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HIGHLIGHTS

Large-scale and crack-free inverse

opal films with brilliant colors are

achieved

Structural-color films with both

vapochromic and vapomechanical

responses

Structural-color actuators show

fast color changes and non-

fatigued shape alterations

Chameleon-inspired structural-

color actuators can interact with

the environment
Structural-color films that feature unprecedented capabilities of both sensitive

vapochromic and robust vapomechanical responses have been successfully

developed. Based on these films’ extraordinary properties, various structural-color

actuators have been further fabricated and demonstrated, for example, a rotating

pinwheel, an artificial blooming flower, and a worm-like walker with accompanying

dynamic color alterations. These actuators exhibit fast, stable, and sharp color

alterations together with non-fatigued and programmable motions, which can be

used for sensing, communication, and disguise in soft robotics.
Wang et al., Matter 1, 626–638

September 4, 2019 ª 2019 Elsevier Inc.

https://doi.org/10.1016/j.matt.2019.05.012

mailto:xm.du@siat.ac.cn
https://doi.org/10.1016/j.matt.2019.05.012
http://crossmark.crossref.org/dialog/?doi=10.1016/j.matt.2019.05.012&domain=pdf


Article
Chameleon-Inspired
Structural-Color Actuators
Yunlong Wang,1 Huanqing Cui,1 Qilong Zhao,1 and Xuemin Du1,2,*
Progress and Potential

Intelligent actuators with the

ability to interact with the

environment have become an

emerging topic. However,

traditional actuators could not

achieve more complex functions

such as stimulus-dependent

colorations. Although many dyed

or luminescent actuators can

display specific colors and alter

their shapes, these actuations

struggle with photobleaching, low

luminous efficacy, or unfavorable

response fatigue. Here, by
SUMMARY

In response to the changing environment, chameleons can adjust their skin

colors to communicate and create disguise during locomotions. By mimicking

their behaviors, we present structural-color actuators that can sense the envi-

ronment and give responses of non-fatigued vivid color alterations and pro-

grammable shape transformations. Due to the sensitive vapochromic and

robust vapomechanical response properties, these structural-color actuators

exhibit fast color changes (less than 1 s) and non-fatigued shape transformations

(more than 110 cycles) when exposed to specific vapors. On the basis of these

extraordinary properties, we demonstrate the actuation processes of a rotating

pinwheel and a closing/blooming flower with brilliant color changes, and a

worm-like structural-color walker that can move forward straight and rhythmi-

cally with dynamic color changes. With these chameleon-like behaviors, these

structural-color actuators could have important implications in sensing, commu-

nication, and disguise of soft robotics.
mimicking the behaviors of

chameleons, structural-color

actuators that feature

unprecedented capabilities of

both sensitive vapochromic and

robust vapomechanical responses

have been achieved. These

properties enable fast, stable, and

sharp color alterations together

with non-fatigued and

programmable motions. With the

state-of-the-art concept of

interaction with the environment,

these structural-color actuators

may provide inspiration for further

development in various research

fields, including sensors,

actuators, robotics, and smart

systems.
INTRODUCTION

Senses and reactions to external stimuli, in any manner, are important survival traits

for organisms as a result of natural evolution of predator-prey interactions. As pred-

ators, plants such as the Venus flytrap are capable of rapid shuttingmovements once

insects fall into their traps.1 As prey, plants such as Mimosa pudica can also droop

rapidly once their leaves are touched to avoid predators.2 In more advanced sys-

tems, animals such as chameleons are not only capable of locomotion for consump-

tion and escape, but also coloration for attraction, warning, and disguise.3 All of

these shape and color adaptations to stimuli result from the internal coordination

of organisms such as osmosis pressure and structural changes in cells, which have

valuable implications for the engineering of smart actuators.

Inspired by the smart adaptations in nature, efforts have been made to explore

various soft actuators for years. For example, vapor-triggered actuators,4–7 light,8–11

photothermal,12–14 and electric or magnetic-stimulated actuators15–19 are activated

by certain stimuli to generate shape transformations or motions. In addition, the

shape transformations or motions can be further programmed and automated by

the introduction of patterned structures into the actuation systems.20–22 By opti-

mizing the geometrical configurations of the actuators, the shape transformation

direction and speed can also be precisely controlled.21,23 Moreover, some vapor-

triggered actuators demonstrate excellent non-fatigued actuation performances

by using robust polymers, for example, polyvinylidene fluoride (PVDF).21 Due to

these unique features, the soft actuators have been widely developed for energy

generators,7,24 artificial muscles,15 tissue engineering,25,26 infrared camouflage,27

soft manipulators,28 and soft robotics.29 Although the conventional soft actuators
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may perform well in shape morphing or motion, they have been unable to achieve

more complex functions such as stimulus-dependent colorations in organisms, rep-

resenting a hindrance to their application at higher levels.

