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Calculation method for film color uniformity evaluation 

The input image was first converted from the RGB color space to the CIELAB color 

space. For an image of size M × N, each pixel is represented as a three-dimensional 

color vector (L*, a*, b*). By unfolding all pixels, a color data matrix was constructed 

as:  

X= [
𝐿1

∗ 𝑎1
∗ 𝑏1

∗

⋮ ⋮ ⋮
𝐿𝑛

∗ 𝐿𝑛
∗ 𝐿𝑛

∗
] ∈ 𝑅𝑛×3 

where n=M×N denotes the total number of pixels. 

 

The mean color vector in the CIELAB space was then computed as: 

𝜇 = [𝜇𝐿 𝜇𝑎 𝜇𝑏] 

with 
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The mean vector represents the global color position of the image in the perceptually 

uniform CIELAB space. 

 

The covariance matrix of the color distribution was then constructed as: 

C =
1

𝑛 − 1
XTX 

which can be explicitly expressed in terms of variance and covariance components as: 

C = [

𝑉𝑎𝑟(𝐿∗) 𝐶𝑜𝑣(𝐿∗, 𝑎∗) 𝐶𝑜𝑣(𝐿∗, 𝑏∗)
𝐶𝑜𝑣(𝐿∗, 𝑎∗) 𝑉𝑎𝑟(𝑎∗) 𝐶𝑜𝑣(𝑎∗, 𝑏∗)
𝐶𝑜𝑣(𝐿∗, 𝑏∗) 𝐶𝑜𝑣(𝑎∗, 𝑏∗) 𝑉𝑎𝑟(𝑏∗)

] 

with 
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𝐶𝑜𝑣(𝐿∗, 𝑎∗) =
1

𝑛 − 1
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𝑛
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and analogous definitions apply to all remaining diagonal and off-diagonal terms. The 

diagonal entries quantify the intrinsic dispersion of each color channel, whereas the off-

diagonal terms describe cross-correlations between different channels. 

 

Since the covariance matrix is real and symmetric, it can be diagonalized via 

eigenvalue decomposition: 

C𝑣𝑖 = 𝜆𝑖𝜈𝑖 

where 𝜆𝑖 and 𝑣𝑖 denote the eigenvalues and eigenvectors, respectively. The 

eigenvalues are obtained by solving: 

det (C − 𝜆I) = 0 

yielding three real eigenvalues: 

𝜆1 ≥ 𝜆2 ≥ 𝜆3 

and the corresponding eigenvectors form an orthonormal basis: 

V= [𝜈1, 𝜈2, 𝜈3] 

 

Geometrically, the eigenvectors define the principal axes of the color distribution in the 
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CIELAB space, while the eigenvalues quantify the variance of the data along these 

directions. A larger eigenvalue indicates a broader distribution of colors along the 

corresponding principal direction, whereas a smaller eigenvalue indicates a more 

concentrated distribution. 

 

To provide a scalar metric for overall color dispersion, a representative eigenvalue was 

defined as the arithmetic mean of the three eigenvalues: 

𝜆𝑟𝑒𝑝 =
𝜆1 + 𝜆2 + 𝜆3

3
 

 

Given that the trace of the covariance matrix satisfies: 

𝑡𝑟(C) = 𝜆1 + 𝜆2 + 𝜆3 

the representative eigenvalue can be equivalently written as: 

𝜆𝑟𝑒𝑝 =
𝑡𝑟(C)

3
 

 

This metric reflects the average variance of the color distribution in the principal 

directions and thus serves as a robust descriptor of overall color heterogeneity. 

 

In this framework, 𝜆𝑟𝑒𝑝 provides a quantitative measure of color uniformity: lower 

values correspond to tightly clustered color distributions and higher color uniformity, 

whereas larger values indicate increased color dispersion and reduced uniformity. 

Therefore, the representative eigenvalue can be interpreted as an inverse metric of color 

homogeneity, enabling quantitative evaluation of spatial color variation in functional 

materials. 

