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1. Introduction

Soft intelligent luminescent material sys-
tems,[1] which can behave like cephalopod 
skins to enable the on-demand display of 
dynamic colorful patterns/information 
upon stimulation,[2] have gained increasing 
popularity in diverse applications such as 
bioimaging probes,[3] information encryp-
tion,[4] stretchable electronics,[5] and 
dynamic camouflage.[6] To produce such 
systems, the most frequently reported 
strategy relied on the stimuli-respon-
sive manipulation of either the covalent 
chemical structure transformations (e.g., 
ring-opening reaction of spiropyrane and  
E-isomer to Z-isomer configuration 
change of hydroxyl distyrylpyridine)[7] or 
noncovalent molecular packing/intramo-
lecular motion changes of the incorpo-
rated fluorophores.[8] Consequently, their 
fluorescent outputs were spatially and/or 
temporally adjusted in response to external 
environmental changes, resulting in the 
display of many expected luminescent  
patterns/information.[9] However, this 
classic strategy is often limited to a few 
types of delicately designed luminescent 

molecules with elaborately synthesized fluorophores (e.g., 
spiro pyrane derivatives or distyrylpyridine dyes). Moreover, it 
remains very challenging to achieve the reversible and rapid 
switch between multiple expected patterns by using one single 
soft intelligent fluorescent system. Such limited patterning dis-
play capacity is thus far inferior to that of the natural cephalopod 
skins. This might be due to the fact that these artificial display 
systems primarily relied on the stimuli-responsive chemical 
actions (e.g., molecular structure/conformation changes) to alter 
their optical outputs. But there are very few synthetic materials 
that have the integrated properties of reversibly/rapidly switched 
multicolor fluorescence and spatially/temporally controlled 
structure/conformation changes.

In contrast, cephalopods offer a drastically different dis-
play mechanism to efficiently switch between diverse skin 
color/patterns upon external environmental changes.[10] They 
have evolved to undergo quick transformation of skin color/
patterns in the face of danger so as to disguise themselves from 

Cephalopods can display variable body color/patterns upon environmental 
stimulation via bioelectricity-controlled muscle contraction/expansion of 
skin chromatophores. However, it remains challenging to produce artificial 
display analogs that exhibit reversible and rapid switching between multiple 
expected luminescent patterns, although such systems are very appealing 
for many practical uses (e.g., data encryption). Inspired by the bioelectro-
mechanical display tactic of cephalopods, in this work, a conceptually new 
photomechanically modulated fluorescent system that enables on-demand 
display of fluorescent patterns via a cascading stimulation−mechanical 
movement−optical output conduction mechanism is presented. Specifically, 
this biomimetic system comprises a customizable hollow display panel and a 
bottom-tethered photothermally responsive fluorescent actuator. Under NIR 
light, the photomechanically bending movements of the fluorescent actuator 
will immediately cover the hollow window of the display panel and synchro-
nously manifest as the display of fluorescent patterns. Owing to its desirable 
time- and light-power-dependent actuating behaviors, diverse fluorescent 
patterns/information can be dynamically and reversibly displayed by facilely 
controlling this single remote NIR signal. This bioinspired strategy is uni-
versal and promising for fabricating on-demand fluorescent display platforms 
that combine a wide choice of fluorophores, remote control with high spatial/
temporal precision, and especially single-input multiple-output features.

The ORCID identification number(s) for the author(s) of this article 
can be found under https://doi.org/10.1002/adma.202107452.
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predators. The coloration process has been reported to rely on 
the skin chromatophores composed of pigment granules that 
are attached to radial muscle fibers. Their skin colors/patterns 
are then mediated by nerve impulse (bioelectricity) controlled 
muscle contracting and releasing movements toward stimula-
tion, which immediately convert to mechanical contraction 
and expansion of skin chromatophores, and finally manifest  
as body color/pattern changes.[11] Obviously, this natural  
display process primarily depends on the stimuli-responsive 
mechanical actions, that is, bioelectromechanically modulated  
patterning display strategy. In other words, this is a S → M → O  
cascading process, where S denotes the bioelectricity stimula-
tion, M corresponds to mechanical movement, and O denotes 
the optical outputs. Such natural cascading behaviors have 
been made good use of and given out appealing achievements 
for constructing wonderful artificial homeostatic systems and 
chemomechanical sorting systems.[12] These elegant successes 
inspired us to believe that, if such natural patterning display 
tactic was implemented and replicated, it would significantly 
advance the design of artificial luminescent display systems. 
It is anticipated that such bioinspired mechanically modulated 
display system may not only enable the remote control of fluo-
rescent outputs with spatial/temporal precision, but also make 
it possible to allow the stimuli-triggered rapid and reversible 
switching between various multicolor fluorescent patterns (the 
desirable single-input multiple-output feature) through well-
tunable mechanical action. Meanwhile, such a novel “S → M → 
O” strategy is believed to allow a wide choice of stimuli-respon-
sive polymers for actuation and chromophores for coloration.[13]