Recently, various strategies have been established for designing actuators that are

more similar to creatures in nature. By introducing dyes into the actuation systems,

not only could the actuators alter their shapes but they could also adapt to the envi-

ronment by displaying specific colors. In a seminal work, Morin et al. developed soft

pneumatic robots with integrated microfluidics injected with dyed liquids that could

change the color for display and camouflage, although this system requires contin-

uous flow and manipulation of multiple liquids for specific color alteration and thus

has a slow response time.30 In addition, the stability and durability of the dyed colors

are limited by their photobleaching properties.30,31 Since then, different color ele-

ments that can change their optical properties, including luminescence and reflec-

tion, have been further developed to achieve various color actuations, but struggle

with low luminous efficacy or unfavorable response fatigue.32–35 Furthermore,

compared with the smart adaptations in nature, the overall actuation systems lack

the ability of sensing the environment autonomously with coordinated responses

of desired shape and color alterations. Consequently, to broaden the range of prac-

tical applications, a more ideal adaptive actuation system should be explored.

Originating from the physical interactions of light with intrinsic periodic nanostruc-

tures, structural colors widely exist in the nature, for example, chameleons and

alga Cystoseira tamariscifolia.3,36 Inspired by the natural examples, various struc-

tural-color materials, which possess the capabilities of modulating electromagnetic

waves and manipulating the propagations of photons with the energy in their pho-

tonic band gaps (PBG), have been investigated and applied in sensing materials,

photonic displays, and information storages.37–44 To date, only a limited number

of structural-color actuators have been developed because they must satisfy the crit-

ical features of highly ordered periodic structure, and sensitive as well as robust actu-

ating properties simultaneously, making the development of these technologies

extremely challenging.40,43,44 Here, by mimicking the structural color shifts of cha-

meleons under the control of dermal iridophores via active tuning of the guanine

nanocrystal lattice PBG, we demonstrate structural-color actuators that possess

fast, stable, and sharp color changes with non-fatigue and programmable motion

properties. These actuators were produced by introducing patterned polymer

stripes into synthetic inverse opal films with sensitive vapochromic and vapome-

chanical responses. Taking advantage of the fast vapor-absorbing/desorbing capa-

bilities of poly(trimethylolpropane triacrylate) (PTMPTA), the inverse opal PTMPTA

films can shift their colors vividly and extensively in a short time (red shift of 37 nm

in only 0.2 s). In addition, the inverse opal PTMPTA films also demonstrate desig-

nated shape transformations (e.g., tube-curling, twisting, and rolling shapes) by

changing the orientation of embedded polymer stripes due to their vapomechani-

cally responsive properties. By a coordination of vapochromic and vapomechanical

responses, the structural-color films not only exhibit active and bright color shifts,

but also simultaneously show intriguing abilities of programmed shape transforma-

tions without fatigue (more than 110 cycles). Based on these extraordinary proper-

ties, various structural-color actuators have been further developed—for example,

a rotating pinwheel and an artificial blooming flower accompanied by dynamic color

alterations. In amore advanced demonstration, not only can a structural-color walker

move in a designated direction with a certain speed, but it can also activelymodify its

color in response to the changing atmosphere during its motion. To our best

knowledge, these are the first brilliant structure-color actuators that feature
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Figure 1. Fabrication of Inverse Opal Films

(A) Schematic illustration of the preparation of the structural-color polymers and the structural-

color alteration mechanism stimulated by an organic solvent.

(B–D) Scanning electron microscopy images of the silica colloidal template with particle sizes of

296 nm (B), the inverse opal-structured PTMPTA film (C), and the corresponding cross-section

morphology (D).

(E–G) Images of inverse opal PTMPTA films with purple, green, and yellow colors prepared from

different silica assemblies with sizes of 241 nm (E), 296 nm (F), and 344 nm (G).

