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SUMMARY

Controllable IR-reflection systems can be applied to displays, adaptive military
camouflages, thermal managements, andmany other fields. However, current re-
ported controllable IR-reflection systems suffer from utilizing rigid materials,
complicated devices, or high working temperature/voltage, which are not suit-
able for their widespread applications toward soft systems. Herein, inspired by
cephalopods, we demonstrate a facile and scalable method for adaptive IR reflec-
tion based on a Janus rubber film, which is composed of aluminum-coated micro-
sheets (AMSs)/rubber composite top and a rubber only bottom. Expansion of the
Janus rubber film causes random arrangement of AMSs to stay planar, resulting in
the change from IR scattering to concentrated IR reflection. By fixing the Janus
rubber films upon the arranged tubes, as-prepared arrays could display complex
and changeable patterns by selectively pumping tubes. Being facile and of gen-
eral validity, our strategies broaden the scope of future controllable IR reflecting
applications for environmental IR camouflages and displays.

INTRODUCTION

A continuous-range tuning of infrared (IR) features upon matters can enable innovative technologies and appli-

cations, such as building insulations (Granqvist et al., 2017; Hu et al., 2018), energy-conserving windows (Ke et al.,

2018; Lee et al., 2019; Liu et al., 2016), protective clothing (Cai et al., 2017; Jianget al., 2016; Penget al., 2020), and

adaptive IR camouflages for military and commercial purposes (Yu et al., 2014; Chandrasekhar et al., 2003; Zhu

et al., 2020; Gu et al., 2020). Two main mechanisms are now established, including the modulation of IR emit-

tance and the control of IR reflection (Li et al., 2020a). The former mechanism usually utilizes microfluidics-based

or thermoelectric systems by injecting hot/cool liquids or special thermoelectric materials, respectively (Morin

et al., 2014; Hong et al., 2020). However, they suffer from slow response time, complex preparation processes,

and changing of their real temperatures. The latter one bases on metals, metal oxides, graphenes, conductive

polymers, and metastructures to modulate the IR reflection without changing their own temperatures (Li et al.,

2020b; Mandal et al., 2018; Chandrasekhar et al., 2002). Commonly, their working mechanisms are divided into

three types, including thermochromic, electrochromic, and mechanochromic devices.

IR thermochromicmaterials (Dai et al., 2013; Ji et al., 2018), such as VO2 and its composites, can exhibit consider-

able IR reflection changes because of their thermally induced phase transitions yet limited by fixed working tem-

perature (Xu et al., 2018a). IR electrochromic devices (Xu et al., 2018b, 2020; Leung et al., 2019) are able to tune

the IR reflection by electrochemical redox reactions or metal electrodeposition but struggle with the compara-

tively low IR emittance tunabilities and narrow IRmodulation ranges.Mechanochromic devices combiningmetal

thin films and elastic polymers can rapidly modulate their IR reflections by forming cracks or wrinkles under me-

chanical force; however, they are restricted by narrow IR modulation ranges and hysteresis during cycling (Tian

et al., 2017; Chandrasekhar et al., 2002; Salihoglu et al., 2018). Notably, above-mentioned approaches are not

scalablemanufactured, high temperature/voltage dependent, and commonly rigid, whichmight not be suitable

for practical applications. Thus, a facile (simple materials and setup) and easy-to-scale-up method to engineer

the adaptive IR reflection for soft systems (such as soft robots) is urgently needed.

Learning from nature is a powerful resource to design new material systems (Golnaz and Marco, 2018;

Wang et al., 2014). Cephalopods are the king of adaptive camouflage in visible and IR range (Mathger

et al., 2009; Mathger and Hanlon, 2007; Yang et al., 2021). Their skin surfaces contain numerous
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Figure 1. Working mechanism of chromatophore cells

(A and B) The cephalopod in yellow color changes to black color, and the appearances of color-changing skins before and after being triggered by external

stimuli, respectively. Schematic diagrams of one chromatophore cell consisting of pigment-loading sacculus and surrounding radial muscles before and

after being triggered by external stimuli.

