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Supplementary Note 1: The Transfer Matrix Method for reflectance calculation
The Transfer Matrix Method (TMM) is a widely used approach for simulating the optical properties of thin films. As a special type of periodically arranged thin-film structure (Fig. S1), the algorithm based on Bragg reflector can be simplified1. 
The relationship of refractive index and position can be described:
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where n1, n2 are the refractive index of low-index and high-index materials respectively, a and b are the corresponding thickness, L is the length of the single periodic structure. The matrix elements can be calculated from:
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where wave vector can be given by:
	, 
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The coefficient of reflection is simply
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The column vectors of the equivalent layers are given as:
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The Nth power of an unimodular matrix can be given by:
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Where
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The coefficient of reflection is
	
	(13)


Thus, the reflectivity is obtained by taking the absolute square of rN,
	
	(14)



Supplementary Note 2: The detailed code for periods calculation
To decide an optimal period number with the consideration of both optical performance and the complexity of subsequent fabrication processes, we set the central wavelength to 500 nm and varied the number of periods from 2 to 5. The MATLAB code based on the Transfer Matrix Method as introduced in Supplementary Note 1 is presented below.
clear;clc
for N=2:5; %N is the period numbers from 2 to 5.
n_L=1.9; % n_L is the refractive index of HfO2 in 500 nm.
n_H=3.22; % n_H is the refractive index of VO2 in 500 nm.
a_L=65.46; % n_L is the calculated thickness of HfO2.
a_H=38.81; % n_H is the calculated thickness of VO2.
L=a_L+a_H; % L is the periodic thickness of Bragg reflector.
lambda=300:10:850; % lambda is the incident wavelength.
k_L=2*pi*n_L./lambda;
k_H=2*pi*n_H./lambda;
A=exp(-1i*a_L*k_L).*(cos(k_H*a_H)-(1i/2)*((n_H^2.*k_L)./(n_L^2.*k_H)+(n_L^2.*k_H)./(n_H^2.*k_L)).*sin(k_H*a_H));
B=exp(1i*a_L*k_L).*(-(1i/2)*((n_H^2.*k_L)./(n_L^2.*k_H)-(n_L^2.*k_H)./(n_H^2.*k_L)).*sin(k_H*a_H));
C=exp(-1i*a_L*k_L).*((1i/2)*((n_H^2.*k_L)./(n_L^2.*k_H)-(n_L^2.*k_H)./(n_H^2.*k_L)).*sin(k_H*a_H));
D=exp(1i*a_L*k_L).*(cos(k_H*a_H)+(1i/2)*((n_H^2.*k_L)./(n_L^2.*k_H)+(n_L^2.*k_H)./(n_H^2.*k_L)).*sin(k_H*a_H)); %A, B, C, D represent the matrix elements.
K=(1/L)*acos((A+D)/2);
R=abs(C).^2./(abs(C).^2+(sin(K*L)./sin(N*K*L)).^2);; figure (1) % R is the reflectivity.
R=real(R');
plot(lambda,R,'LineWidth',1); hold on % Input final results.
end;
The calculated reflectivity can be found in Fig. S2.

Supplementary Note 3: Principle of color calculation
In the CIE 1931 XYZ color space, the stimulus quantities of the three primary colors are expressed as tristimulus values X, Y, and Z, which can be given by2:
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where  is the spectral power distribution of the standard illuminants D65 and  represents the object reflectance. ,  and  are the color matching functions.  is a normalizing factor defined as:
	
	(18)


The color chromaticity can be determined by the normalized parameters x, y, and z:
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To calculate the color difference (ΔE), CIE 1976 L*a*b* color space is utilized, where L* represents the lightness, a* represents redness and greenness, and b* represents yellowness and blueness:
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where ,  and  represent the tristimulus values of the white object.
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The color difference can be calculated from:
	
	(26)