(H) The Bragg diffraction red-shifts from 439 nm to 531–579 nm by increasing the corresponding

particle size of silica from 241 nm to 296–344 nm.

(I) The Bragg diffraction red-shifts from 441 nm to 484 and 531 nm by altering the glancing angle

from 45� to 60� and 90�, respectively. Insets show the corresponding images of inverse opal

PTMPTA films of different glancing angles. Scale bar, 0.5 cm.
unprecedented capabilities of both sensitive vapochromic and robust vapomechan-

ical responses, thereby enabling fast, stable, and sharp color alterations together

with non-fatigue and programmable motions. With the state-of-the-art concept of

interaction with the environment, a variety of intelligent actuators and soft robotics

that can sense and respond to the environment could be extensively explored.

RESULTS AND DISCUSSION

Fabrication of Structural-Color Films

Typically, the inverse opal-structured color films were fabricated by using highly or-

dered silica colloidal crystals as structural templates, as shown in Figure 1A. These

colloidal crystal templates were firstly prepared via the self-assembly of silica

particles (with sizes of 241, 296, and 344 nm) on the surface of flat glass slides, which
628 Matter 1, 626–638, September 4, 2019



self-assembled into closely and orderly packed colloidal crystal arrays as a result of

solvent evaporation (Figure 1B). Thereafter, the trimethylolpropane triacrylate

(TMPTA) prepolymer solution was cast into the silica templates and then degassed

in vacuum, where the interstitial air pores in between the silica particles facilitate the

infiltration by capillary force. After the prepolymer solution had penetrated the air

pores and filled all the voids in the colloidal crystal templates, the prepolymer was

polymerized to form polymer-embedded colloidal crystals by UV light. Finally, the

inverse opal-structured PTMPTA films with a thickness of 100.0 mm were obtained

by etching the silica particles (Figures 1C and 1D).

Due to the orderly packing of the silica colloidal crystal templates, the obtained in-

verse opal films possess unique PBG properties. In particular, certain wavelengths of

light located in the PBG are prevented from propagating through the inverse opal

structures, and thus are reflected by the polymer films. Therefore, the inverse opal

films display brilliant structural colors at characteristic reflection peaks (Figures

1E–1H). The maximum characteristic reflection peak of the polymer film can be eval-

uated according to the following Bragg-Snell equation:

lmax = 1:633
d

m

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiX
n2
i Vi � sin2q

q
; (Equation 1)

where lmax is the wavelength of the Bragg diffraction peak; d is the diameter of the

colloidal particles;m is the order of the Bragg diffraction; ni and Vi are the refractive

index and the volume fraction of the material; and q is the angle measured from

normal incidence. Evidently, we can implement the following approaches to adjust

the structural colors offered by inverse opals, for example, changing the size of the

colloidal particles (d), glancing angle (q), or refractive index (n) by introducing other

components into the inverse opals. Figure 1H shows that the Bragg diffraction of the

inverse opal PTMPTA films red-shifts by increasing the size of the templated silica

particles from 241 to 344 nm, owing to the increased lattice spacing of the inverse

opals. In addition, varying the glancing angle from 45� to 60� and 90� also red-shifts

the Bragg diffraction from 441 nm to 484 nm and 531 nm, respectively (Figure 1I).
Vapochromic Responses

To achieve fast and reversible vapochromic responses, we employed PTMPTA as the

structural-color material, which enables fast absorption or desorption of organic sol-

vents reversibly (Figures 1A and S1). Upon exposure to certain organic vapors, the

organic molecules diffuse into the inverse opal films, causing the inverse opal film

to swell and change its lattice spacing as well as the refractive index, thus red-shifting

the Bragg diffraction.45–48 With the removal of vapors the molecules can escape,

leading to shrinkage of the inverse opal film and recovery of the Bragg diffraction.

