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Abstract 

Durable micro-nano structures are a crucial issue to protect their superior performance from external 

forces. Although several methods have been suggested to enhance the mechanical durability of micro-nano 

structures, they are not applicable for camouflage materials to obtain the wanted properties because these 

methods usually induce undesired resonances and severely reduce the radiative performance. The polyimide 

nanofilm with great mechanical properties can improve camouflage performance in camouflage materials with 

increasing the energy dissipation. Additionally, the polyimide nanofilm can be used as a transparent layer based 

on Beer-lambert’s law. These characteristics indicate that the polyimide nanofilm can also be used to protect 

the micro-nano structures in camouflage materials. Herein, we propose durable camouflage materials for 

infrared waves with radiative cooling by coating the polyimide nanofilm on the structures. We realize the 

metal-dielectric-metal-nanofilm structures for the infrared camouflage. Spectral emissivity of durable 

camouflage materials via measurement and simulation satisfies the requirement for IR camouflage materials. 

The mechanical durability of proposed camouflage materials is verified by brushing and root cause analysis 

(RCA) test through visible and scanned electron microscope images. We evaluate that durable camouflage 

materials maintain their IR camouflage performance factor despite mechanical stress compared to the 

significant decrease in the performance factor of ordinary camouflage materials. 

 

Keywords: Camouflage materials; Mechanical durability; Polyimide nanofilm; Micro-nano structure; 

Radiative cooling;  
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1. Introduction 

Camouflage is an instinct behavior of creatures that blends themselves in with their surroundings, which 

enhances their survivability against predators.[1] Through learning from this nature’s behavior, artificial 

camouflage materials are emerging fields, which can realize the designed the electromagnetic properties in 

acoustics,[2] microwave,[3–6] infrared (IR) wave,[7–9] visible,[10–12] and ultraviolet (UV) light,[13] 

depending on applications. In particular, IR wave is an emerging field because it is the center of energy and 

military applications such as thermophotovoltaics,[14,15] thermal management,[16,17] and stealth 

technology.[18–23] 

IR wave can be controlled through temperature or surface emissivity based on the following relation,[24] 

𝑞′′ = 𝜀𝜎(𝑇𝑠
4 − 𝑇𝑠𝑢𝑟𝑟

4 ) with the heat flux q, the surface emissivity ε, the Boltzmann constant σ, the surface 

temperature Ts, the surrounding temperature Tsurr, respectively. Although controlling the temperature is the 

intuitive way by thermoelectric devices enabling dynamic control depending on the surrounding 

condition,[25–28] they need the electrical apparatus to induce temperature variation. Hence, regulation of the 

surface emissivity is helpful to compensate for this disadvantage, because it does not require additional 

apparatus and can fabricate the thin film for arbitrary surfaces.[19,21,29–31]  

There are two requirements for IR camouflage through the emissivity control: 1) low emissivity in detected 

bands (3 µm–5 µm and 8 µm–14 µm) and 2) high emissivity in undetected band (5 µm–8 µm).[19,31–34] IR 

camouflage is performed against the IR detector which operates in both bands, i.e., 3 µm–5 µm and 8 µm–14 

µm corresponding to the atmospheric window passing the light with the minimized absorption through the 

atmosphere.[35] Therefore, IR camouflage materials lead to low emissive energy through the detected bands. 

Additionally, the lowering radiative energy can induce thermal instability due to the accumulation of energy 

into the structure based on energy conservation.[36] It means that we need to dissipate the decreased radiative 

energy in the detected band through the undetected band which absorbs the large part of radiative energy in 
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the medium. In the atmosphere, the 5 µm–8 µm band has many of absorption peaks due to the carbon dioxide 

and water, leading to the low transmission along the light path. It means that the undetected band can be used 

to dissipate the accumulated energy. Several camouflage materials such as metal-dielectric-metal (MDM) 

structure,[19–21,29,32] multi-layers,[30,37] and grating surfaces[38,39] have been introduced based on micro-

nano structures to satisfy this requirement of IR camouflage materials.  