Supplementary Note 4: Principle of phase transition temperature measure
VO2 is a representative first-order phase transition material and there are some methods to character its phase transition process. Resistance-temperature measurement is commonly used to analyze the phase transition process. During the heating process, VO2 thin films exhibit a characteristic metal-insulator transition (MIT), accompanied by a pronounced change in electrical resistance. At temperatures below the phase transition, VO2 remains in the monoclinic insulating phase, characterized by high electrical resistance. As the temperature increases and approaches the critical region, a structural transformation occurs toward the rutile metallic phase, resulting in a sharp drop in resistance by several orders of magnitude within a narrow temperature range. This abrupt change signifies the transition from the insulating to the metallic state. Upon cooling, VO2 reverts from the metallic to the insulating phase, with the resistance rapidly increasing, forming a distinct thermal hysteresis loop. 
The steep resistance variation within the transition region reflects the underlying phase transition behavior and is typically characterized by the temperature corresponding to the minimum of the first derivative of the resistance-temperature curve, which represents the point of maximum rate of change in electrical properties during the transition. This temperature point is defined as the critical temperature (Tc), which is typically considered the phase transition temperature of VO2 during the heating cycle.

Supplementary Note 5: Skin depth analysis
In order to analyze whether the multi-layer thickness is suitable for design, the skin depth analysis is performed on the device structure. Skin depth () refers to the distance within a conducting material where an electromagnetic wave can effectively penetrate before its intensity significantly decays, which is defined as:
	
	(27)


where  and  are angular frequency and frequency of the electromagnetic wave,  is the permeability of the material (,  is relative permeability and  is vacuum permeability),  is the electrical conductivity of the material. As the non-magnetic material, the relative permeability of VO2 is 1, and the corresponding permeability is 4π×10-7 H m-1. And the electrical conductivity of insulating and metallic VO2 is 1 and 105 S m-1 respectively3. So the skin depth of the device under the monitoring wavelength of 10 μm can be calculated as 2.9 μm and 0.29 μm for low and high temperatures. HfO2 acts as an insulator, enabling deep penetration of electromagnetic waves. Thus, the thickness of the device is well-suited for the design, with a total VO2 thickness of 417 nm. Under insulating state, VO2 allows the electromagnetic wave to pass through the multi-layer and to be absorbed by the bottom substrates. And in the metallic state, it can also block the electromagnetic wave transmission and reflect the electromagnetic wave.

Supplementary Note 6: Sample folding tests
The flexible sample was attached on two metal arms, whose movement can be controlled by computer through software. By providing the movement distance, rate and cycling numbers, the folding tests will be performed automatically. The visible spectral reflectance and thermal radiation spectral emissivity were measured at the cycle number of 1000, 2000, 3000, 4000, 5000, 7500, 10000, 12500, 15000, 17500 and 20000.
More detailed optical properties of the folding tests have been shown in Fig. S16.

Supplementary Note 7: Evaluation criteria for dynamic camouflage technology
(1) Camouflage spectrum: This parameter refers to the spectral range in which the device achieves camouflage. And vis, MIR represent visible and mid-infrared bands respectively. The broader the camouflage spectrum, the more resilient the device becomes in multispectral detection scenarios.
(2) Stimulation mode: This metric is used to describe the stimulus types by which the device achieves optical performance switching, such as temperature (thermal) or electric field (electrical). The more diverse the stimulation modes, the more adaptable the device becomes in real-world scenarios.
(3) Multi-scenario demonstration: In addition to characterizing the optical performance of the fabricated devices, it is essential to provide scenario demonstrations to visually illustrate their practicality.
(4) Preparation simplification: In the device fabrication process, fewer procedural steps (single-step or multi-step fabrication) and easier fabrication technology highlight the simplicity and efficiency of the workflow, typically regarded as an optimized fabrication approach.
(5) Flexible: The device’s flexibility allows it to accommodate a wide range of target geometries, which enhances the adaptability and applicability of camouflage technology.
More detailed description of these evaluation criteria has been listed in Table S4.
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Fig. S1 Schematic drawing of a Bragg reflector structure. The structure has N layers and the ambient environment is represented by 0. a and b represent the transmission and reflection intensity respectively.
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Fig. S2 The calculated reflectivity of the Bragg reflector with the different periods (N=2, 3, 4, 5). The higher periods exhibit superior reflectivity and spectral selectivity. But when the periods exceed 3, the difference is not obvious.
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Fig. S3 The color modulation of MSDR with different viewing angles for the CIE 1931 color diagram (the viewing angles from 0 to 80°).
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Fig. S4 The color difference curve across different viewing angles with the Bragg reflector composed of VO2/HfO2 and VO2/SiO2. Large color difference can be found for the combination of VO2 and SiO2 compared to that of VO2 and HfO2.
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Fig. S5 Original SEM image of cross-sectional MSDR and corresponding element line scan.
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Fig. S6 XRD patterns of VO2 on quartz and MSDR device.
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Fig. S7 3D AFM image for MSDR device and corresponding root-mean-square (RMS) roughness. The RMS of MSDR is 3.492 nm, indicating the smooth surface of MSDR with a thickness of approximately 600 nm.
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Fig. S8 The electric field distribution of the VO2-based multi-layer structure in low (a) and high (b) temperatures. The detected wavelength is set as 10 μm.