The absorption-desorption processes were verified through in situ monitoring the

colors and reflectance variations of the inverse opal PTMPTA films. Figure S1A shows

that various inverse opal PTMPTA films quickly displayed different brilliant colors by

putting the inverse opal PTMPTA films into vapor atmosphere of various solvents,

such as ethylene glycol (EG), N,N-dimethylformamide (DMF), water, ethanol,

acetone, and chloroform, under ambient conditions (Video S1). Evidently the inverse

opal films showed larger color alteration in ethanol, acetone, and chloroform vapors,

and the largest in chloroform atmosphere. In contrast, the inverse opal films showed

less color alteration in EG, DMF, and water atmospheres. These results indicate

that highly saturated solvent vapors with high polarity and high refractive index

(Table S1), that is, vapor molecules that fully fill the voids of the inverse opal struc-

tures (changing the refractive index n) and interact the most strongly with the inverse

opal surface (increasing the lattice spacing d), induce the largest Bragg diffraction
Matter 1, 626–638, September 4, 2019 629



Figure 2. Vapochromic Responses of Inverse Opal PTMPTA Films

(A) For the inverse opal PTMPTA films prepared from the silica assemblies with particle sizes of 241, 296, and 344 nm, the colors change vividly as the

concentration of acetone in the mixed solvent increases from 0% (v/v) to 100% (v/v). Scale bar, 1 cm.

(B) For the inverse opal PTMPTA film prepared from the silica assemblies with particle sizes of 241 nm, the color changes vividly from purple to green as

the concentration of acetone in the mixed solvent increases from 0% (v/v) to 100% (v/v), resulting from the Bragg diffraction red shift from 435 nm to

502 nm (Dl = 67 nm).

(C) For the inverse opal PTMPTA film prepared from the silica assemblies with particle sizes of 296 nm, the color changes vividly from green to orange as

the concentration of acetone in the mixed solvent increases from 0% (v/v) to 100% (v/v), resulting from the Bragg diffraction red shift from 527 nm to

630 nm (Dl = 103 nm).

(D) For the inverse opal PTMPTA film prepared from the silica assemblies with particle sizes of 344 nm, the color changes vividly from yellow to red as the

concentration of acetone in the mixed solvent increases from 0% (v/v) to 100% (v/v), resulting from the Bragg diffraction red shift from 585 nm to 664 nm

(Dl = 79 nm).

(E) The Bragg diffraction red-shifts as the concentration of acetone in the mixed solvent increased from 0% (v/v) to 100% (v/v), whereby the inverse opal

film fabricated from silica particles of 296 nm exhibits the largest Bragg diffraction shift upon exposure to or removal of acetone vapor with a

concentration of 100% (v/v).
shift (l); solvent vapors with only high polarity or high refractive index trigger a much

weaker color shift due to their lowly saturated solvent vapors (i.e., EG, DMF,

water).21,49 Although the color shift in chloroform vapors shows the largest alteration

compared with other solvents, acetone is chosen for color actuation due to its sec-

ond largest vivid color change and relatively low toxicity. Notably, the color of the

inverse opal film prepared from the silica assemblies with particle sizes of 296 nm

red-shifted 37 nm in only 0.2 s and reached its equilibrium after 1.7 s on exposure

to acetone (Figure S1B).

To clearly demonstrate the level of color-shift control, the change in color and

optical reflectance of inverse opals with different templated silica particles upon

exposure to various acetone vapor conditions is presented in Figure 2. The observed

color-shift performance and response time were comparable with or even superior

to the previous reports of typical dyes, pigments, and electroluminescent

materials.30–32,34 For an inverse opal template with a given silica particle size, the

increased acetone concentration in the mixed solvent afforded an increase in color

shift. The absorption of acetone increased as the concentration increased (i.e., 0%

[v/v], 20% [v/v], 40% [v/v], 60% [v/v], 80% [v/v], and 100% [v/v]), and thus the inverse

opal film experienced a larger volume expansion, resulting in a larger Bragg diffrac-

tion red shift. In addition, the color-alteration behaviors can also be tuned by chang-

ing the size of the templated silica particles of the inverse opal films (Figure 2A). By

changing the size of the templated silica particles from 241 nm to 296 nm and
630 Matter 1, 626–638, September 4, 2019



344 nm, the Bragg diffractions of the corresponding inverse opal films shift to larger

wavelengths for a specific range of acetone concentration in the mixed solvent (Fig-

ures 2B–2D and S2). Specifically, the inverse opal film fabricated from silica particles

of 296 nm exhibits the most vivid and brilliant color alteration (green-orange transi-

tion), together with the largest Bragg diffraction shift upon exposure to or removal of

acetone vapor (Figure 2E). Impressively, the color alteration is very fast and revers-

ible (for a 1.0 cm 3 1.5 cm 3 100.0-mm inverse opal PTMPTA film fabricated from

the templated silica particles of 296 nm with a color-alteration speed less than 1 s

under acetone vapor atmosphere, Figure S3 and second part of Video S1). By

enhancing the swelling properties of the structural-color materials, the colors of

these materials would further cover the whole visible range. However, the inverse

opal films demonstrate only excellent color-switching performance without shape

transformation abilities due to the symmetric volume expansion of the films upon

exposure to or removal of acetone vapor.

