
 

Piezo-transmissive Structure using Multi-Layered 

Heterogeneous Film for Optical Transmittance 

Modulation 

 

Gihun Lee 1†, Jungrak Choi1†, Junseong Ahn1, Seokju Cho1, and Inkyu Park1,* 

 

1 Department of Mechanical Engineering, Korea Advanced Institute of Science and Technology (KAIST), 291 

Daehak-ro, Yuseong-gu, Daejeon, 305-701, South Korea  

 

 

 

 

 

 

 

 

 



 

 

ABSTRACT 

As the damage caused by the recent climate crisis increases, efforts are being made to 

develop low-power and high-efficiency technologies to reduce pollution for energy production 

worldwide. Among them, research on mechano-responsive optical transmittance modulation 

technology is being actively conducted as it can be applied to various application fields for 

reducing energy consumption: low-power sensors and smart windows. The piezo-transmittance 

structure, which is one of the optical transmittance modulation structures, has fewer constraints 

on the installation environment, thereby many applications have been proposed. However, it is 

still challenging to fabricate a piezo-transmittance structure with large area production, high 

throughput, and good tunability because of complex curing and dissolution processes. Herein, 

we present an efficient fabrication method for a multi-layered piezo-transmittance structure 

using a large area abrasive mold and thermal imprinting process. The piezo-transmittance 

performance (e.g. sensitivity and relative change of transmittance) shows 

temperature/humidity-independent characteristics and can be designed by tuning design 

parameters such as the number of layers, abrasive grade, and film material. Also, the surrogate 

model of the performance obtained from the Monte Carlo simulation and prediction model can 

offer tunability for various applications. Finally, we demonstrated two energy-efficient 

applications; The smart window integrated with a hydraulic pump showed high thermal 

efficiency in indoor environment control, and the telemetry system was demonstrated to 

measure pressure remotely.  
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INTRODUCTION 

Recently, with the advancement of internet of things (IoT) technology, various sensors and 

electrical devices are increasingly being used in various applications ranging from large 

places1-3 (e.g. factories, buildings) to human body4-6. However, as the energy required to 

operate numerous systems also increases, low-power7-9 and high-efficiency10-12 technologies 

have attracted significant interests to respond to the current severe climate and energy crisis. 

In this background, studies related to the optical transmittance modulation technology with 

good energy-saving properties have been actively conducted. The technology refers to a 

technology in which a structure's coloration or light transmittance is changed by an external 

stimulus such as electrical, thermal, and mechanical stimuli. The technology includes 

electrochromic13-15, thermochromic16-18, polymer dispersed liquid crystal19-21, and 

mechanoresponsive types. Among them, the mechano-responsive optical transmittance 

modulation technology in which the transmittance is changed by the physical deformation (i.e. 

strain and pressure) has shown many advantages: a large transmittance change, fast response 

to actuators, and small energy to maintain a transmittance state. 22-24 Based on these advantages, 

the structure can be integrated into zero energy building or car tint to selectively control light 

transmittance for regulating indoor environment with low energy consumption. Furthermore, 

some researchers introduced that the structure can be used as two types of physical sensors25,26, 

to establish low-power wearable sensor systems. However, strain-induced structures have to 

be attached to the surface, so unexpected behavior such as sliding friction occurs due to contact 

constraints. For practical applications ranging from smart windows to sensors, pressure-

induced structure, which is also called “piezo-transmittance structure”, can be more appropriate 

than the strain-induced structure because strain-induced structures require attachment to a 



 

surface and can experience unexpected behavior, such as sliding friction, due to contact 

constraints. On the other hand, the contact constraint problems associated with sliding and 

friction can be avoided by pressure-induced structures. Among piezo-transmittance structure, 

porous structures have been adopted in many studies owing to their high sensitivity and simple 

fabrication methods. Choi et al. achieved high sensitivity and large transmittance change by 

combination of an organic solar cell and porous elastomer structure27 made using sub-cm sized 

sugar cube template28,29. However, template-based fabrication method takes time to cure 

elastomer and dissolve template by solvent, and the piezo-transmittance performance design 

parameters are limited to the material due to the fixed geometry of the template. Also, the fixed 

geometry of commercial templates causes difficulties for large-area fabrication. A large-area 

process is possible when a porous structure is produced by directly mixing particles (sugar, salt, 

Polystyrene (PS) beads, etc.) with the base material30-32. Bilent et al. adjusted the ratio of PDMS 

and sugar particles45, and Kang et al. adjusted the size of PS particles44 to tune piezo-

transmittance performances, yet there are low throughput and waste problems. In addition, 

theoretical prediction and design of the performance is difficult because of random 

arrangement in 3D, thereby the optimization has been performed empirically. Lastly, the 

method using a blowing agent33-35 is the most commercially suitable method, which enables 

large-area fabrication and exhibits high throughput. But there is a limit to the thickness 

reduction since a cutting process is necessary. Therefore, methodologies for the design with a 

desired operation conditions and high-throughput fabrication of large area specimen are 

required.  