Micro-nano structures are promising structures to overcome the limits of conventional materials because 

they significantly increase the surface-to-volume ratio[40] and provide eccentric properties that cannot be 

achieved by composites[41,42]. However, the micro-nano structures are fragile against mechanical stress, 

which can reduce the material performance abruptly and can be hard to use in actual applications.[43] There 

are several strategies such as chemical treatment, multiple hierarchical structures and coatings, to solve the 

poor durability.[44] It is difficult to use typical methods directly to enhance the durability in case of 

manipulating electromagnetic waves because the optical properties are so sensitive to induce the additional 

resonances and opaqueness in the target wave that differ the optical performance despite thin films. The 

polyimide nanofilm for a dielectric layer in IR camouflage materials because of its flexibility and anomalous 

dispersions in the undetected band (5 µm–8 µm) satisfying the IR camouflage requirement[29]. Polyimide is 

a well-known material for its excellent mechanical property and thermal stability.[45] We conclude, based on 

these characteristics and optical properties, that the polyimide nanofilm can enhance mechanical durability via 

coating on the structures. 

Herein, this paper introduces the durable camouflage materials for IR camouflage. We coated the polyimide 

nanofilm on ordinary metal-dielectric-metal (MDM) structures to enhance mechanical durability. We verified 

the IR camouflage performance of durable camouflage materials using measurement (Fourier transform 

infrared spectroscopy (FT-IR)) and simulation (COMSOL Multiphysics). We demonstrated the enhanced 

mechanical durability compared to ordinary camouflage materials through two methods―brushing by hand 
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and the root cause analysis (RCA) test. Finally, We evaluated the IR camouflage factor[19] and conclude that 

the IR camouflage performance based on energy dissipation calculation and an infrared image did not change 

before and after the mechanical stress. 

  



 

6 

 

2. Research details 

2.1. Fabrication 

The silicon wafer with 500 µmt thickness was prepared as a substrate after cleaning the surface with acetone, 

ethanol, and buffered-oxide etchant (BOE) to remove organic matters on the wafer sequentially. On the cleaned 

wafer, VTEC 1388 (liquid polyimide) makes a 13 µm thickness layer with 3000 rpm. After that, Au/Ti-

SiO2/Au layers were deposited on the polyimide layer using the electron beam evaporator (E-beam evaporator, 

ULVAC, Japan) for metal and plasma enhanced chemical vapor deposition (PECVD, Plasmalab 800 Plus, 

Oxford Instruments, UK) for a dielectric disk. Au with 100 nm thickness as a metal layer and Ti with 10 nm 

thickness as an adhesive layer were used to enhance the compatibility between Au and other layers. The 

adhesive layer usually does not affect the spectral emissivity in the MDM structure.[46] The thickness of SiO2 

was 150 nm. The photoresist (AZ5214E, Microchemicals, Germany) was coated for 30 s at 3000 rpm and an 

EVG aligner (wavelength = 365 nm) was used for patterns. MIF-300 (developer) was used to develop the 

patterns after photolithography on the deposited surface. After that, inductively coupled plasma etching (ICP, 

PlasmaPro 800 RIE, Oxford Instruments, UK) was utilized to make the disk of the top metal and dielectric 

materials. The remaining photoresists on the surface were then removed by a plasma asher (100 W, 5 min). 

We coated the nanofilm of a thickness below 500 nm n the fabricated surface. We used solvent (N-Methyl-2-

pyrrolidone (NMP)) with a volume ratio of 1:1.5 to reduce the viscosity of VTEC 1388. The variation in the 

film thickness is described in the Supporting information (Figs. S1 and S2). We then additionally coated the 

fabricated surface with the diluted mixtures (3000 rpm, 30 sec), inducing the film thickness of 130 nm. The 

actual film thickness was 300 nm, owing to the solution between disks. The final structure is presented in Figs. 