Programmed Actuation of Structural-Color Films

To realize tunable shape actuation, asymmetric volume expansion should be intro-

duced to induce bending of a film.4,21,49 As shown in Figures S4A and S4B, acetone

molecules absorbed into PTMPTA polymers can desorb rapidly, and thus may have

the capability to induce instant, reversible shape change of the actuators. To verify

this, we decreased the thickness of the structural-color films to study the fast

acetone-driven actuation (Figure S5). To keep a continuous supply of acetone vapor,

we used a similar device, which can continuously deliver acetone solvent to the black

cloth, in accord with our previous work.21 After the structural-color film (2.0 cm 3

2.0 cm 3 27.1 mm) was put on the cloth, rapid acetone absorption resulted in

large-scale deformation and fast locomotion due to the asymmetric volume expan-

sion induced from the acetone gradient across the two sides of the film (Figures S5A

and S5B; Video S2). The kinetics of this vapor-powered actuation was explained in

our previous work.21 The optimal content of acetone in the black cloth is between

20% and 30%. Higher acetone content suppresses the motion owing to adherence

of the film onto the substrate. Below this range, the vapor pressure of acetone is

insufficient to drive the movements of the inverse opal film. Figure S5C illustrates

that increasing the thickness of inverse opal films from 27.1 to 97.0 mm caused a

sharp decrease in the flipping frequency of the actuators from 0.63 to 0.02 round/s

at room temperature. Notably, not only can the inverse opal film show very fast and

continuous shape actuation under acetone atmosphere, it also displays a very vivid

color change during the motions. This results from a combination of glancing angle

changes and acetone absorption or desorption during the actuation process, thus

shifting the Bragg diffraction.

To further control the actuation process, we introduced a micropattern of

poly(hydroxyethyl methacrylate) (PHEMA) into the inverse opal film to form an asym-

metric structure. Figure 3A shows that the patterned PHEMA stripes were obtained

by putting a photomask on the top of a prepolymer solution, followed by UV poly-

merization for 10 min. The residue prepolymer solution was then removed. There-

after, the patterned PHEMA stripes were further polymerized into one side of the

silica colloidal templates, which was cast with TMPTA prepolymer solution. After

UV polymerization and template etching, patterned and crack-free inverse opal films

were obtained (Figure S6). By cutting the patterned inverse opal films at various an-

gles according to our previous work, well-aligned PHEMA stripes with orientations of

0�, 45�, and 90� in the inverse opal films can be facilely prepared (Figures 3B–3D).21

Interestingly, not only can the patterned inverse opal films (2.5 cm 3 0.5 cm 3

38.0 mm) turn into designated tube-curling, twisting, and rolling shapes (due to
Matter 1, 626–638, September 4, 2019 631



Figure 3. Programmed Actuation of Structural-Color Films

(A) Schematic illustration of preparation of patterned inverse opal films by introducing patterned PHEMA stripes into one side of the inverse opal films.

(B–D) Patterned inverse opal films with well-aligned PHEMA stripes at various angles of 0� (B), 45� (C), and 90� (D).

(E–G) The shape transformations and color changes of patterned inverse opal films with well-aligned PHEMA stripes at various angles of 0� (E), 45� (F),
and 90� (G). Scale bar, 1 cm.

(H) The reversible deformation of the 38.0-mm-thick film with well-aligned PHEMA stripes at an angle of 90� upon cyclic exposure to acetone vapor

(110 cycles without obvious fatigue).