 

Supplementary Figure 1. Ultraviolet-visible absorption spectroscopy (UV-Vis) of 
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PCN-128, PCN-128-pressed, and H4ETTC. 

 

 

Supplementary Figure 2. Schematic diagram of the PCN-128 film spraying process. 

 

 

Supplementary Figure 3. (A) Particle size distributions of large- (B) and small-sized 

(C) PCN-128 samples were determined by measuring 300 particles from SEM images. 

 

 

Supplementary Figure 4. Fluorescence spectrum (A) and N2 adsorption isotherms (B) 

of small sized PCN-128. 
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Supplementary Figure 5. Images (A) and emission spectrum (excitation: 365 nm) (B) 

of large sized PCN-128 in various solvents (EtOH: ethanol, CYH: cyclohexane, ACE: 

acetone, DCM: dichloromethane, DMF: N,N-Dimethylformamide, DIW: deionized 

water, EA: ethyl acetate, THF: tetrahydrofuran). 

 

 

Supplementary Figure 6. Images (A) and emission spectrum (excitation: 365 nm) (B) 

of small sized PCN-128 in various solvents (EtOH: ethanol, CYH: cyclohexane, ACE: 

acetone, DCM: dichloromethane, DMF: N,N-Dimethylformamide, DIW: deionized 

water, EA: ethyl acetate, THF: tetrahydrofuran). 

 

 

Supplementary Figure 7. Water contact angle of parylene substrates before (A) and 

after (B) hydrophilic treatment. 
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Supplementary Figure 8. Emission spectrum (excitation: 365 nm) (A). Images of 

PCN-128 film under UV (B-C) and ambient light (D-E). 

 

 

Supplementary Figure 9. (A, B) Photographs and emission spectra of PCN-128 films 

continuously monitored for 7 days under ultraviolet light. 
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Supplementary Figure 10. Photographs and corresponding spectra of PCN-128 film at 

25, 50, 100, 150, and 25 °C (excitation: 365 nm). 

 

 

Supplementary Figure 11. (A) Photographs and (B) spectra under various 

compression states (excitation: 365 nm). (C) Photographs and spectra after 100 

compression-relaxation cycles at 50% strain (excitation: 365 nm). 

 



8 
 

 

Supplementary Figure 12. Thickness of the parylene substrate and encapsulation 

layer. 

 

 

Supplementary Figure 13. (A, B) Photographs and emission spectra of PCN-128 films 

continuously monitored for 7 days at room temperature under a relative humidity (RH) 

of 90%. 

 

 

Supplementary Figure 14. Optical image (A) (under UV) and SEM image (B) of 

PCN-128 film after compression. 
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Supplementary Figure 15. (A, B) Photographs and emission spectra of LIFM-114 in 

DMF and THF solvent environments, together with the corresponding images and 

emission spectra after solvent removal. (C) PXRD patterns of LIFM-114 after solvent 

removal from DMF and THF. (D) Photographs and emission spectra of LIFM-114 

dried from THF after mechanical compression. Optical images of spray-coated LIFM-

114 films fabricated on substrates (E) before and (F) after wettability modification. 

 

To evaluate the applicability of the solvent exchange and wettability regulation 

strategies beyond PCN-128, we synthesized LIFM-114[1] and systematically 

investigated its structural evolution and luminescence response during drying in 

different solvents. LIFM-114 exhibited light-green emission in the solvent state. After 

drying in DMF, its emission color shifted from yellow-green to yellow, accompanied 

by the loss of its original optical response. In contrast, LIFM-114 retained its initial 

emission color after drying in THF. PXRD analysis further confirmed that the solvent-

induced color variation originated from structural transformation of the framework. 