1b and c. 
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2.2. Simulation 

We performed the simulation with a commercial code, COMSOL Multiphysics v.5.2.a including an optics 

module to analyze the electromagnetic behaviors in durable camouflage materials. The governing equation, 

Maxwell’s equation, was used by the discretization for a finite element method. We assumed the infinite 

surface consisting of durable camouflage materials utilizing the periodic boundary condition. The simulated 

domain was composed of a metal ground, dielectric disk, metal disk, nanofilm and medium. The variables 

were the diameter (d) of the dielectric and the metal disk and the pitch (p), which were chosen to distinguish 

between the types of magnetic resonances and the wavelength change. The relative permittivity, permeability, 

and electrical conductivity in the medium were 1, 1, and 0, respectively, which were assumed as the vacuum. 

The free electron behavior in the metal disk and ground is described by the Drude-Lorentz dispersion model 

with the plasma frequency (2.06 PHz) and the damping constant (13.34 THz) of Au in the simulation.[19] The 

optical properties of SiO2 were used by the manipulated refractive indexes[47] fitted with the experimental 

result because of the discrepancy in simulated results. The target wavelength range was 3 µm−14 µm; the 

number of grids was approximately 100000, determined by the grid-independent test. 

 

2.3. Measurement of Infrared Emissivity 

FT-IR (Bruker Corp.) was utilized to measure the spectral emissivity of the specimen.[19–21,29,32] The 

wavelength range of 1.3 μm − 27 μm was measured using a beam splitter (KBr) to induce phase difference. 

The reflectivity was measured using the reflection accessory (Bruker A513) based on Kirchhoff’s law as 

follows: ε(λ) = α(λ) = 1−ρ(λ) with emissivity ε, absorptivity α, reflectivity ρ and wavelength λ, respectively. 

The transmittivity was assumed as zero because of the metal ground at the bottom of the materials. Based on 

the signal ratio between the reference and sample, the reflectivity was determined from this relation: ρ(λ) = 

Ssample (λ,T) / Sreference (λ,T) with the reflected signal S and the temperature T, respectively. The temperature 
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was controlled using the air conditioning system. Moreover, the specimen size was below 1.3 cm x 1.3 cm. 

Furthermore, Au was used as a reference surface with a thickness of 200 nm, inducing the reflectivity of the 

unity. 

 

2.4. Thermographic and Visible Measurement 

The thermographic image was monitored by an IR camera (A655sc, FLIR Systems, Wilsonville, OR, US) 

to observe an infrared camouflage performance of the heated surface. Two specimens were measured based 

on the existence of polyimide nanofilm. The heated surface was induced by the heating plate; its temperature 

was set at 370 K (87°C), corresponding to the Mach number = 2.0 at the altitude of 5000 m.[24] Upon the 

heating plate, the polished copper plate existed to compare the IR signal in the same temperature condition. 

The processed emissivity of IR data was assumed as 0.95. The visible image was measured using the camera 

with the following specifications (12MP Dual Pixel, f/1.7, and 1.4-micron pixels OIS).  
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3. Results and Discussion 

3.1. Strategy of Durable Infrared Camouflage Materials  

 

Figure 1. a. Schematic of ordinary camouflage materials for infrared wave. Ordinary camouflage materials consist of 

three parts: metal ground (Au), dielectric disk (SiO
2
), and metal disk (Au). Diameter (d) and pitch (p) of durable 

camouflage materials were 1.45 µm and 3 µm, respectively. The thicknesses of t
g
 and t

d
 were 100 nm and 150 nm, 

respectively. The scanned electron microscopy (SEM) image shows the fabricated materials with a scale bar of 1 µm. b. 

Description of mechanical detachment on ordinary camouflage materials after inducing the mechanical stress on the 

surface. c. Visible and d. SEM images after brushing on the ordinary camouflage materials. e. Change in the spectral 

emissivity before and after brushing. The spectral emissivity shows that the selective emission disappears due to the 

destruction of camouflage materials. 