To prove this hypothesis, we herein draw inspiration from 
the bioelectromechanical display mechanism of cephalopods 
to develop a conceptually new photomechanically modulated 
fluorescent system, which enables on-demand display of fluo-
rescent patterns via an NIR-light-regulated actuating process. 
Its design architecture and working principle are illustrated 
in Scheme  1. This biomimetic system consists of two main 
components, that is, one top suspended display panel with 
a hollow window (“displayer”) and one NIR-light-controlled 
trilayer fluorescent actuator tethered beneath (Scheme 1a). The 
fluorescent actuator was prepared by layer-by-layer composi-
tion of the fluorescent glycol gel film, poly(dimethylsiloxane) 
(PDMS) thin film and carbon nanotubes (CNTs) film, aiming 
at mimicking the function of skin chromatophores in cepha-
lopods (Scheme  1b). Specifically, the CNTs film layer served 
as a signal “processor” that can efficiently transform the input 
NIR-light stimuli to conductible heat flux owing to its excel-
lent photothermal conversion capability in NIR window. When 
the heat was transferred to the PDMS layer with high thermal 
expansion coefficient, this trilayer actuator (“effector”) spon-
taneously deformed toward the fluorescent gel layer to cover 
the hollow window of the “displayer” (Scheme 1c). As a result, 
dynamic fluorescent patterns or information were observed on 
the display panel (Scheme  1d,e). By utilizing customized dis-
play panels, diverse desirable fluorescent patterns or informa-
tion could be dynamically displayed on our photomechanically 
modulated system by remotely regulating the NIR-light power, 
suggesting its remote control and desirable “single-input, 
multioutput” features. Based on synergistic effect of these 
appealing properties, their potential applications for dynamic 

paintings/figures and high-level information encryption were 
further demonstrated.

2. Results and Discussion

2.1. Preparation of the Lanthanide Coordinated Supramolecular 
Multicolor Fluorescent Glycol Gels (PHM6A-Eu/Tb)

In this study, we aimed to realize the on-demand display of 
colorful fluorescent patterns. For this purpose, multicolor flu-
orescent polymer gel materials with self-healing feature were 
designed and prepared in the first place. Figure  1a depicts 
their synthetic procedures. Briefly, thermally induced free 
radical copolymerization of potassium 6-acrylamidopicolinate 
(K6APA), methyl 6-(3-(2-(methacryloyloxy)ethyl)ureido)pico-
linate (MAUP) and N-(2-hydroxyethyl) acrylamide (HEAA) 
was first conducted in dimethyl sulfoxide (DMSO) to synthe-
size poly(HEAA-MAUP-K6APA), abbreviated as PHM6A. The 
obtained DMSO gels were then treated in excess glycol solu-
tions of Eu3+/Tb3+ ions to produce PHM6A-Eu/Tb gels with 
both red and green fluorescent centers. In the absence of 
chemical crosslinkers, their dynamic polymer networks were 
constructed totally by noncovalent interactions.

For one, robust multiple hydrogen bonding was mainly 
contributed by the moieties of MAUP, which was evidenced 
by in situ Fourier transform infrared (FT-IR) spectroscopy 
(Figure  1b). With temperature increasing from 20 to 100  °C, 
the stretching vibration peak of CO bond (≈1652  cm−1) in 
ureido blueshifted while the bending vibration peak of NH 
bond (≈1558 cm−1) in ureido redshifted, signifying the dissocia-
tion of hydrogen bonds.[14] To further testify the role of multiple 
hydrogen bonding, atomic force microscopy (AFM) measure-
ments were performed to compare the Young's modulus dis-
tribution of PHM6A gel before and after treatment to trifluoro-
acetic acid (TFA) (Figure S1, Supporting Information).[15] As 
TFA could break the dimers of ureido-picolinate and induce the 
decrease of hydrogen bonding density, TFA-treated PHM6A gel 
suffered a significant reduction in both mean Young's modulus 
and mean surface roughness.