(C and D) The Janus rubber film scatters and reflects IR light before and after stretching, respectively. Schematic diagrams of one aluminum-coated

microsheet (AMS) and surrounding rubber acting as a chromatophore cell before and after being triggered by external stimuli. The AMSs in Janus rubber

film arranges randomly at pristine stage and arranges planar after stretching.

ll
OPEN ACCESS

iScience
Article
chromatophores and structural reflectors, which can tune the interaction between the light and the skins

through the muscle contraction and expansion (Phan et al., 2016). Inspired by cephalopods, herein we

demonstrate a facile and scalable method for adaptive IR reflection based on a Janus rubber film, which

is composed of an AMS/rubber composite top and a rubber-only bottom. The apparent IR reflection

was dramatically changed following the expansion/recovery of the Janus rubber film. In addition, such

Janus rubber films were easy to construct a pixilated device that can control IR reflection of each pixel

upon selected actuation, exhibiting changeable IR patterns for environmental camouflages and displays.

Our adaptive-IR-reflection system simultaneously possesses simple actuation mechanism, room

working temperature, controllable response (depends on pumping system), stability to repeated cycling

(100 cycles), amenability to patterning and multiplexing, and straightforward manufacturability.
RESULTS

Structure of the Janus rubber film

Generally, quick change of cephalopods’ skin colors relies on the chromatophore cells, which consist of the

pigment-loading sacculus and surrounding radial muscles (Figure 1). Cell membranes (color A) cover most

area of the sacculus (color B), thus appearing (color A) as shown in Figure 1A. Being triggered by the nerve

signals, radial muscles would contract, yielding the planar expansion of the sacculus, as well as the color

change of the whole appearance of skin (color B) as shown in Figure 1B. Inspired by cephalopods, we pre-

pared a Janus rubber film that consists of aluminum-coated microsheets (AMSs)/rubber top and a rubber-

only bottom. The AMSs in the film are randomly arranged at pristine status, yielding IR scattering (Fig-

ure 1C). In contrast, being actuated by the external force, the stretched film led to the planar arrangement

of AMSs, yielding the change from the diffuse IR scattering to the concentrated IR reflection (Figure 1D).

The fabrication process of the Janus film was as follows. A flat plate coated with a thin calcium nitrate layer

was submerged in the rubber solution to coat the first rubber-only layer (Figure 2A). Then, the plate under-

went the second submersion in an AMSs/rubber mixture solution (AMSs were shown in Figure S1), resulting
2 iScience 24, 102430, May 21, 2021



Figure 2. A Janus rubber film

(A) Preparation procedure of the Janus rubber film.

(B) Schematic diagram of structure of the Janus rubber film.

(C and D) SEM images of top surface of the Janus rubber film before and after stretching, respectively.

(E) SEM image of cross-section of the Janus rubber film.

(F) and (G) SEM images of bottom surface of the Janus rubber film before and after stretching, respectively.
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in a Janus rubber film after drying in oven at 80�C (Figure 2B). Figure 2C shows the top view SEM image of

the Janus rubber film. The AMSs on the top layer were randomly arranged before stretching, indicating a

rough surface to multi-directionally scatter IR light. In contrast, those AMSs were planarly arranged when

the film was horizontally stretched (Figure 2D). Optical microscopy images in Figure S2 also reveal that

more planar AMSs appeared and surface roughness decreased when the film was uniaxially stretched.

On the other side, the bottom of the Janus rubber film was mostly filled with rubber granules no matter

before (Figure 2F) or after (Figure 2G) uniaxial stretching. From the cross-sectional SEM image in Figure 2E,

the thickness of as-prepared Janus rubber film was around 220 mm.