 

Figure 1a shows the schematic of ordinary camouflage materials for IR wave. The ordinary camouflage 

materials are usually MDM structures.[19,20,32,48] Au is used as a metal ground and metal disk. Then, silicon 

oxide (SiO2) is employed as a dielectric layer. The diameter and pitch of metal and dielectric disks are 1.45 

µm and 3 µm, respectively. The thicknesses of Au/Ti and SiO2 were 100/10 nm and 150 nm, respectively. The 

bottom SEM image in Fig. 1a shows the successful fabrication of camouflage materials. 

Based on the ordinary camouflage materials, we used the brush by hand, which assimilates the cleaning 

process on the surface, for qualitative evaluation of the mechanical durability. The IR camouflage materials 
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are aimed at military and energy applications. They require periodic cleaning because their optical performance 

is easily affected by the residue on the surface.[49] For this reason, we need to evaluate the mechanical 

durability and guess if the external stress happens on the camouflage materials, then brushing leads to the 

destruction of camouflage materials shown in Fig. 1b. 

Figure 1c shows our suspect through the visible image, indicating the destruction of fabricated materials. 

We found that brushing results in peeling structures and changes the gold to black. We observed the SEM 

image on brushed materials to perform a detailed inspection of structural destructions. Figure 1d shows the 

destroyed structures on the surface after brushing. Structures were ruined along the brushing direction, and 

only a few materials remained on the surface. It implies that ordinary camouflage materials cannot be protected 

against mechanical stress of the brush by hand. 

We observed the change in the spectral emissivity due to brushing related to this destruction. Figure 1e 

shows that the spectral emissivity of materials before brushing satisfies the requirements of IR camouflage 

materials, low emissivity energy for low detection in the detected band (3 µm–5 µm and 8 µm–14 µm) and 

high emission for energy dissipation of accumulated energy through the undetected band (5 µm–8 µm). 

However, after brushing, the energy dissipation disappeared in the undetected band and only remained the low 

emission in whole IR range. If the metal ground disappears completely after brushing, then the spectral 

emissivity is larger than before because silicon substrate has larger emissivity than metal surfaces.[42] Since 

the low spectral emissivity in the entire regime was maintained, the Ti layer still attached on the surface and 

led to low emission. Moreover, destroyed materials also remain on the surface, which also acts as a reflector 

(see Fig. 1d). It implies that the energy accumulation due to lowering energy dissipation in the detected bands 

can lead to thermal instability in the system.[36] Therefore, it shows that the ordinary camouflage materials 

exposed by mechanical stress of the brush do not satisfy the requirement of IR camouflage. 
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Figure 2. a. Schematic of durable camouflage materials for infrared wave. Durable camouflage materials consist of 

four parts: metal ground (Au), dielectric disk (SiO
2
), metal disk (Au) and polyimide (PI) nanofilm. Diameter (d) and 

pitch (p) of durable camouflage materials were 1.45 µm and 3 µm, respectively. Their thicknesses of t
g
 and t

d
 are 100 

nm and 150 nm. The thickness of PI nanofilm (t
c
) was 358 nm. SEM images of durable camouflage materials show 

fabricated materials. The image shows the durable camouflage materials covered by the nanofilm. b. Description of the 

surface protection due to the PI thin-film coating against mechanical detachment after inducing the mechanical stress on 

the surface. c. Visible image and d. SEM images after brushing on the durable camouflage materials, showing the PI 

nanofilm that protects the camouflage materials sufficiently. e. Change in the spectral emissivity before and after 

brushing. The spectral emissivity demonstrates that the PI nanofilm protects the camouflage performance. 
 