For another, dynamic lanthanide-coordinated crosslinks were 
mainly formed between K6APA and lanthanide ions (Eu3+ or 
Tb3+) and investigated by X-ray photoelectron spectroscopy 
(XPS). Through fitting analysis, the Eu3d binding energies of 
PHM6A-Eu gel were assinged to 3d3/2 (1162.2  eV) and 3d5/2 
(1132.1 eV) of excess free Eu3+, as well as 3d3/2 (1151.6 eV) and 
3d5/2 (1122.1 eV) of bonded Eu atoms that shared electron pairs 
with N atoms in pyridine or O atoms in COO (Figure  1c). 
Similar shifts toward lower binding energy were observed 
for the Eu4d spectra of PHM6A-Eu gel and Tb4d spectra of 
PHM6A-Tb gel (Figure S2, Supporting Information) due to 
the increase of electron density, revealing the formation of 
lanthanide ion-ligand coordination. The obviously enhanced 
mechanical properties of PHM6A-Eu and PHM6A-Tb samples 
further demonstrated the formation of lanthanide coordinated 
crosslinks (Figure S3, Supporting Information). Besides, the 
results of elemental mapping by energy-dispersive X-ray spec-
troscopy (EDS) indicated the even distribution of these fluo-
rescent K6APA-Eu/Tb complexes in the PHM6A-Eu/Tb gels 
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(Figure  1d), clearly suggesting the quite good homogeneity of 
the material structures and properties. In particular, from the 
results of UV absorption spectra (Figure S4a,b, Supporting 
Information), coordination between lanthanide ions and 
MAUP was negligible. This was because the competitive effect 
among K6APA, MAUP and glycol, where such lanthanide ions 
as Eu3+ and Tb3+ showed sequentially diminished affinity to O 
atoms in COO− of K6APA, OH of glycol and CO of MAUP 
according to hard–soft–acid–base theory. Therefore, the forma-
tion of MAUP-Eu3+/Tb3+ coordination bonds were significantly 
suppressed by plenty of glycol molecules in the polymeric  
network, while the binding of K6APA and Eu3+/Tb3+ was robust 
and unaffected.

Optical properties of the as-prepared fluorescent polymer 
gels were then studied. Though the PHM6A and PHM6A-Eu/
Tb gels looked highly transparent under visible light (Figure S5, 
Supporting Information), their UV absorption (Figure S4c, 
Supporting Information) and fluorescent spectra (Figure S6, 

Supporting Information) turned out to be quite different. It 
was because pyridine carboxylate groups could serve as good 
sensitizers for lanthanide ions and significantly increase their 
emission intensities through a well-known resonance energy 
transfer process.[16] To be specific, under 245  nm UV irradia-
tion, PHM6A-Eu and PHM6A-Tb gels gave out bright red and 
green fluorescence, respectively. PHM6A-Eu/Tb gels with a 
variety of fluorescence colors could be further prepared by 
treating the as-prepared PHM6A  gels in the Eu3+/Tb3+ mix-
tures of different molar ratio. As suggested by Figure 1e,f, with 
increasing Tb3+/Eu3+, the emission intensity ratio of green band 
at 547 nm to red band at 617 nm gradually increased, resulting 
in the overlapping fluorescent color change. Therefore, respon-
sive fluorescence color changes from green to yellow and even 
red were further realized by exposing the PHM6A-Tb gel to the 
Eu3+ stimulus, and vice versa if exposing the PHM6A-Eu gel 
to the Tb3+ stimulus (Figure S7, Supporting Information). On 
the other hand, upon exposure to HCl/NH3 vapor, responsive 

Adv. Mater. 2022, 34, 2107452

Scheme 1. Illustration of the biological inspiration (left) and the photomechanically modulated display system design (right). a) Initial state. Cephalopod 
in face of predator and biomimetic system exposed to NIR light. The exterior surface of the biomimetic system is black and opaque in fact, but set as 
transparent herein to demonstrate interior and rear arrangement. b) Processor for signal. Conversion of external stimuli to bioelectricity by neurons in 
the cephalopod and to heat flux by CNTs film in this biomimetic system. c) Effector for mechanical action. Shape deformation of skin chromatophores 
by muscle movements in the cephalopod and trilayer fluorescent actuator by PDMS expansion in the biomimetic system. d) Displayer for optical 
outputs. Cephalopod skin pattern change and the displayed fluorescent pattern change on the biomimetic system. e) Final state. Cephalopod realizing 
concealment from a predator and biomimetic system finishing on-demand fluorescent patterning.
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fluorescence quenching/recovery took place for both PHM6A-
Eu and PHM6A-Tb gels and were verified by 3D fluorescence 
spectra (Figure S8, Supporting Information). This could be 
explained by the pH-controlled dissociation and reformation of 
these fluorescent K6APA-Eu/Tb complexes.

What’s more, due to the presence of multiple hydrogen 
bonding crosslinks, the supramolecular fluorescent gel is 
inherent with a degree of self-healing capacity (Figure S9a, 
Supporting Information). Taking advantage of the multiple 

fluorescence colors of PHM6A-Eu/Tb gel synergistically, 
complex fluorescent pattern would be facilely constructed by 
healing several separate gels into one piece. For example, a 3D 
color code was prepared after forcing proper gels to self-heal 
at 60  °C for 4  h, which could then serve as a useful tool for 
information encryption (Figure S9b, Supporting Information). 
Thus, PHM6A-Eu/Tb gel with both tunable multifluorescence-
color and self-healing capacity is expected to be a novel kind of 
fluorescent materials promising for various applications.