The Janus rubber film showed controllable IR reflection capacity through the mechanical stretching. The

digital images of a Janus rubber film with uniaxial stretching strain ranging from 0%, 30%, 60%, 80%,

and 100% are presented in Figures 3A–3E, respectively, which shows gray color due to AMSs. Correspond-

ingly, the IR images (Figures 3F–3J) indicate that the apparent surface temperatures of the Janus rubber

film increased significantly from 31.5�C to 60.1�C (�28.6�C increase) with the rise of stretching strain under

IR radiation for 1 min. The planar arrangement of AMSs increased with the rise of the stretching strain,
iScience 24, 102430, May 21, 2021 3



Figure 3. Controllable IR reflecting and camouflage of the Janus rubber film

(A–E) Digital images of the Janus rubber film with stretching strain of 0%, 30%, 60%, 80%, and 100%, respectively.

(F–J) Their corresponding IR images under IR radiation for 1 min.
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resulting in more IR light reflection toward IR camera. Actually, the apparent surface temperatures of the

Janus rubber film are closed before and after stretching without IR radiation (Figure S3). These results indi-

cate that the IR reflection of the Janus rubber film could be controllably tailored through a mechanical

stretching.
Working mechanism

The working mechanism of our controllable IR reflecting strategy is similar to that of cephalopods’ chro-

matophore cells (Figure 1). The rubber part served as the expansible radial muscles, whereas the AMSs

played a role as the sacculus. Before stretching, the randomly arranged AMSs on the top of the film would

scatter the IR light (Figure 4A), leading to a low surface temperature observed by IR camera. In contrast, the

AMSs were planar arranged with the expansion of rubber film (Figures 2 and S2), reflecting the IR light to a

certain angle to be observed by IR camera. Thus, the observed surface temperature of the stretched Janus

rubber film would be higher than that of the unstretched one. Different from other works inspired by ceph-

alopods, which wrinkle (Xu et al., 2018b) or crack the metallic (Leung et al., 2019) or polymer thin films (Xu

et al., 2020) on the elastic polymer film for tuning IR reflection, our design bases on the arrangements of the

separated metallic microsheets embedded in rubber matrix to control the diffusion or concentrated reflec-

tion of IR lights. The separated metallic microsheets could be protected by rubber matrix, yielding stability

for cycling and facile preparation.

We investigated the IR modulating capability of the Janus rubber film by testing its IR reflection with a

biaxial stretching strain ranging from 0% to 100% (Figure 4B). Owing to the IR reflection of AMSs, the reflec-

tion gradually increased from 40% to 80% (Figure 4C) with the increase of stretching strain (the reflection

centered at 1000 nm was used for this quantitative analysis). As shown in Figure 4C, the reflection of IR light

at 1000 nm increases significantly when the Janus rubber film was stretched. Based on these spectra results,

it can be summarized that the stretching led to rearrangement of AMSs in the rubber film, allowing to the

reflection of IR light toward a focused direction. Thus, a sharp increase of the surface temperature

appeared on the stretched Janus rubber film.
4 iScience 24, 102430, May 21, 2021



Figure 4. Working mechanism of the Janus rubber film to tune IR reflection

(A) Schematic diagram of the IR reflection change upon the Janus rubber film in pristine and stretched states. In pristine

status, AMSs were randomly dispersed in the rubber film, resulting in a rough surface to scatter the IR light toward

different directions. In contrast, the expanding of the rubber film results in planar arrangement of AMSs along the

stretched surface. In this case, the IR light can be directionally reflected toward the IR camera, leading to the sharp

apparent temperature increase.

(B) Reflection spectra of the Janus rubber film with a biaxial stretching strain ranging from 0% to 100%.

(C) Reflection centered at 1000 nm according to (B). Data were represented as mean G sem (n = 5).

(D) The dependence of reflection ratio after and before 100% stretching on the rubber thicknesses. Data were

represented as mean G sem (n = 5).

(E) Representative 100 cycles of alternative surface temperatures of the Janus rubber film before and after expanding.

(F and G) Electromagnetic wave simulations on the Janus rubber film before and after stretching, respectively.