 Herein, we introduce a cost-effective, simple, and tunable piezo-transmittance 

structure named “Multi-layered heterogenous film (MLHF)” based on multiple layers of 

heterogeneous films: low-modulus rough film and high-modulus flat film. The structure 

stacked with rough film thermally patterned using an abrasive has a similar mechanism to the 



 

conventional porous structure. In comparison to previous approaches that relied on silicone 

elastomers and various fabrication methods of porous structures, our structure and method with 

various parametric studies according to the Young’s modulus, number of layers, refractive 

index of flat film, and grade of abrasive possess distinct advantages in terms of cost-

effectiveness and practicality for industrial mass production. The MLHF is fabricated by a 

thermal imprinting process, enabling a large-area fabrication with high-fidelity pattern 

replication, high throughput, and low waste36-38. In addition, the MLHF exhibits an sensitive 

piezo-transmittance response within the smart window (zero-energy building, car tint, smart 

farm, etc.) and sensor operating temperature and humidity ranges. A Monte-Carlo simulation 

and an analytical model were applied to obtain a predictive model for the piezo-transmittance 

behavior of MLHF, and the surrogate model was created for the range of changes in 

transmittance and sensitivity. Finally, we demonstrated two applications integrated with the 

MLHF structure designed by surrogate model-based optimization process: a smart window 

with a hydraulic actuator, and a remote monitoring system using a camera capable of 

continuously measuring temperature, humidity, and pressure. 

 

RESULTS AND DISSCUSION 

Figure 1a shows a schematic illustration of the working principle of MLHF. The rough surface 

imprinted with an abrasive induces a lot of light scattering under low-pressure loading 

conditions, and this leads to lengthening of effective optical path within the structure and 

significant light attenuation according to the Beer-Lambert law. In addition, only a small 

portion of light rays reach the detector while a majority of rays are scattered in all directions. 

As a result, it shows higher optical transmittance by increasing the applied pressure. By the 

same mechanisms, the image of the target object becomes clearer by increasing the applied 

pressure. The design parameters of the MLHF are the grade of the abrasive, number of layers, 



 

and material (Young’s modulus, and refractive index), as shown in Figure 1b. The piezo-

transmittance performance according to design parameters was predicted by the surrogate 

modeling. Figure 1c shows applications of the MLHF: a remote monitoring system using a 

camera (i) and human eyes (ii), and a smart window (iii). The MLHF’s tunability allows 

applications ranging from remote monitoring to measure blast pressure to smart windows with 

the principle previously mentioned. In remote monitoring system applications, by using 

ambient light such as sunlight as a light source and measuring pressure through a camera or 

eyes, it is possible to realize a low-power or no-power consumption system. In smart window 

applications, MLHF is capable of efficient temperature control by controlling light 

transmittance. The thermal imprinting process using a laminator makes it possible to 

manufacture large-area MLHF for smart windows with a size of several tens of centimeters. 

Compared to the conventional fabrication method which contains a template dissolution 

process, semi-permanently usable mold is applied, which has the advantage of less waste and 

reduces the time required for curing and dissolving template. 

Figure 2a shows a schematic illustration of the MLHF fabrication process with 2 steps: 

thermal imprinting for adhesion of two heterogeneous films and patterning by abrasive, and 

multilayer lamination of several unit layers. For flat films, polycarbonate (PC), methyl 

methacrylate (PMMA), polyethylene terephthalate (PET), etc. with high modulus are applied, 

and rough films are composed of thermoplastic polyurethane (TPU) or styrene-ethylene-

butylene-styrene (SEBS) with low elastic moduli. The MLHF can be fabricated as a product 

with a sufficiently large area as shown in Figure 2b. In Figure 2c, the microscope image shows 

a cross-section of the MLHF fabricated in the form of 8 layers (SEBS-PET). Figure 2d shows 

the confocal microscope image and the SEM image of the surface profile of the rough film. 