Figure 2a shows the schematic of the unit cell in durable IR camouflage materials. The polyimide nanofilm 

was employed for protecting camouflage materials to improve their durability against mechanical stress. There 

have been several studies on self-cleaning surfaces to enhance the mechanical durability of micro-nano 

structures against external stresses.[44] They have attempted to fix the root of the micro-nano structure,  

enhancing the adhesion between structure and substrate. Otherwise, they coat additional materials to keep the 

surface properties as required. In case of camouflage materials for enhancing the mechanical durability, we 

should consider optical properties in the IR wave additionally. In general, many materials have optical 

opaqueness because of many of unwanted resonances in the target wavelength range. However, if the 
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transparent thin film can be fabricated, then it is also possible to use any materials to improve mechanical 

durability. We already note that every material can be transparent when the thickness of the material is 

sufficiently thin based on the Beer-Lambert law expressed as I(z) = I0exp(-z/α) with the light intensity I, the 

optical path z, and the absorption coefficient α, respectively.[50] Moreover, if the additional resonances due 

to the coating material help to increase the camouflage performance, then we can use the coating material for 

protecting structures. In the previous research, we already utilized the polyimide nanofilm as a dielectric layer 

because the molecular resonances of polyimide are helpful in enhancing the energy dissipation in the 

undetected band (5 µm–8 μm) and to maintain the transparent behaviors in the detected bands (3 µm–5 μm 

and 8 µm–14 μm). Therefore, we found that the PI nanofilm over the ordinary camouflage materials can protect 

the camouflage materials, as shown in Fig. 2b. The bottom images in Fig. 2a show the scanned electron 

microscopy (SEM) image. We observed that durable IR camouflage materials were covered with PI nanofilm 

compared to ordinary IR camouflage materials. The measured thickness of nanofilm (tc) was 358 nm. 

  Figure 2c shows the visible image of durable camouflage materials after brushing the surface. It is difficult 

to find scratches on the surface compared to the ordinary camouflage materials, implying that structures are 

protected by the polyimide nanofilm from external stress. We also investigated SEM images and spectral 

emissivity depending on brushing to demonstrate the enhanced durability against the mechanical durability in 

detail. Figure 2d shows the SEM image after brushing on the materials. We found that the structures were 

retained after brushing. Especially, SEM image proves that structures on scratches even endure the mechanical 

stress entirely, even though brushing deteriorates the structure of ordinary camouflage materials (Fig. 1d). 

Furthermore, durable materials do not change the spectral emissivity before and after brushing. As shown in 

Fig. 2e, the spectral emissivity satisfies the following requirements of IR camouflage despite brushing on 

materials: low emissivity in detected bands and the high emissivity in the undetected. Additionally, the change 

in the spectral emissivity depending on brushing is negligible, which means that the nanofilm can protect the 
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camouflage materials sufficiently. These results show that the durable camouflage materials with nanofilm can 

protect materials from mechanical stress as well as satisfy the requirement of IR camouflage simultaneously. 

We further analyzed the detailed optical characteristics and mechanical durability based on these results. 
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3.2. Optical and Mechanical Performance of Durable Camouflage Materials 

 

Figure 3. Spectral emissivity depending on a. ordinary and b. durable camouflage materials. Several resonances are seen 

between 5 µm and 8 µm due to the resonances by lattice vibration in the nanofilm. c. Variation in the resonant wavelength 

depending on metal disk diameter, which helps to distinguish the localized and non-localized plasmonic behaviors in 

materials. Distribution of d. electric field norm and e. heat dissipation density of ordinary and durable camouflage 

materials at 5.15 μm and 6.05 μm, respectively. 

 

We measured the spectral emissivity with fabricated materials to test if durable camouflage materials can 

be used as IR camouflage materials. Figure 3a and b show the spectral emissivity of ordinary and durable IR 

camouflage materials, respectively. The low emissivity for the IR camouflage happens in the detected band (3 

µm–5 µm and 8 µm–14 µm), reducing the signal from the surface. Moreover, the high emissivity occurs in the 

undetected band (5 µm–8 µm) which dissipates the reduced energy in the detected bands. As shown in Fig. 3a, 

ordinary camouflage material satisfies the requirement of IR camouflage materials. Durable IR camouflage 

materials had several small peaks after coating the nanofilm on ordinary camouflage materials. However, it 

satisfied the requirement of IR camouflage materials. We need to simulate and compare electromagnetic 
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behaviors of the ordinary and durable IR camouflage materials to understand the effect of the nanofilm coating 

on spectral emissivity. In Fig. 3a and b show that the simulation agrees with the measurement, which shows 

that the simulation can be used as an analyzing tool in this study. 