[image: ]
Fig. S9 The simulated results of emissivity tunability in 8–14 μm with different thickness of VO2. With the thickness of VO2 increases, the emissivity tunability also increases before 300 nm.
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Fig. S10 Thermal radiation spectral emissivity of the multi-layer film at low temperature and high temperature. The emissivity tunability can reach -0.58 in the atmospheric window.
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Fig. S11 The photograph for infrared images shooting.
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Fig. S12 Experimental setup for heating and cooling cycles testing. The sample is heated by the infrared lamp and cooled in the natural environment with the ambient temperature around 20°C. The heating and cooling durations can be controlled via timer socket.
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Fig. S13 The experimental results of the visible spectral reflectance and corresponding reflective colors for flexible devices with various thickness combinations of the VO2 and HfO2 before and after the phase transition (a–e). (f) Photographs of flexible devices with different central wavelengths and states. The designed central wavelength increases sequentially. 
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Fig. S14 The reflectance spectra (a) and emissivity spectra (b) of the device prepared on the polyimide (PI) substrate. The emissivity tunability can reach -0.48 in the atmospheric window.
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Fig. S15 The photograph about the flexible device affixed to the cup.
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Fig. S16 The photographs of folding tests setup (a) and the results of reflectance in 540 nm and emissivity tunability of the flexible sample (b).

[image: ]Fig. S17 The photographs (a) and corresponding emissivity spectra (b) of the flexible device before and after the mechanical processing. The scale bar shown in (a) represents 2 cm.
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Fig. S18 Characterization for the flexible device. The photographs (a) for the flexible sample with the sizes of 25×25 mm and 55×55 mm respectively. The XRD patterns (b) of PI substrate, VO2 on PI substrate and MSDR on PI substrate. 

[image: ]Fig. S19 The photographs (a), corresponding infrared images (b) and the heat map of normalized radiation temperature deviation (c) of the large-scale flexible device. The large-scale flexible device exhibits a remarkably uniform resistance distribution, particularly in the central region.
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Fig. S20 The measured surface temperature for device controlled by a voltage input (a) and corresponding photos for testing (b). The size of flexible MSDR device is 50×30 mm, with a 34.8 Ω conductive ITO film and a silver electrode deposited for Joule heating. The surface temperature is recorded by the thermocouple connected to a computer and a voltage of 2.5 V, 3 V and 3.5 V is applied to the device respectively.
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Fig. S21 The workflow of Neighboring Color Block Camouflage Algorithm. The algorithm operates by analyzing adjacent regions in an image, ensuring that each color block seamlessly blends with its neighbors while maintaining irregular shapes and natural transitions. It reduces high-contrast edges by carefully selecting colors that are close in hue, saturation, or brightness, thereby enhancing the camouflage effect.


Table 1 Summary of electrochromic devices with emissivity tunability gathered from the literature.
	Material
	Device structure
	Emissivity tunability
	Stability
	Ref.

	Metal Oxide
	ITO/WO3/Au
	Δε2.5–25 μm=0.32
	Cycling numbers=10
	[4]

	
	ITO/NiO/Ta2O5/Li/WO3/ITO/Ge/HfO2
	Δε2.5–25 μm=0.20
	Cycling time=10000s (coloring 30s, bleaching 30s)
	[5]

	
	golden metal grids/a-WO3/Ta2O5/a-WO3/golden metal grids
	Δε2–16 μm=0.20
	Cycling numbers=300
	[6]

	
	ITO/WO3/LiNbO3/NiO/Au
	Δε7–11 μm=0.45
	Cycling numbers=1050
	[7]

	
	ITO/WO3/LiTaO3/NiOx/ITO
	Δε8–14 μm=0.37
	-
	[8]

	
	ITO/NiO/LiTaO3/Li4Ti5O12/WO3/ITO
	Δε2.5–25 μm=0.34
	-
	[9]