(I) The reversible color change of the 38.0-mm-thick film with well-aligned PHEMA stripes at an angle of 90� upon cyclic exposure to acetone vapor can

last for more than 110 cycles without any fatigue.
the asymmetric volume expansion across the two sides of the PHEMA-patterned in-

verse opal PTMPTA films, Figure S4) under exposure to the acetone atmosphere,

they also exhibit intriguing color alteration from green to bright orange (Figures

3E–3G). Figures 3C and 3F show that the structural-color film with well-aligned

PHEMA stripes with an orientation of 45� quickly changed its planar shape into a

twisting structure in 1 s upon exposure to acetone atmosphere, and returned to

its original planar shape after exposure to air in less than 25 s for a complete shape

change and recovery process (Figure S7). This process also causes the green-orange

color transition of the films accordingly. Notably, both the shape deformation and

color change are reversible upon exposure to or removal of the acetone vapor.

Furthermore, the reversible shifts of the shape transformation and reflection peak

can last for more than 110 cycles without any fatigue (Figures 3H and 3I). Therefore,

this integration of motion and color alteration demonstrates the concept of biomi-

metic structural-color actuators with abundant actuation capabilities, which may

inspire the creation of a variety of intelligent actuators and soft robotic devices.

Locomotion of Structural-Color Actuators

The vapor-driven actuation derived from inverse opal PTMPTA films motivated us to

design various nature-inspired actuators. As illustrated in Figure 4A, an inverse opal-

structured pinwheel was constructed by adhering four pieces of inverse opal films

(1.0 cm3 0.3 cm3 100.0 mm) together. Under nitrogen flow, it maintains a constant
632 Matter 1, 626–638, September 4, 2019



Figure 4. Locomotion Performances

(A) The non-patterned structural colored pinwheel keeps rotating with a bright and vivid color change from green to orange quickly under intermittent

nitrogen-acetone mixed flow. The corresponding video is shown in Video S3. Scale bar, 1 cm.

(B) The patterned structural colored flower blooms and closes with a bright and vivid color change from green to orange quickly under exposure to

acetone flow. The corresponding video is shown in Video S4. Scale bar, 1 cm.

(C) Schematic illustration of the locomotion process of a patterned structural-color walker upon cyclic exposure to acetone flow.

(D–G) The structural-color walker moves forward, and its height (D), Bragg diffraction (E), color (F), and position (G) change correspondingly.

(H) Increasing the thickness causes a decrease in the motion speed. The corresponding video is shown in Video S5.
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green color without any change (Figure S8 and Video S3). Upon exposure to a nitro-

gen-acetonemixed flow, the structural colored pinwheel keeps rotating with a bright

and vivid green-orange quick color transition. After removing the nitrogen-acetone

mixed flow, the orange-colored pinwheel quickly returns to the original green color

(Figure 4A and Video S3). This can be ascribed mainly to the changes in the lattice

spacing and the refractive index of the inverse opal films resulting from the absorp-

tion/desorption of acetone, thus changing the Bragg diffraction. In addition, an arti-

ficial flower-shaped actuator with patterned PHEMA stripes at an angle of 90� is

capable of closing/blooming and dynamic multicolor changes under exposure to/

removal of acetone vapor (Figure 4B and Video S4). This charming multicolor varia-

tion results from the combination effect of the changes in the lattice spacing and the

refractive index of the inverse opal films, together with the dynamic change of the

glancing angle. Our results indicate that the vapochromic actuation of the struc-

tural-color actuators may be utilized for communications (e.g., Li-Fi), environmental

monitoring (e.g., real-time monitoring of toxic vapors), and healthcare screening

(e.g., breath testing).

In addition, we also prepared a soft walker that can propel itself spontaneously when

exposed to acetone flow discontinuously. Inspired by creeping, crawling, and slith-

ering animals such as worms, snails, and snakes, which rectify their motions by

breaking the symmetry of friction,50 we attached a leg of a very simple geometry

to the front of an actuator to bring about asymmetric frictions between the fore

part and the hind part, as schematically shown in Figure 4C. Upon exposure to

acetone atmosphere flow, the light hind part of the structural-color walker (with

patterned PHEMA stripes at an angle of 90�) rolled while the fore part retained

the initial shape because a heavy polytetrafluoroethylene (PTFE) film was attached.