To distinguish the types of resonances in the IR range, we analyze the change in the resonance wavelength 

depending on the disk diameter (d), as shown in Fig. 3c. The resonances in the MDM structure depend on 

geometrical factors, such as diameter (d) and pitch (p).[51] If the resonance wavelength depends on the disk 

diameter, the resonance is treated as a localized plasmonic behavior. However, if it depends on the pitch, then 

this resonance is characterized as a non-localized plasmonic behavior. These behaviors cannot happen 

simultaneously, meaning that the localized and non-localized plasmonic behaviors are independent of the pitch 

and diameter, respectively. Figure 3c shows the resonant wavelength depending on the change in the diameter 

having a silicon oxide. We observe by comparing the Fig. 3a, b and c that magnetic resonance (MR) is 

dependent on d. However, additional resonances (1, 2, and 3) with the polyimide nanofilm coating are 

independent of d. It means that MR can be classified as the localized plasmonic behavior and the other 

resonances due to the anomalous dispersion in polyimide[52] can be considered as the non-localized plasmonic 

behavior. Moreover, when the magnetic resonance is shifted, the strength of other resonances due to anomalous 

dispersion increases in Fig. 3b and c. When the magnetic resonance with silicon oxide happens around 6 µm, 

the resonance due to lattice vibration of nanofilm induces the unity emissivity around 5.8 µm (Fig. 3b). It 

shows that the lattice vibration in the nanofilm interacts with the magnetic resonance in the structure.  

In addition, we visualize the electric field and heat dissipation using the simulation to analyze the electric 

field in the structure depending on the nanofilm coating. We indirectly analyze the electromagnetic behavior 

of the emission through the absorption because the emissivity and absorptivity are the same in the thermal 

equilibrium.[24] Figure 3d and e show the electric field and the heat dissipation density in the structure of 

ordinary and durable camouflage materials, respectively. As shown in Fig. 3d, the electric field is similar 
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irrespective of camouflage material types qualitatively, meaning that the high emissivity is not caused by 

varying the electric field due to the nanofilm. Figure 3e presents the heat dissipation density in the structure 

which can show the causing part of high emissivity (absorptivity) in the structure. The heat dissipation is 

confined in the gold parts of ordinary camouflage materials, which is usually caused by the joule dissipation 

in the metal parts.[53] However, the significant amount of heat dissipation additionally happens in the nanofilm 

of durable camouflage materials similar to the pattern of the electric field (Fig. 3d). It means that the nanofilm 

interacts with the electric field and induces additional resonances. We note that, if the nanofilm without 

anomalous dispersion in the IR regime can be used, then the additional resonances due to the lattice vibration 

of the nanofilm can be removed.   



 

17 

 

 

Figure 4. a. SEM image of ordinary camouflage materials after RCA test. The area of brighter color indicates the 

remained structures, and the darker color means the destroyed area due to mechanical stress. Every contact (point and 

line) damages the structure. b. SEM image of durable camouflage materials after RCA test. Except for point contact, the 

structures against line contact remain under mechanical stress. 
 

For the evaluation of mechanical durability further, we used RCA with paper for abrasion on the surface to 

check the protection quantitatively. The detailed information on RCA with paper is provided in the Supporting 

information (Fig. S5). There were two contacts performed by RCA tests: point and line contact. The highest 

averaged pressure (450 kPa) was experienced at the point contact, with a much larger value than the general 

hand contact on the surface.[54] The line contact was caused by the friction of paper around the contact point. 