Adv. Mater. 2022, 34, 2107452

Figure 1. Fabrication and characterization of multicolor fluorescent PHM6A-Eu/Tb gels. a) Illustration showing the synthesis of PHM6A-Eu/Tb gels 
and the chemical structures. b) FT-IR spectra of PHM6A with temperature increasing from 20 to 100 °C at an interval of 10 °C. c) High-resolution XPS 
fitting results for Eu3d spectra of PHM6A-Eu. d) EDS mapping of Eu in PHM6A-Eu gel (left) and Tb in PHM6A-Tb gel (right). e) Fluorescence spectra 
(λex = 254 nm) of PHM6A-Eu/Tb gels with different Eu3+/Tb3+ molar ratio. f) The green/red emission intensity ratio (547 nm vs 617 nm) as a function 
of the Eu3+/Tb3+ molar ratio and corresponding photos taken under a 254 nm UV lamp. The scale bars in all the digital photos are 1 cm.
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2.2. Fabrication of the Trilayer Fluorescent Actuators 
(PHM6A-Eu/PDMS/CNTs)

Having obtained the multicolor fluorescent polymer gels, the 
actuators were then fabricated by a layer-by-layer composition 
of the condensed CNTs film, PDMS and PHM6A-Eu/Tb gel 
film. Condensed CNTs film was generated on the surface of 
water by a Marangoni spread and capillary force induced com-
pression of multiwall CNTs according to the reported method 
(Figure 2a).[17] Subsequently, the commercial PDMS film with 
a thickness of 200  µm was used to transfer the CNTs film to 
produce the PDMS/CNTs bilayer film that were closely bonded 
together by hydrophobic effect. Owing to excellent photo-
thermal conversion capability of the condensed CNTs film, the 
as-prepared bilayer film (0.5 cm × 0.5 cm) was found to exhibit 
a rapid temperature increase to a plateau within 25 s under 
808  nm NIR irradiation (Figures S10 and S11a, Supporting 
Information). The maximum temperatures of the material  
exhibited positive correlation with the NIR-light power 
(Figure S11b, Supporting Information). For example, upon 
increasing the NIR-light power from 0.1 to 0.5 W, their max-
imum temperature increased from less than 50  °C to more 
than 80 °C, suggesting the wide temperature tunability. When 
the NIR light was turned off, a sharp decline of temperature 
down to room temperature occurred within 30 s. These results 
indicated the quick photothermal conversion rate as well 
as the cooling rate of the PDMS/CNTs bilayer film, which is 

essential to achieve the elegant control of the following actu-
ating behaviors.

Later, the as-prepared PDMS/CNTs bilayer film was pressed 
together with the fluorescent PHM6A-Eu gel film at room 
temperature to fabricate the trilayer fluorescent PHM6A-Eu/
PDMS/CNTs actuator. To ensure their stable interfacial compo-
sition, the glycol gel was first pretreated in an oven at 70 °C for 
24 h to remove partial solvent and afford the thin PHM6A-Eu 
gel film, which had a thickness of 150  µm or so and a glycol 
content of 37.5 wt% on average (Table S1, Supporting Infor-
mation). The trilayer interfacial structure of the fluorescent 
actuator could be clearly observed by scanning electron micros-
copy (SEM) (Figure 2b) and polarizing microscopy (Figure S12, 
Supporting Information), indicating that these layers were 
tightly combined without gaps. Both surfaces of the anisotropic 
actuator were also characterized by SEM, which showed that 
the gel side appeared to be smooth and the CNTs side appeared 
to be coarse.

Actuation behavior of the straight PHM6A-Eu/PDMS/CNTs 
actuator (1.8 cm × 0.5 cm) was then tested with one end teth-
ered. Upon exposure to NIR irradiation, the generated heat of 
CNTs film layer was spontaneously transferred to the adjacent 
PDMS layer. The instant thermal expansion of PDMS layer 
forced this straight actuator to bend toward the fluorescent gel 
layer. It is worth noting that the fluorescent gel layer was proved 
to be indispensable, as was evidenced by the control experiment 
that no actuating behavior was observed for the PDMS/CNTs 