	
	Li/WO3/ITO/Au/ITO/Nylon 66/Ta2O5/Li-based electrolyte/WO3/ITO
	Δε3–5 μm, 8–14 μm =0.76
	Cycling numbers>1000
	[10]

	
	ITO/SiO2/ITO/Glass/ITO/NiO/ZrO2/Li/WO3/ITO
	Δε2.5–25 μm=0.42
	Cycling time=30000s (each step for 30 s)
	[11]

	
	LTO nanoparticle
	Δε8–13 μm=0.30
	Cycling numbers=100
	[12]

	Conductive Polymer
	Au grid/PANI-CAS/PAMPS/WO3/ITO
	Δε=0.45 at 12 μm
	Cycling numbers=900
	[13]

	
	DBSA-doped PANI porous film
	Δε8–12 μm=0.388
	-
	[14]

	
	CSA-doped PANI film
	Δε8–12 μm=0.399
	Cycling numbers=100
	[15]

	
	H2SO4-HClO4 co-doped PANI film
	Δε8–14 μm=0.47
	Cycling numbers=200
	[16]

	
	PANI film
	Δε2.5–25 μm=0.391
Δε2.5–25 μm=0.383
	-
	[17]

	
	wrinkled PANI film/Au/Nylon 66/electrolyte/back electrode
	Δε8–14 μm=0.375
	Cycling numbers=100
	[18]

	
	electrode/PEDOT:Tos/electrolyte/PEDOT:Tos/electrode
	Δε8–14 μm=0.153
	Cycling numbers=100 (significant degradation after 1000 cycles)
	[19]

	Graphene
	single-walled carbon nanotubes based sandwich structure
	Δε8–14 μm=0.55
	Cycling numbers=3500
	[20]

	
	Nonvolatile ionic liquid-gated multilayer graphene
	Δε8–14 μm=0.4
	50% degeneration after the 780 cycles
	[21]

	
	ML-graphene/PE+IL/gold electrode
	Δε=0.43 at 12 μm
	Cycling numbers=500
	[22]

	
	12-layer graphene/ion gel/gold electrode
	Δε7.5–14 μm=0.27
	Cycling numbers=500
	[23]

	
	single-walled carbon nanotubes/ionic liquid/copper
	Δε7.5–14 μm=0.50
	Cycling numbers=6000
	[24]

	Metal
	copper electrodeposition
	Δε7.5–13 μm=0.85
	21% degeneration after the 1800 cycles
	[25]

	
	silver electrodeposition
	Δε7.5–13 μm=0.71
	Cycling numbers=350
	[26]

	Quantum Well
	GaAs/Al0.3Ga0.7As quantum well/2D photonic crystal plate
	Δε=0.50 at the resonant wavelength
	-
	[27]

	
	GaN/AlGaN Quantum-Well Photonic Crystal
	Δε=0.15 at 4 μm
	-
	[28]


-: The authors did not explicitly provide corresponding data in the manuscript.

Table 2 Summary of VO2-based devices with structural color modulation gathered from the literature.
	Ref.
	Device structure
	Color modulation capability
	Negative emissivity tunability
	Materials impairing IR performance

	[29]
	Ag meta-surface/SiO2/VO2
	Yes
	No
	Ag

	[30]
	Ag meta-surface/Insulator/VO2/Ag
	Yes
	No
	Ag

	[31]
	ITO/VO2/ITO/Ag
	Yes
	No
	ITO, Ag

	[32]
	VO2/Au (self-organized
particles)
	Yes
	No
	Au

	[33]
	Ag meta-surface/VO2/Ag
	Yes
	No
	Ag

	[34]
	Ag/VO2/Al
	Yes
	No
	Ag

	[35]
	TiO2/Ni/VO2/SiO2/Al
	Yes
	No
	Ni, Al

	[36]
	VO2 meta-surface/Ag/VO2/Al
	Yes
	No
	Ag, Al

	[37]
	MoS2 meta-surface/VO2/Au
	Yes
	No
	Au

	[38]
	VO2/Al
	Yes
	No
	Al

	[39]
	ZnS/Ge/VO2/Ag
	Yes
	No
	Ag

	[40]
	VO2/PMMA/Au
	Yes
	No
	Au

	This work
	MSDR
	Yes
	Yes
	-




Table 3 Summary of VO2-based devices with negative emissivity tunability gathered from the literature.
	Ref.
	Device structure
	Emissivity in low temperature
	Emissivity in high temperature
	Emissivity tunability
	Color modulation capability