Meanwhile, the color of the walker also changed from green to orange-red accord-

ingly. After removing the acetone atmosphere flow, the rolled walker stretched to its

original shape, resulting in slipping forward of the fore part with the hind part pinned

to the substrate. Simultaneously, the structural-color walker returned to its original

green color. The slipping process and color alteration finished as the structural-color

walker stretched to the original shape. Repeating the acetone on-off exposure pro-

cess results in the reversible alteration of the height and the structural color of the

walker (Figures 4D and 4E). Thus, the structural-color walker can move forward

with dynamic color change continuously at a speed of 0.16 cm/s (Figures 4F and

4G; Video S5). Figure 4H shows that the motion speed of the structural color de-

creases as the thickness of the structural-color film increases. With similar behaviors

to chameleons, which can change their skin colors in response to nature, the struc-

tural-color actuator can be used for sensing, communication, and disguise in soft

robotics.

Conclusions

Inspired by the periodical lattices that exist in chameleons, we have developed a

multifunctional structural-color actuator that is capable not only of locomotion but

also of synchronous coloration in response to the changing environment. The instant

and reversible brilliant color change results from the absorption or desorption of va-

pors (chloroform, acetone, ethanol) into or from inverse opal-structured PTMPTA

films. By varying the assembled particle size of the inverse opals or changing the

concentration of the driving vapors, the exhibited colors can be facilely and exten-

sively tuned. In addition, with a well-aligned PHEMA pattern embedded in one

side of the inverse opal PTMPTA films, various controllable shape transformations

including tube-curling, twisting, and rolling shapes can be integrated to form an

adaptive actuation system with synchronous changes in the shape and colors.
634 Matter 1, 626–638, September 4, 2019



Compared with other soft colored actuators, the structural-color actuator exhibits

extremely rapid response (less than 1 s for color alteration and shape deformation)

and robust actuation stabilities (>110 cycles without obvious fatigue). On the basis of

these excellent properties, we also constructed various structural-color actuators, for

example, a rotating pinwheel and a closing/blooming artificial flower, providing po-

tential application in communications. As an extension to realize the chameleon-

inspired concept, we further designed a structural-color walker by integrating an

asymmetric design of frictions at the foreleg and hind leg into a patterned inverse

opal film. This worm-like walker can creep in a specific direction together with a

synchronous bright color change under exposure to, or by the removal of, acetone

vapor flow. On the basis of these inspiring demonstrations, various smart actuation

systems with well-coordinated color and shape alteration will be possible in future by

integrating more intelligent functions (e.g., self-healing, self-adaptive) into the

materials.51–53 By modifying the actuators to become aware of other stimuli, for

example, pressure, thermal, light, electric fields, and magnetic fields, many different

types of robots that can truly sense, respond, and interact with the environment can

be created.

EXPERIMENTAL PROCEDURES

Materials

Tetraethyl orthosilicate (R99.9%, GC) (TEOS) and 2-hydroxyethyl methacrylate

(HEMA) (98%) were purchased from Sigma-Aldrich. Ammonium hydroxide

(28%–30%) and ethanol (99.7%, AR) were purchased from Dongjiang Reagent. Hy-

drofluoric acid (HF) (40%) was purchased from Sinopharm Chemical Reagent.

Ethoxylated(15)trimethylolpropane triacrylate (TMPTA) was purchased from Ryoji

Chemicals. 2,2-Diethoxyacetophenone (DEAP) (95.0%, GC) was purchased from

TCI. All other chemicals were purchased from Sigma-Aldrich. Ultra-pure water was

used in all the experiments.

Fabrication of Inverse Opal PTMPTA Films

Monodispersed silica particles (241, 296, and 344 nm) were synthesized by the clas-

sical Stöber method. The synthesized silica particles were first purified in water and

then in ethanol bymultiple (each at least three times) centrifugation and redispersion

cycles. The purified silica particles were then assembled into highly ordered colloidal

crystal templates on glass slides according to our previous work.54 The obtained

colloidal crystal templates were covered by another glass slide. Thereafter, the inter-

stitials in between the assembled silica particles were filled up with prepolymer so-

lution consisting of TMPTA (99.5% [v/v]) and DEAP (0.5% [v/v], as photoinitiator) by

capillary forces. The monomer mixtures were photopolymerized by using a UV

curing system for 15 min. The solidified films were peeled off and soaked in a

5.0% (v/v) HF aqueous solution for 2 h, washed with water three times, and finally

dried in an oven at 35�C for 4 h.