Adv. Mater. 2022, 34, 2107452

Figure 2. Fabrication and characterization of trilayer fluorescent PHM6A-Eu/PDMS/CNTs actuator. a) Illustration showing the step-by-step preparation 
of a trilayer fluorescent actuator comprising condensed CNTs film, PDMS and PHM6A-Eu gel film. b) Photograph, cross-section SEM image (colored), 
and surface SEM images (gray) of the actuator. c) Bending angle of the actuator as a function of time when it was exposed to NIR light with different 
powers (0.1–0.5 W). d) Cyclic actuation process of the actuator by turning on/off NIR light (0.5 W). e) Photos showing continuous shape deformation 
and recovery process of the actuator triggered by NIR light (0.5 W). The scale bars in all the digital photos are 1 cm.
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bilayer film (Figure S13, Supporting Information). For PDMS/
CNTs bilayer film, the influence from the thermal expansion 
of PDMS could be eliminated by the flexible stretching of 
the closely packed CNTs film. Nevertheless, since fluorescent 
gel layer possessed higher tensile resistance, the mismatch 
between PDMS and gel at high temperature had to be set-
tled by a distinct bending deformation, which accounted for 
the responsiveness of the trilayer fluorescent actuator. Impor-
tantly, the actuating behaviors of our PHM6A-Eu/PDMS/CNTs 
actuator could be facilely regulated by varying the NIR-light 
power. As summarized in Figure  2c, higher-power NIR light 
was found to trigger faster actuating rate, larger bending angle 
(θ) and earlier equilibrium period, because the thermal expan-
sion extent of PDMS layer was largely temperature-dependent. 
After turning off the NIR light, the actuator cooled down to 
ambient temperature and recovered to the initial state in 1 min. 

The light-triggered actuating process was demonstrated to be 
reversible and could be held for at least ten cycles (Figure 2d,e), 
laying a solid foundation for the following displaying use.

2.3. The Photomechanically Modulated Fluorescent Systems for 
On-Demand Display of Fluorescent Patterns

Inspired from the cascading S → M → O display strategy of 
cephalopods, a mechanically modulated fluorescent system was 
constructed. Its general, customizable design is presented in 
Figure 3a and its real image is shown in Figure S14 in the Sup-
porting Information. One end of the red fluorescent PHM6A-
Eu/PDMS/CNTs actuator was tethered onto the top suspended 
display panel with a hollow window, while the bottom back-
ground substrate with static blue fluorescence was made of 

Adv. Mater. 2022, 34, 2107452

Figure 3. Construction of photomechanically modulated fluorescent system. a) Illustration showing the architecture of the system and the mechanism 
of dynamic fluorescent patterning on the top display panel. b) Photos showing continuous shape deformation and recovery process of the trilayer 
fluorescent actuator (top) as well as corresponding fluorescence change of the square pattern (bottom) triggered by NIR light (0.5 W). c) Schemes 
and photos showing the dynamic display of a fluorescent painting named as “a torchbearer” by applying NIR light (0.5 W). d) Photos showing dif-
ferent actuating behaviors and optical outputs of the system under different NIR-light power (0–0.5 W). e) The fluorescence displacement percentage 
(FDP) as a function of time when the actuator is exposed to NIR light with different powers (0.1–0.5 W). FDP was defined as d/d0, where d0 was the 
length of the hollow window and d was the length of the newly appearing red fluorescent part. f) Fitting results of FDP versus bending angle-related  
parameter (1 – cosθ)/θ. The scale bars in all the digital photos are 1 cm.
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N-vinyl carbazole (NVC)-loaded filter paper. When there was 
no NIR irradiation, the actuator was in upright state, leaving 
the top panel to display the static blue fluorescence of bottom 
background. Upon NIR irradiation (0.5 W), the tethered actu-
ator gradually deformed to partially cover the open window of 
the top display panel. As a result, dynamically changed fluo-
rescent patterns were observed. As shown in Figure  3b, the 
bending angle of the actuator increased over time, and accord-
ingly, the percentage of red fluorescence increased at the cost 
of decreasing blue fluorescence. On account of the reversibility 
of the actuator, the new pattern could be switched back to its 
initial state once the NIR light was withdrawn. Such an ability 
to achieve the fast and reversible switching between many dif-
ferent fluorescent patterns in response to NIR-light stimuli is of 
fundamental interest and has seldom been reported previously.

By using this bioinspired photomechanically modulated fluo-
rescent system, many desirable fluorescent patterns could be 
dynamically displayed as long as the customized display panels 
were utilized. As an example, one typical display panel was 
designed and illustrated in Figure 3c, in which the green man 
and yellow torch was made from PHM6A-Tb gel and PHM6A-
Tb/Eu gel, respectively. Note that the flame part in the display 
panel was hollow, but one red fluorescent PHM6A-Eu/PDMS/
CNTs actuator was tethered below it. At the initial state, only a 
green man lifting a yellow torch with no flame was observed on 
the display panel. Once NIR light was applied, the red fluores-
cent actuator would bend to cover the hollow flame and thus 
enable the gradual appearance of red flame. Consequently, the 
whole image of a green man lifting a flaming torch was dis-
played through remote control of NIR light. More importantly, 
on the basis of the same display system, it was possible to pro-
duce diverse fluorescent patterns such as the dynamic 3D color 
code (Figure S15, Supporting Information), apple tree image 
(Figure S16, Supporting Information) and so on by merely 
utilizing different display panels. These results clearly demon-
strated their powerful “single-input, multiple-output” features.