	[41]
	VO2/graphene/carbon nanotube
	0.86
	0.49
	-0.37
	No

	[42]
	Al meta-surface/Al2O3/VO2/TiN
	0.81
	0.4
	-0.41
	No

	[43]
	(Au/SU8) meta-surface/VO2/SiO2/Au
	Not given
	Not given
	over 45% emissivity modulation in 7.5 μm
	No

	[44]
	VO2 nanopowders
	0.82
	0.36
	-0.46
	No

	[45]
	VO2/ZnS core-shell nanopowders
	Not given
	Not given
	-0.28
	No (Only single gray-green)

	[46]
	VO2/quartz/silicone
	0.84
	0.35
	-0.49
	No

	[47]
	VO2/carbon hybrid structure
	0.95
	0.51
	-0.44
	No

	[48]
	W-doped VO2 nanopowders
	Not given
	Not given
	-0.46 (undoped)
-0.30 (0.85% W-doped)
-0.28 (1.70% W-doped)
	No

	[49]
	graded W-doped VO2 on sapphire
	0.75
	0.35
	-0.40
	No

	[50]
	Al2O3/VO2/Al2O3/Al
	0.75
	0.25
	-0.50
	No

	[51]
	Mo-doped VO2 nanopowders
	0.78
	0.40
	-0.41*
	No

	[52]
	Al2O3/VO2/SiO2/Al
	0.75
	0.21
	-0.52*
	No

	[53]
	VO2/HfO2/Al
	0.84
	0.31
	-0.53
	No

	[54]
	VO2/mica/PMMA/Al
	0.82
	0.35
	-0.50*
	No

	[55]
	Al2O3/W-doped VO2/SiO2/Al
	0.74
	0.21
	-0.50*
	No

	[56]
	W/Al-doped VO2 nanopowders
	0.99
	0.51
	-0.48
	No

	[57]
	W-doped VO2/KH-590 and NIPAAM modified PET
	0.95
	0.68
	-0.27
	No

	[58]
	SiO2/W-SiO2/W/W-SiO2/W-doped VO2/Al2O3
	0.81
	0.45
	-0.46*
	No

	This work
	MSDR
	0.84
	0.26
	-0.58
	Yes


*: Since the authors did not explicitly provide the emissivity tunability of the atmospheric window in the manuscript, this value was derived by extracting data from the corresponding emissivity spectrum and performing calculations.

Table 4 The calculated thickness of the film for different central wavelength.
	Central wavelength (nm)
	Thickness of VO2 (nm)
	Thickness of HfO2 (nm)

	350
	29.12
	44.52

	400
	31.64
	51.63

	450
	33.70
	58.59

	500
	38.81
	65.46

	550
	44.29
	72.29

	600
	49.73
	79.07

	650
	55.09
	85.84

	700
	60.50
	92.58

	750
	65.26
	99.31

	800
	69.48
	106.03





Table 5 Summary of dynamic camouflage technology gathered from the literature.
	Ref.
	Camouflage spectrum
	Stimulation mode
	Multi-scenario demonstration
	Preparation simplification
	Flexible

	[59]
	MIR
	Thermal
	No
	PLD, photolithography, PVD, CVD
	No

	[43]
	MIR
	Thermal
	No
	PVD, laser lithography
	No

	[60]
	MIR
	Mechanical
	Yes
	Chemical solvent preparation, PVD
	Yes

	[61]
	MIR
	Thermal
	Yes
	PVD
	No

	[62]
	MIR
	Electrical
	Yes
	Chemical solvent preparation
	Yes

	[63]
	MIR
	Thermal, electrical
	Yes
	PVD
	No

	[41]
	MIR
	Thermal, electrical
	No
	PVD, CVD
	Yes

	[49]
	MIR
	Thermal
	Yes
	PLD
	Yes

	[64]
	Vis, MIR
	Thermal
	Yes
	PVD
	No

	[26]
	Vis, MIR
	Electrical
	Yes
	PVD, Chemical solvent preparation
	Yes

	[65]
	Vis, MIR
	Electrical
	Yes
	Chemical solvent preparation
	Yes

	This work
	Vis, MIR
	Thermal, electrical
	Yes
	PVD
	Yes
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