(H) Simulated IR reflection curves of the Janus rubber film before and after stretching.
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We investigated the dependence of the reflection ratio after/before 100% stretching on the film thickness

(Figure 4D). Lager ratio indicates a better IR reflection tuning ability of the film. The maximum ratio occurs

at a thickness value of 0.2 mm, whereas it does not further increase with increase of thickness. Thus, the

thickness of rubber films in further experiments was fixed at 0.2 mm. To investigate cycling duration of

the Janus rubber film, we used IR camera to test the apparent surface temperature of the Janus rubber

film after/before stretching under IR radiation for representative 100 cycles (Figure 4E). The apparent sur-

face temperature on the Janus rubber film stably switched between 22�C and 55�Cduring stretching cycles.

No significant temperature decreases after 100 cycles.

Besides spectra observations, the qualitative electromagnetic wave simulations upon the top 25 mm layer

of Janus rubber film under IR radiation before and after stretching with 100% strain were conducted, inves-

tigating the influence of AMSs rearrangement on the IR reflections. As shown in Figure 4F, dark blue lines

represent the cross sections of the several AMSs in the top Janus rubber film. The color contrast shows the

density of IR light. In the pristine state, IR light could be scattered by the AMSs with random arrangement,

leading to dispersive IR light in all directions, and a few IR light could even go through the AMSs. On the
iScience 24, 102430, May 21, 2021 5



Figure 5. Facile and rapid IR reflection change by the blowing strategy

(A) Schematic diagram of blowing-assisted IR reflection change. A tube was covered by a Janus rubber film. When being

blown, the apparent surface temperature of the tube top was changed sharply.

(B) Digital photos of cross sections of the tube top before and after blowing.

(C) Digital photos (right) and corresponding IR images (left) of the blowing-assisted IR reflection change before (top) and

after (bottom) being radiated for 1 min.
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contrast, IR light was mostly reflected back to the incident direction when the Janus film was horizontally

stretched, in which the AMSs were planarly arranged toward the same direction (Figure 4G). The red color

on the top of the AMSs indicates high intensity of IR light, whereas dark blue on the bottom of the AMSs

means that very less IR light would go through the AMSs. Accordingly, the simulated IR reflections of the

Janus rubber film before/after stretching were calculated, as shown in Figure 4H. A significant reflection

increase in vertical direction can be observed after stretching, which is in accordance with the experimental

results (Figure 4B).

For control experiments, we fabricated a single-layer rubber-only film, as well as a single-layer AMS/rubber

composite film, and investigated their capacities for IR modulation (Figure S4). Unfortunately, the rubber-

only film was too transparent to reflect IR light no matter in the pristine or stretched states. On the other

hand, the AMSs/rubber composite layer struggled with the leaking problem. Cracks were obvious under

the stretching, which would result in defects of IR reflection. Therefore, the Janus rubber film shows better

performance to modulate IR radiation, whose top AMSs/rubber layer realized tunable IR reflection,

whereas the bottom rubber-only layer ensured the robust mechanical substrate for stretching.
Facile and rapid control of IR reflection by blowing the Janus rubber film

We demonstrate a prototype blowing-assisted IR reflecting model in Figure 5A. A plastic or metallic tube,

with an internal diameter of �1 cm, was firmly covered and sealed by a Janus rubber film (more details can
6 iScience 24, 102430, May 21, 2021
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be found in transparent method). The bottom of the tube was connected with a propulsion setup to provide

a controlled pumping force (pneumatic bulging was chosen as a representative pumping strategy as shown

in Figure S5). Before actuation, the Janus rubber film on the tube top was flat (Figure 5B left). When pump-

ing the tube, and then maintaining a certain static pressure, the Janus rubber film would be greatly

expanded (Figure 5B right). Notably, the surface of the tube top was blown to a semispherical shape

and suddenly changed its IR reflection detected by the IR camera (Figure S6).

Before IR radiation, the apparent surface temperature of the flat Janus rubber surface was around 13�C
(Figure 5C left top). Even if it was expanded to hemisphere, the surface temperature only increased to

18.5�C due to IR radiation from the background environment. Notably, being radiated by a 1200 W IR

source for 1 min, the temperature of the flat surface just rose to 20.8�C while that of the blown counterpart

sharply increased to 56.2�C, indicating a�6 times increase of temperature change by the blowing strategy.