Besides time dependence, it was further found that the NIR-
triggered bending behaviors of the red fluorescent PHM6A-Eu/
PDMS/CNTs actuator were largely dependent on the power 
of NIR light. Figure 3d depicts its actuating photos under dif-
ferent NIR-light power (0–0.5 W). For the convenience of quan-
titative description, the fluorescence displacement percentage 
(FDP) was defined as d/d0, where d0 was the length of the hollow 
window and d was the length of the newly appearing red flu-
orescent part. As summarized in Figure  3e, the FDP values 
showed positive correlation with the NIR-light power at given 
irradiation time. For example, under 0.5 W NIR light, FDP rose 
quickly to 100% within 15 s, but in the case of 0.2 W NIR light, 
FDP increased slowly and stabilize at around 40% even after 
1  min. According to model analysis (Note S1 and Figure S17, 
Supporting Information), the FDP should be linearly correlated 
with bending angle-related parameter (1 – cosθ)/θ at ideal con-
ditions, which was testified by fitting data points measured 
from experiment (Figure  3f). This quantitative relationship 
was helpful to guide the precise control of the displayed fluo-
rescent patterns. Similar to the red fluorescent PHM6A-Eu/
PDMS/CNTs actuator, the NIR light power dependent actuating 
behaviors were observed for the green fluorescent PHM6A-
Tb/PDMS/CNTs actuator as well (Figure S18, Supporting 

Information). This finding suggested the possibility to achieve 
on-demand display of more complex fluorescent patterns by 
remotely varying the NIR-light power, which was of funda-
mental importance for many potential high-tech applications, 
including dynamic paintings/figures, information encryption.

Next, we explored to utilize the NIR light power dependent 
actuating behaviors of the photomechanically modulated fluo-
rescent systems to showcase their potential application for the 
on-demand display of a dynamic painting named as “growing 
seedling.” To this end, a display panel loaded with one yellow 
mound-like PHM6A-Tb/Eu gel and one seedling-like hollow 
region was designed. A  green fluorescent PHM6A-Tb/PDMS/
CNTs actuator was tethered below the hollow region (Figure 4a). 
When there was no NIR irradiation, only a yellow mound was 
displayed at the initial state (Figure 4b). As expected, under NIR 
irradiation, the green fluorescent PHM6A-Tb/PDMS/CNTs 
actuator gradually bent to cover the hollow seedling window. 
Correspondingly, the “growing seedling” figure was dynami-
cally displayed, in which a green seedling slowly sprouted out 
from the mound and came into leaf over time. Remarkably, 
quite different final outputs of the system after applying NIR 
light for 1  min could be acquired by facilely varying the NIR-
light power, ranging from a seedling that just broke ground to 
that grew up with one or two leaves (Figure  4b). In this way, 
by using this specially designed photomechanically modulated 
fluorescent system, on-demand display of dynamic paintings 
was successfully demonstrated by simply varying one single 
remote NIR signal, which has never been achieved by using the 
conventional chemically responsive fluorescent materials.

Besides, high security data encryption and on-demand 
decryption was realized by utilizing a top suspended display 
panel that was hollowed-out with a pattern of “8.” As schemed 
in Figure 4c, in the absence of NIR light, the green fluorescent 
PHM6A-Tb/PDMS/CNTs actuator was in upright state and 
thus no information was displayed. By applying a low-power 
(0.2 W) NIR light for 1  min, the tethered actuator deformed 
to partially cover the hollow region, enabling the display of a 
green fluorescent number “1” on the panel. As the FDP tended 
to be larger when the actuator was exposed to medium-power 
(0.5 W) or high-power (0.8 W) NIR light, different information 
would be decrypted, which manifested as number “3” and “8,” 
respectively.

To further enhance encoding complexity, the multicolor char-
acteristics of the fluorescent gel layer were capitalized on for 
colorful fluorescent pattern display and information encryption. 
To do this, different parts of the gel layer was first converted 
to be yellow, green, and red fluorescent by Tb3+/Eu3+, Tb3+, 
and Eu3+ ion printing respectively according to the reported 
methods.[8d] As illustrated in Figure 4d, such a tricolor fluores-
cent actuator was then tethered below a well-designed display 
panel, on which the patterns of a blossom, two leaves and a pot 
was hollow. As expected, no fluorescent pattern was observed 
on the display panel without NIR irradiation. When low-power 
(0.5 W) NIR light was applied, small deformation of the actu-
ator enabled its anterior red fluorescence to exactly cover the 
hollow pot. At the moment, only a red pot was displayed on 
the top panel. Yet, medium-power (1 W) NIR light would bring 
about larger deformation of the actuator, and make its anterior 
red fluorescence as well as middle green fluorescence appear 

Adv. Mater. 2022, 34, 2107452
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Figure 4. On-demand display of diverse fluorescent patterns for dynamic paintings/figures and information encryption applications. a,b) Scheme of 
the system and the photos showing on-demand display of a dynamic painting named as “growing seedling” by varying NIR-light power. c–e) Schemes 
of the systems and the corresponding photos showing on-demand display of the fluorescent number, a potted plant and 2D barcode by facilely varying 
the NIR-light power. The scale bars in all the digital photos are 1 cm.
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beneath the hollow pot and leaves respectively, presenting 
as a picture of red leaves in a green pot on the display panel. 
Furthermore, major deformation of the actuator occurred on 
the condition of high-power (1.5 W) NIR light, so that its ante-
rior red fluorescence, middle green fluorescence and posterior 
yellow fluorescence could simultaneously cover the hollow 
blossom, leaves and pot respectively, which generated a new 
picture with red blossom, green leaves and yellow pot. Such 
colorful fluorescent pattern display process was also capable of 
being reversed (Figure S19, Supporting Information).