It is difficult to calculate the exact value. However, this value is much smaller than the point contact because 

the line contact is not directly pressurized by the pointer. The ordinary camouflage materials in Fig. 4a show 

that both contacts deteriorated structures on the surface entirely. Moreover, the spallation at the contact point 

happened, and the line contact between structures and paper also destroyed structures. It means that the 

structure is very fragile against external stress even though the contact pressure at the line contact is much 

lower than the point contact. However, Fig. 4b demonstrates that structures under the nanofilm coating were 
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protected except for the contact point. Particularly, though the structure disappeared and the spallation 

happened at the contact point, structures still remained along the line contact, contrary to the ordinary 

camouflage materials. We recognized that the durable IR camouflage materials endures more at least half of 

contact pressure based on the SEM image after brushing and the RCA test.  
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3.3. Infrared Camouflage Performance of Materials 

 

Figure 5. a. Comparison of visible and infrared images between ordinary and durable camouflage materials. The 

difference in apparent temperature via infrared camera is negligible due to the insignificant impact of polyimide nanofilm. 

b. Spectral irradiance of a blackbody, ordinary camouflage materials before and after brushing, and durable camouflage 

materials after brushing. Spectral irradiance of durable camouflage materials is not affected by external stress. 
 

We evaluated the apparent temperature of the surface compared to the heated temperature, and calculated 

the radiative energy compared to the reference surfaces to evaluate the IR camouflage performance. Figure 5a 

shows the visible and IR images of ordinary and durable camouflage materials. The temperature of the heated 

plate was set at 87°C, which value targets the total temperature calculated by the high-speed aircraft of Mach 

number = 2.0 at the altitude of 5000 m. The amount of reducing the apparent temperature by ordinary 

camouflage materials (34.5°C) was 52.5°C. Such amount of that temperature by durable camouflage materials 
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(34.7°C) is 52.3°C. The difference in reducing the temperature by durable camouflage materials was negligible 

depending on the nanofilm. It shows that the camouflage performance in the detected band (8 µm–14 µm) 

remained constant regardless of the nanofilm. Additionally, the reduction in apparent temperature by copper 

plate (28.1°C) was 58.9°C, which amount is similar to the camouflage materials (52.3°C). It means that the 

durable camouflage materials are sufficient to hide the backside temperature from the heating plate. The 

reduced apparent temperature of durable camouflage materials was approximately the same as those without 

coating. Thus, we confirm that durable camouflage materials can be used as ordinary camouflage materials by 

enhancing mechanical durability. 

Moreover, we quantified the variation of radiative energy in detected and undetected bands, because it is 

difficult to estimate the radiative energy from the operating range of the IR camera. When we hypothesize the 

diffusive emission from the surface, the spectral irradiance of blackbody can be calculated as following 

equation:[24] 

𝐸𝑏𝜆(𝜆, 𝑇) =
2𝜋ℎ𝑐0

2

𝜆5 [exp[
ℎ𝑐0 𝑘⁄

𝜆𝑇
− 1]]

 
(1) 

with the Planck’s constant h, the speed of light in vacuum c0, the Boltzmann’s constant k and the surface 

temperature, respectively. We integrated the spectral irradiance along with wavelength to evaluate the radiative 

energy in the specific band. If the band ranges from λ1 to λ2, the result of integration is presented as follows: 

𝐸𝜆1−𝜆2
(𝑇) = ∫ 𝜀(𝜆, 𝑇) 𝐸𝑏𝜆(𝜆, 𝑇) 𝑑𝜆

𝜆2

𝜆1

≅ ∑ 𝜀(𝜆, 𝑇) 𝐸𝑏𝜆(𝜆, 𝑇)∆𝜆 (2) 

with the measured emissivity of materials ε.  

