinking agent. The solution was dried in an oven at 80 °C for 10 h
to completely remove ethanol to obtain 0.08 mL precursor solution. Next,
polyimide tape (Kapton) was attached between two glass slides to form a
50 um gap, and drops of the precursor solution were added to permeate
into the gap. After photocuring under UV light (356 nm) irradiation for
50 s, the photonic crystal film was obtained.

Preparation of the Magnetic Actuating Layer: The NdFeB particles and
PDMS precursor (base and curing agents at a weight ratio of 30:1) were
mixed at different NdFeB volume ratios (5 vol%, 10 vol%, 15 vol%). After
degassing in a vacuum chamber, the mix was poured into a mold with a
thickness of 1mm. Then, it was cured in an oven at 110 °C for 20 min, and
cut into different patterns as demanded. The PDMS-NdFeB elastomers
could be bent into desired shapes by a template-assisted method and mag-
netized using a pulsed magnetic field of ≈2.5 T (magnetizer, MAG-2070,
Shenzhen Heshenghui Electronics).

Fabrication of Locomotive Robots Based on SMMCS: A small amount of
PDMS precursor solution (base to curing agents at a weight ratio of 30:1)
was spin-coated on the surface of the magnetic actuating layer to act as
a thin glue layer. Then a photonic film was attached to the surface of the
magnetic actuating layer. After degassing in a vacuum chamber, the two-
layered structure was cured in an oven at 110 °C for 20 min with a com-
pression force. After curing, the two-layered structure could be cut into
desired patterns and magnetized to get locomotive crawling and rolling
soft robots with dynamic coloration and self-camouflage, respectively. To
trigger the locomotion, a magnet or electromagnetic coil was fixed to an in-
dustrial robotic arm under or above the operation site. The magnet could
be controlled to translate or rotate in a predefined procedure to exert a
programmable magnetic field. The magnetic field intensity at different dis-
tances from the magnet was calibrated by a digital gauss meter (ZMST-1)
before experiments.

Fabrication of the Soft Gripper with Dual-Signal Feedback Sensing: Af-
ter the magnetization of the magnetic layer was completed, the magnetic
layer was treated with oxygen plasma (power of 100 W) for 20 s. Polyimide
tape was used as a mask to form a U-shaped pattern on the surface of
the magnetic layer. The surface of the magnetic actuating layer was then
sprayed with MWCNT on a heating stage at 100 °C to form a U-shaped
MWCNT-sensor. Conductive tape was connected to the MWCNT-sensor

using adhesive silver paste. Then three photonic film pixels with an initial
hue of red were attached and fixed to the surface of the gripper arms using
PDMS precursor solution as curable glue.

Fabrication of the Encoding Platform for Information Hiding and Encryp-
tion: Carbon black was dispersed in isopropyl alcohol (iPOH) and ho-
mogenized by ultrasonic treatment. A uniform CB-iPOH suspension was
mixed with PDMS base prepolymer. The iPOH was evaporated in an oven
at 80 °C. Then PDMS curing agent (weight ratio of 30:1) was added to get
a PDMS-CB precursor solution with 1wt.% CB. The PDMS-CB precursor
was degassed and poured into a disk-shaped mold, and SMMCS-based
color pixels were fixed ringwise into the PDMS-CB precursor solution, fol-
lowed by curing in an oven at 110 °C for 20 min. For information writing,
the printing method was adopted to prepare a magnetic actuating layer
(the ink of NdFeB and PDMS precursor solution) with desired patterns for
magnetically controlled information hiding. A syringe nozzle was used to
extrude specific patterns with the help of a digitalized translational stage.
The printing resolution limit was 1 mm, limited by the manual assembly
of PC film assembly to the magnetic actuating layer.

Characterization: Morphology characterization was conducted using
a field emission scanning electron microscope (FESEM, SU8010, Hitachi,
Japan). The particle size distribution of SiO2 was measured by dynamic
light scattering (DLS, 90PlusPALS, Brookhaven, USA). Zeta potential was
measured by electrophoretic light scattering method with ethanol as a dis-
persive medium. The reflectance spectrum was measured by an UV–vis
spectrophotometer (LAMBDA1050, PerkinElmer Instruments, USA). The
infrared spectrum was collected using an infrared spectrometer (Spotlight
400, PE, USA). The temperature-variable FTIR spectrum was tested by in
situ infrared (NicoletiS50, Thermo Fisher Scientific) with a temperature
range of 25–85 °C at a temperature interval of 10 °C and a holding time of
5 min. The mechanical tests were conducted on a universal material test-
ing machine (CMT6103, Metus Industrial Systems China). For determin-
ing the basic mechanical properties of the materials, samples (the mag-
netic actuating material, the photonic film, and the SoMMeC structure)
were tested at a strain rate of 0.03 mm s−1. The rectangular samples had
a length of 15 mm, a width of 5 mm, and a gauge length of 10 mm. Young’s
modulus was calculated from the tensile stress–strain slope at a low strain
range (within 5% strain). For the strain measurement of the complex 3D
SoMMeC structure under a magnetic field, numerical simulation was uti-
lized to calculate the localized strain distribution of the SoMMeC struc-
ture. The hysteresis loop of the magnetic elastomer was measured using a
vibrating sample magnetometer (VSM, Lakeshore7410, lakeshore, USA).
RGB histograms of 3 channels were plotted using MATLAB software to
evaluate the color similarity of different backgrounds.
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Supporting Information is available from the Wiley Online Library or from
the author.
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