Using a similar approach, dynamic barcode labels for the 
anticounterfeiting applications were envisioned. As Figure  4e 
showed, incomplete blue florescent barcode was printed onto 
the display panel beforehand, while the rest part of barcode was 
set to be hollow. In this design, the length of the whole bar-
code was 5 × 7 units. The fluorescent and nonfluorescent state 
of each unit were defined as “1” and “0,” respectively. Every 
seven units comprised one binary code that corresponded to 
a specific character on the basis of standard ASCII codes. At 
the initial state, only a barcode in blue was observed, which 
could be translated to a character string “NH $E.” When low- 
(0.5 W), medium- (1 W), and high-power (1.5 W) NIR light was 
applied, different deformation extents of the tricolor fluorescent 
actuator contributed to the reversible display of bi-, tri-, and  
tetracolored barcode on the panel, respectively (Figure S20, 
Supporting Information). Consequently, various information in 
the meaning of “NI@$E,” “NIL$E,” and “NIMTE” respectively 
was decoded. These results indicated that the distinctive ability 
of our photomechanical system for on-demand display of dif-
ferent fluorescent patterns. Such a powerful data encryption 
platform could largely improve the data security level because 
different information would be decrypted by facilely varying the 
NIR-light power.

3. Conclusion

We have drawn inspiration from the cascading S → M → O dis-
play strategy of cephalopods to develop a conceptually new photo-
mechanically modulated fluorescent system. Its key component 
is a trilayer fluorescent actuator consisting of the fluorescent 
PHM6A-Tb/Eu gel film, PDMS and CNTs films. When paired 
with certain customizable display panel, the NIR-light-triggered 
mechanical deformation of the actuator would convert to syn-
chronous fluorescence displacement in the hollow region and 
hence generate a time-dependent optical output from the system. 
Besides, given that the actuating behaviors of the actuator could 
be facilely tailored by varying NIR-light power, the optical output 
also featured NIR-light power dependence, which was verified 
by the experimental observation. Taking advantage of these char-
acteristics, several interesting prototypes (e.g., variable pictures 
and information codes) for dynamic painting and high security 
information encryption applications were further demonstrated 
by facilely varying this single remote NIR input signal.

The bioinspired photomechanically modulated display 
mechanism is the key novelty of the present system, in contrast 
with most of the reported dynamic fluorescent systems that 
primarily depend on the stimuli-responsive chemical actions to 
alter their optical outputs. As demonstrated in this study, such a 

bioinspired design offered many unique advantages, including 
remote control with spatial/temporal precision, single-input 
multiple-output, as well as a wide choice of fluorophores. These 
desirable advantages are highly appealing but have never been 
realized previously on one single smart fluorescent display 
system. The success of this biomimetic system was expected 
to be a starting point for the exploration of more potent fluo-
rescent display applications and may inspire better materials, 
stimulations and display strategies for future research.

4. Experimental Section
Materials: N-(2-hydroxyethyl)acrylamide (HEAA, 98%, stabilized with 

4-methoxyphenol) was purchased from Shanghai Macklin Biochemical 
Co. Ltd. 2,2′-azoisobutyronitrile (AIBN, 99%) were provided by J&K 
Scientific Ltd. Eu(NO3)3 · 6H2O (99.9%) and potassium hydroxide 
(KOH, 95.0%) were supplied by Energy Chemical. Tb(NO3)3 · 5H2O 
(99.9%), trifluoromethanesulfonic acid (TFA, 99%), and NVC (98%) were 
purchased from Aladdin Chemistry Co. Ltd. DMSO (99%), glycol (99%), 
methanol (99%), ethanol (99%), hydrochloric acid (HCl, F.W. 36.46, 99%), 
ammonia solution (NH3, F.W.17.03, 99%), and filter papers were obtained 
from Sinopharm Chemical Reagent Co. Ltd. The raw carbon nanotubes 
(CNTs) (diameter, about 8–15  nm; length, about 50  µm; COOH%, 
about 1.23 wt%) with purity of over 98% were gotten from Chengdu 
Organic Chemistry Co., Ltd. PDMS films (250 mm × 200 mm × 200 µm) 
were purchased from Hangzhou Bald Advanced Materials Co. Ltd. 
HEAA passed through an alumina column to remove stabilizer before 
use. AIBN was purified through recrystallization and vacuum distillation. 
Other materials were used as received. Monomers methyl MAUP and 
6-acrylamidopicolinic acid (6APA) were synthesized according to the 
procedures described in the previous study.[6a,17]