Preparation of Inverse Opal PTMPTA Films with Patterned PHEMA Stripes

A prepolymer solution of 94.5% (v/v) HEMA, 5% (v/v) TMPTA (as crosslinker), and

0.5% (v/v) DEAP (as photoinitiator) was sandwiched between a treated photomask

and a glass slide. After 10 min of UV curing, the obtained PHEMA patterns with

1-mm-width stripes were washed with acetone to remove the residue monomers

and finally dried under nitrogen flow. The colloidal crystal templates, filled with

prepolymer solution consisting of TMPTA (99.5% [v/v]) and DEAP (0.5% [v/v], as pho-

toinitiator), were placed onto the PHEMA patterns. The monomer mixtures were

photopolymerized by using a UV curing system for 15 min. The solidified films

were peeled off and soaked in a 5.0% (v/v) HF aqueous solution for 2 h, then washed
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with water three times, and finally dried in an oven at 35�C for 4 h. The obtained films

were cut into 2.53 0.5-cm stripes with the alignment of patterned stripes at an angle

of 0�, 45�, and 90�, respectively. The thicknesses of the films were determined by the

volume of the prepolymer solutions.55

Vapochromic Responses of Inverse Opal PTMPTA Films

Without touching the solvents directly, the non-patterned PTMPTA films were put

into 20-mL glass bottles respectively containing 2 mL of EG, DMF, water, ethanol,

chloroform, and an acetone-EG mixture at different concentrations (0% [v/v], 20%

[v/v], 40% [v/v], 60% [v/v], 80% [v/v], and 100% [v/v]), then lifted up under ambient

conditions. The vapochromic responses were recorded with a digital camera

(Nikon D7).

Perpetual Locomotion Performance of the Non-patterned Inverse Opal

PTMPTA Films

A custom-made device was designed according to our previous work, which can

maintain a constant acetone vapor pressure for a long time.21 The locomotion per-

formance of PTMPTA films (2.0 3 2.0 cm) with thicknesses of 27.1, 47.9, 60.8, 76.3,

and 97.0 mm, respectively was examined at room temperature (23�C). The motions

were recorded with a digital camera (Nikon D7).

Reversibility and Cycle Performance of the Twisting of PHEMA-Patterned

Inverse Opal PTMPTA Films

The PTMPTA films (2.5 cm 3 0.5 cm 3 38.0 mm) with the alignment of patterned

PHEMA stripes at an angle of 0�, 45�, and 90� were put into 20-mL glass bottles con-

taining 2 mL of acetone without touching the solvent directly, then lifted up at room

temperature (23�C). The shape transformations were recorded with a digital camera

(Nikon D7).

Performance of the Structural-Color Actuators

An inverse opal-structured pinwheel was designed by adhering four pieces of non-

patterned inverse opal films (1.0 cm 3 0.3 cm 3 100.0 mm) together. The pinwheel

impaled with a needle was then exposed to a nitrogen and nitrogen-acetone mixed

flow, respectively. The nitrogen-acetone mixed flow was produced via a device con-

sisting of a two-necked bottle containing 20mL of acetone at 45�C, with one neck for

nitrogen inflow and the other neck for the nitrogen-acetone mixture outflow. An in-

verse opal structural artificial flower was designed by adhering five pieces of

PHEMA-patterned inverse opal films (with the alignment of stripes at an angle of

90�, 60.70 mm thickness) together. The artificial flower was then treated with the

as-prepared nitrogen-acetone mixed flow to trigger the blooming and closing be-

haviors. An inverse opal structural walker was designed by adhering one piece of

PTFE film to the forepart of the PHEMA-patterned inverse opal film (1.5 cm 3

1.0 cm 3 80.14 mm). The actuation performances were recorded with a digital

camera (Nikon D7).

Characterization

Scanning electron microscopy images were recorded using a field-emission scan-

ning electron microscope (Sigma, Carl Zeiss 300, Germany) to determine the mor-

phologies of the silica colloidal crystals and the inverse opal films. The photographs

and videos were taken with a digital camera (Nikon D7). Reflectance spectra of the

inverse opal films were measured by an Ocean Optics HR 2000+ spectrometer.

The image of the PHEMA-patterned inverse opal film was observed by an optical mi-

croscope (Nikon Ni-U, Japan). FTIR spectra of PTMPTA and PHEMA films during the
636 Matter 1, 626–638, September 4, 2019



acetone absorption and desorption process were created by a Nicolet 6700 FTIR

spectrometer.
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