It was obvious that a highlight spot existed on the blown surface, which concentratively reflected IR light.

When being blown, IR light could be directionally reflected toward to the IR camera, leading to the sharp

temperature increase spot. This supposition was also confirmed by directly stretching the Janus rubber

films (Figure 3).
Changeable IR display and camouflage

Owing to blowing-assisted IR reflection changes of the Janus rubber surface, such a simple method can be

applied to IR display and camouflage (Figure 6). We assembled 4 3 4 arrays, in which each tube was inde-

pendently controlled to serve as an IR pixel, allowing the color contrast under IR radiation through the IR

camera observation. We selectively pumped the certain tubes (Figure 6A), showing the IR patterns of ‘‘C,’’

‘‘H,’’ ‘‘I,’’ ‘‘N,’’ and ‘‘A’’ (Figure 6B). Each blown pixel featured an increased apparent temperature difference

of �8�C between the focusing spot on the Janus rubber surface and the background, including the sur-

rounding flat rubber films and the environment.

Finally, we demonstrate the ability of our blowing-assisted arrays for camouflage (Figure 6C). Similar to

above setup, we assembled 9 3 8 arrays with smaller diameters (more tubes can be assembled if needed).

At the beginning, we selectively pumped the certain tubes to form a car shape under IR radiation. From the

IR camera observation (Figure 6D left), a car shape pattern can be found, whose spots have �13�C higher

apparent temperature than the surroundings. Then, we changed the pumped tubes, allowing the IR pat-

terns to be a plane (Figure 6D middle) or a boat (Figure 6D right). Theoretically, we can display on-demand

IR patterns by designing the pumping parameters of the tubes. The change of IR patterns by this blowing-

assistedmethod is rapid (within seconds depending on the pumping setup), stable, scalable, and program-

mable. Thus, it might find promising application for the IR camouflage and display after upgrading their

pixel densities and/or sizes.
DISCUSSION

We have designed a Janus rubber film to control IR reflection and conceptualized and validated a new

strategy for a facile, rapid, and on-demand IR reflecting device through blowing the Janus rubber film.

Several advantages can be found in this approach. First and the most important one, our method utilizes

low-cost and even commercial products, rather than special synthetic materials, to realize adaptive IR

reflection. Second, the arrangement of the tubes can serve as pixel arrays to display complex patterns

by selective pumping of desired tubes. Future development of this study focuses on the optimization of

the propulsion setup for minimization. This blowing-assisted strategy involving adaptive IR reflection

shows great potential for displays and camouflages in the civil and military applications.
Limitations of study

The limitations of our study are relatively low resolution of the assembled devices and the immature pump-

ing system. First, in this study, the diameter of the assembled tubes is relatively large for high resolution of

IR camouflage and display. A smaller diameter of the tube would be necessary for a high-resolution IR

reflection. Second, our pneumatic pumping system is not programmable and automatic controlled. For

better and quicker IR camouflage and display, a more sophisticated pumping and releasing control system

would be designed.
iScience 24, 102430, May 21, 2021 7



Figure 6. Changeable IR display and camouflage

(A) Schematic diagram of patterns of ‘‘C,’’ ‘‘H,’’ ‘‘I,’’ ‘‘N,’’ and ‘‘A’’ by selectively pumping certain tubes in 4 3 4 arrays to change their local IR reflection

behaviors.

(B) IR images of displaying according ‘‘C,’’ ‘‘H,’’ ‘‘I,’’ ‘‘N,’’ and ‘‘A’’ patterns.

(C) Schematic diagram of changeable IR patterns, including a ‘‘car,’’ a ‘‘plane,’’ and a ‘‘boat,’’ by selectively pumping certain tubes in 9 3 8 arrays.

(D) IR images of corresponding patterns. The changes in apparent temperature are represented by changes in color.
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Suzhou innovation latex Co., Ltd. NA

Aluminum coated mica microsheets (AMSs) Ruicai Technology Co. Ltd. NA

Calcium nitrate tetrahydrate (Ca(NO3)2,4H2O) Shanghai Aladdin Bio-Chem Technology

Co., Ltd.