Fabrication of Multicolor Fluorescent Glycol Gel Films: Monomers HEAA 
(2.45 g, 21.3 mmol), MAUP (0.35 g, 1.14 mmol), 6APA (0.14 g, 0.73 mmol), 
and initiator AIBN (8 mg, 0.049 mmol) were dissolved in DMSO (10 mL) 
and then mixed with 82 µL KOH aqueous solution (0.5 g mL−1, 0.73 mmol). 
The precursor solution was added into the mold with two quartz glass plates 
and a 1 mm thick silicon plate, followed by free radical copolymerization at 
70 °C for 10 h to prepare the PHM6A gels. Subsequently, the PHM6A gels 
were immersed in excess glycol solution of Eu3+/Tb3+ (1 m) for 2  h and 
rinsed in glycol for 4  h to obtain fluorescent PHM6A-Eu/Tb gels. Finally, 
most of the solvent in PHM6A-Eu/Tb gels was evaporated at 70 °C for 24 h 
to afford multicolor fluorescent glycol gel films.

Fabrication of CNTs Film: The CNTs films were fabricated by the 
method according to the previous study.[17] First, the CNTs were mixed 
with ethanol (2 mg mL−1) and dispersed by ultrasonication for 8 h. Then, 
a certain volume of the as-prepared dispersion was sprayed onto the 
water surface, resulting in a uniform and ultrathin CNTs-based film at 
the air/water interface. Later, a piece of microporous sponge was placed 
at the edge of the film to break the equilibrium the surface tension of the 
system, which induced the contraction of the preassembled film and the 
formation of a condensed CNTs film. The compression procedure was 
repeated until the CNTs film cannot be condensed further.

Fabrication of Bilayer PDMS/CNTs Film: PDMS cut into appropriate 
shape was conformally fixed on a glass substrate. Then the condensed 
CNTs film floating on air/water interface was transferred to the surface 
of PDMS using lift-up transferring method, followed by drying at room 
temperature for 12 h to obtain a flat bilayer PDMS/CNTs film.

Fabrication of Trilayer Fluorescent Actuator: Multicolor fluorescent 
glycol gel film was stuck to the PDMS side of the bilayer CNTs/
PDMS film simply by pressing. A flat trilayer PHM6A-Eu/PDMS/CNTs 
or PHM6A-Tb/PDMS/CNTs film was produced and then cut into 
appropriate shape to fabricate trilayer fluorescent actuator.

Fabrication of Photomechanically Modulated Fluorescent System: A 
piece of black paper was cut into appropriate shape by a laser cutting 
machine, which could be folded into a black box. According to the 
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design requirements, the bottom of the box was selectively covered by 
fluorescent materials. The top of the box was set as display panel, whose 
partial region was designed to be hollow or covered by fluorescent 
materials. Then a trilayer fluorescent actuator was fixed to the interior 
of the box using foam tape. UV light (254 nm) and NIR light (808 nm) 
were introduced from two vertical directions to trigger fluorescence 
and shape deformation, respectively. Thereby, the system could display 
various fluorescent pattern on demand.

Characterization: The digital photos of the fluorescent materials 
were taken by smart phone camera (HUAWEI P40 Pro) under a UV 
lamp (ZF-5, 8 W, 254  nm). Temperature-dependent FT-IR spectra 
were recorded on Thermo Scientific Nicolet 6700 FT-IR spectrometer 
equipped with a temperature control module. AFM measurements were 
conducted using Dimension ICON SPM (Bruker, USA) in a PeakForce 
tapping mode. XPS characterization was performed on Kratos AXIS 
ULTRADLD instrument with a monochromic Al Kα X-ray source. Tensile 
test was conducted on Z1 Zwick/Roell Universal Testing System.  
UV–vis absorption and transmittance spectra were acquired from Perkin-
Elmer LAMBDA 950 UV/Vis/NIR spectrophotometer. Hitachi F-4600 
fluorescence spectrofluorometer with a 150 W Xenon lamp was used to 
measure fluorescence spectra. Surface EDS mapping and cross-section 
morphology of the samples were characterized by Hitachi S-4800 field-
emission scanning electron microscopy. Microscopy images were 
obtained using an OLYMPUS BX51 polarizing microscope. An IR thermal 
camera (Optris PI 400) was employed to capture the real-time surface 
temperature and IR images of the samples. NIR light was provided by an 
NIR laser source (BWT Beijing, K808DAHFN-15.00 W, 808 nm) and the 
horizontal distance between the light and the actuators was fixed at 5 cm.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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