 

Although framework breathing endows MOFs with diverse stimulus-responsive 

properties, it may also compromise the stability and controllability of piezochromic 

responses. Therefore, the solvent exchange strategy developed in this work provides an 

effective approach for preserving the structural integrity and optical stability of flexible 
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MOF systems during thin-film fabrication. Furthermore, during the fabrication of 

LIFM-114 films, wettability-modified substrates promoted uniform crystal spreading, 

resulting in continuous films with homogeneous crystal distribution. These results 

further demonstrate that substrate wettability engineering represents an effective and 

general strategy for constructing high-quality MOF thin films. 

 

 

Supplementary Figure 16. (A-F) Optical images of the film with various surface 

loading of PCN-128 (0.8, 1.6, 2.4, 3.2, 4.0, 4.8 mg cm-2). (Scale bars: 1 mm) 

 

 

Supplementary Figure 17. Chromaticity distribution of PCN-128 film with non-color 

uniformity in the a-b color space before (A) and after (B) compression. Chromaticity 

distribution of PCN-128 film with high color uniformity in the ab color space before 

(D) and after (E) compression. A comparison of the color difference (ΔEab) between 
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non-uniform (C) and uniform (F) PCN-128 films before and after compression revealed 

that the color distribution of the color uniform films showed a clear distinction before 

and after compression, resulting in more accurate pressure detection. 

 

 

Supplementary Figure 18. Cross-sectional and surface SEM images of the films with 

different surface loading of PCN-128 (A-B: 1.6 mg cm-2, C-D: 4.8 mg cm-2). 

 

  

Supplementary Figure 19. Evaluation of batch-to-batch signal reproducibility for 

PCN-128 films (PCN-128 loading: 4.8 mg cm-2, pressure: 101.86 MPa). 

 

 

Supplementary Figure 20. Different grits (320-, 600-, 800-, 1000-, and 3000-grit 

sandpaper) of sandpaper imprint images of PCN-128 film (Scale bars: 500 μm). 
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Supplementary Figure 21. Commercial Fuji film images (A1, B1, C1) and ΔEab maps 

(A2, B2, C2) of the interface pressure testing process for threaded fasteners (Scale bars: 

1 cm). 

 

 

Supplementary Figure 22. Interface pressure detection for the assembly of large-scale 

fasteners with commercial Fuji film (Scale bars: 5 mm). 

 

 

Supplementary Figure 23. Interfacial stress monitoring of a vacuum clamp using 

piezochromic films. (A, B) Photographic view of the vacuum clamp; Interfacial stress 
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distribution maps captured by (C1, C2) the commercial Fuji film and (D1, D2) the PCN-

128 film. 

 

Supplementary Table 1. Comparison with previously reported piezochromic films 

Piezochromic 

material 

Sensing 

range 

(MPa) 

Sensitivi

ty 

(MPa-1) 

Uniformit

y 

calculatio

n 

Large-

scale 

fabricatio

n 

Color 

retentio

n 

Ref 

ZnS:Mn 
0.0006-0.2, 

and 0.65-30 

6, and 

0.037 
O O O [2] 

Thermochromic 

composite 
0.4-0.73 / O O O [3] 

ZnS:Cu 
0.00125-

0.04 
/ O P O [4] 

ZnS:Cu 0.01-2.4 0.19 O O O [5] 

InGaN/GaN 

multiple 

quantum well 

1.87-14.94 0.03909 O O O [6] 

Triboelectric 

sensor 
0.001-0.15 60 O O O [7] 

Triboelectric 

sensor 
0-0.08 / O O O [8] 

Electroluminesce

nt skin 
0-0.4 5000000 O O O [9] 

Multipoint 3-axis 

pressure sensor 
0-0.36 / O O O [10] 

MoS2 Transistors 0.0002-5 
0.018, 

and 1.8 
O O O [11] 

Indium gallium 

zinc oxide thin 

film transistors 

0-0.4 1.16 O O O [12] 

CdS 0-100 / O O O [13] 
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Luminescent e-

skin 
0-0.18 0.011 O O O [14] 

PCN-128 

5.09-

101.86, 

and 7.33-

178.25 

0.92, 

and 0.30 
P P P 

this 

work 
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