Figure 5b compares the spectral irradiance depending on the ordinary camouflage materials before and after 

brushing, durable camouflage materials after brushing. We investigated the camouflage performance of 

camouflage materials compared to the blackbody. The radiative heat flux of ordinary camouflage materials 
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was 3.3 W/m2 in 3 µm–5 µm and 14.4 W/m2 in 8 µm–14 µm before brushing with emissivity of 0.07 and 0.03 

in 3 µm–5 µm and 8 µm–14 µm, respectively. After brushing, the radiative heat fluxes of ordinary camouflage 

materials were 6.0 W/m2 and 12.7 W/m2 in 3 µm–5 µm and 8 µm–14 µm, respectively. These radiative heat 

fluxes cannot show the reduced camouflage performance due to the destruction of structures. However, the 

radiative heat flux of ordinary camouflage materials for energy dissipation in the undetected band 5 µm–8 µm 

changed from 32.9 W/m2 to 27.5 W/m2 with a decrease of 16% due to brushing. The radiative heat fluxes were 

6.7 W/m2 and 34.2 W/m2 in 3 µm–5 µm and 8 µm–14 µm, respectively, which values are 0.14 of a blackbody 

in 3 μm–5 µm and 0.08 of a blackbody in 8 μm–14 µm. The radiative heat flux of durable camouflage materials 

for energy dissipation was 72.9 W/m2, which is 265% larger than that of ordinary camouflage materials.  

Based on these radiative energy relations, we calculated the camouflage performance factor with the reduced 

energy in detected bands and the enhanced energy dissipation in the undetected band[19] to compare this effect 

simultaneously; it is expressed as follows: CP = 𝜀5̅−8 𝜇𝑚
2 /(𝜀3̅−5 𝜇𝑚𝜀8̅−14 𝜇𝑚). The camouflage performance 

factor of ordinary camouflage materials changed from 8.1 to 3.8 before and after brushing, implying that the 

significant destruction of structure on the material. The camouflage performance factor of durable camouflage 

materials after coating and brushing was from 8.1 to 8.6, which is 226% larger than that of ordinary camouflage 

materials. This larger value originates from the enhanced energy dissipation in the undetected band contrary 

to the ordinary camouflage materials’ performance. Therefore, we conclude that durable camouflage materials 

can provide mechanical durability as well as IR camouflage performance for practical applications. 
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4. Conclusion 

We propose durable IR camouflage materials by coating the nanofilm on the structures. Based on the Beer-

Lambert law, we utilize that polyimide nanofilm can be used as a coating layer, which has little impact on the 

optical properties in the specific regime. The results of spectral emissivity show that durable IR camouflage 

materials satisfy the requirements of IR camouflage simultaneously with low emission in detected bands (0.14 

in 3 μm–5 µm and 0.08 in 8 μm–14 µm) and high emission in undetected band (0.31 in 5 μm–8 µm). In 

particular, the enhanced energy dissipation happened in the undetected band due to the interaction between the 

polyimide nanofilm and the MDM structure. Moreover, we verified the significant enhancement of mechanical 

durability through brushing and RCA test compared to the ordinary camouflage materials. Especially, MDM 

structures in durable IR camouflage materials are protected against mechanical spallation, which induces 

identical spectral emissivity in the IR bands before and after the exposure of the mechanical stress. We 

demonstrate the IR camouflage performance through the IR image and calculation of radiative heat flux in the 

detected and undetected bands. Durable IR camouflage materials can maintain the camouflage factor through 

the integrated camouflage factor regardless of mechanical stress, unlike ordinary camouflage materials. We 

conclude that durable IR camouflage materials simultaneously provide mechanical durability and IR 

camouflage performance owing to coating the nanofilm on the structure. We could not achieve the ideal 

protection without changing the spectral emissivity due to the lattice vibration of the coating material; however, 

we realized durable IR camouflage materials using the optical properties of polyimide in the IR band. It means 

if we can develop the nanofilm without the lattice resonance in the IR band, then we may further advance 

durable IR camouflage materials. We believe that this study can be applied to various applications by 

protecting the metal-dielectric-metal structure, because the micro-nano structure is extremely fragile against 

mechanical stress. We hope that this study will be helpful in enhancing the durability of micro-nano structures 

for energy, military and space applications.  
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