CAS#13477-34-4

Porcellanite Guangzhou Yifeng Chemical Co., Ltd. NA

Software and algorithms

COMSOL Multiphysics COMSOL http://cn.comsol.com/
RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by

the lead contact, Bin Su (subin@hust.edu.cn).

Materials availability

This study did not generate new unique reagents.

Data and code availability

This study did not generate/analyze.

METHOD DETAILS

Fabrication of the Janus rubber films

The Janus rubber films were prepared by two steps: first, a metallic plate coated with a thin layer of pre-

treated water dispersion (1 g calcium nitrate and 1.5 g porcellanite in 20 g water) was first submerged in

the raw rubber dispersion (with a weight-average molecular weight of �160,000), yielding a thin rubber

film. AMSs were mixed with rubber dispersion under stirring (the weight ratio of AMSs to the raw rubber

dispersion was 1/5). Then, the plate was submerged into an AMSs/rubber composite dispersion. Finally,

the plate was heated at 80�C for 3 h, yielding the Janus rubber films with the evaporation of organic solvent.

Fabrication of the adaptive IR reflection tube

The IR reflecting tube was composed of a steel or plastic tube (length: 15 cm, inner diameter: 1 cm), a 1.53

1.5 cm2 Janus rubber film, a hollow steel/plastic plate with a hole diameter of 1.1 cm, and a sealing O-ring.

The tube was covered and sealed by the Janus rubber film on the top (the AMSs/rubber layer stayed up-

wards). The bottom of the tube was sealed and connected with a propulsion setup to provide controlled

pumping forces. Gas and liquid pressure or mechanical forces could both provide desired pumping forces.

In this study, pneumatic pumping was chosen as a representative pumping strategy (pumping pressure was

around 50 kPa). For the display by assembled tube arrays, plastic IR reflecting tubes with 0.4 cm in diameter

and 1 cm in length (mainly consideration is its light weight) were used. The tubes were arranged into up to

9 3 8 arrays. Each tube can be manually or computer controlled to pump or remain separately.

Characterization

SEM images of the Janus rubber films were obtained by the field emission scanning electron microscope

(FEI Nova 450, America). The transmittance and reflection spectra were measured using Solid Spec-

3700 UV-visible near-infrared spectrophotometer (Shimadzu, Japan). Five points were measured, and

the average valued were calculated. Data were represented as mean G sem (n = 5). Mechanical strength
iScience 24, 102430, May 21, 2021 11
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of the rubber film was conducted by a tensile tester (HZ-1007C, Dongguan Lixian Instrument Technology

Co., Ltd, China). Microscopy images and surface roughness of the Janus rubber film were observed by a

microscope (DSX 510, OLYMPUS). IR diffuse reflection was measured by PerkinElmer Spectrum 100 spec-

trophotometer. The thickness of the Janus rubber film was measured by using a digital caliper (five points

were measured, and the average valued were calculated). The digital images were all recorded by a digital

camera (Canon EOS 800D). Infrared images were taken by the infrared camera (Fluke Ti401 PRO, USA). The

IR source was an IR radiation heater (1200 W) and kept 1.5 meters away from the samples. The weight

average molecular of the rubber dispersion was characterized by Waters GPC1525.

Electromagnetic (EM) wave simulations were conducted using commercial finite element method (FEM)

software (COMSOL Multiphysics). The optical constants (n, k) of aluminum were taken in from 1000 nm.

The boundary conditions of the simulation region were set to PML (perfectly matched layer) at the z direc-

tion and periodic at the x and y directions. The plane wave model was used as an incident beam source and

traveled along the y axis. The numerical models are constructed based on experimental data, and all

models have a constant mass or volume. The thickness of the top Janus rubber film in simulation study

was adjusted from 25 to 10 mm before and after stretching with 100% strain, respectively.
12 iScience 24, 102430, May 21, 2021
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