The undercuts shown in the SEM image allow high sensitivity performance over a wide 

pressure range, as mentioned in the previous research46. The pattern produced through the 



 

thermal imprinting process was evaluated with a similar quality as those fabricated by casting 

or hot-press method (See Figure S3 and Table S3 for details). 

A compression test was performed to analyze the piezo-transmittance behavior of the MLHF 

with various design parameters such as the number of layers, Young’s modulus, refractive 

index, and the grade of abrasive. Figure 3a is the result of the parameter study according to the 

grade of the abrasive. The types of abrasives selected for the parameter study are P600, P1000, 

and P2000. The larger the grade the smaller the standard deviation of the slope (Table S4). The 

pattern of P600 initially exhibits low transmittance but it increases rapidly with pressure as 

shown in Figure S4a (the initial transmittance (T  of each MLHF is 0.16, 0.27, and 0.373 in 

ascending order of grade). A large standard deviation of a surface gradient distribution with 

the zero-mean means that the rays are more likely to collide with a structure with a large 

gradient, bringing about more scattering effects. The relative change of transmittance (∆T/T ) 

for P600, P1000, and P2000 under 5 MPa condition was observed as 0.88, 1.51, and 2.47, 

respectively. Thus, it can be inferred that the smaller the grade of the abrasive, the larger the 

relative change of transmittance and the sensitivity characteristics. In Fig. 3b and Table S5, 

increasing the number of layers seems to enhance the relative change of transmittance more 

effectively, as the transmittance changes 7.5 times larger than the initial transmittance for 12 

layers. As the number of layers increases, the number of light scattering events increases, 

lowering the initial transmittance. As the overall thickness of MLHF decreases by applying a 

pressure, the transmittance increases accordingly. Figure 3c shows the relationship between the 

refractive indices of the flat film and rough film. No significant effect of refractive index could 

be observed under the experimental conditions of this study. The effect of the Young’s modulus 

is the greatest on the piezo-transmittance behavior of the MLHF as shown in Figure 3d. SEBS 

(54kPa) has much smaller Young’s modulus than TPU (3.4MPa) and operates in a low-pressure 

range (~100’s kPa), while MLHF composed of TPU operates in a high-pressure range 



 

(~10MPa). Therefore, it seems likely that the design of the MLHF should be in the order of 

selecting the suitable material for the approximate pressure range and then finely controlling 

the remaining parameters such as number of layers and grade of abrasive. Figure 3e and Figure 

3f show that the initial transmittance and normalized sensitivity of MLHF made of SEBS and 

PET are not highly dependent on the temperature and relative humidity, in the temperature 

range of 20-75℃ and the relative humidity range of 10-70%. It has been confirmed that MLHF 

can be used stably within the harsh conditions of the environment where MLHF will be applied, 

such as car tints and smart windows in buildings. Especially, SEBS, in which the glass 

transition temperatures of the butadiene and styrene blocks are 183K and 373K, respectively, 

seem to have small changes of flexural modulus in the real range for applications between the 

glass transition temperatures. 

According to Persson’s study39 which presented the relationship between the ratio of the area 

flattened on a rough surface and the pressure, the larger the variance of the slope in the surface 

profile, the lower the sensitivity of the piezo-transmittance performance. However, as a result 

of the parameter study on grade, the larger the variance of the slope in the surface profile exists, 

the larger the range of transmittance change is observed. As such, it is necessary to acquire a 

surrogate model to improve both the sensitivity and range of transmittance change, which are 

performance indicators considered when designing MLHF. A predictive model was established 

as shown in Figure 4a to estimate the performance of the MLHF’s range of transmittance 

change and sensitivity depending on the design parameters. The initial transmittance of the 

predictive model was obtained through Monte-Carlo simulation with a ray tracing simulation 

(See Figure S5 for details) for the deterministic model (See Figure S6 for details), and the 

subsequent behavior was obtained through the analytical model (See Figure S7 for details). 

Helseth’s research, which confirmed that the transmittance of one rough layer is proportional 

to the ratio of the flattened area40, was extended to the MLHF analytical model including Beer-



 

Lambert law and Fresnel equation. The predictive model includes two strategies for 

computational efficiency. The 2D model simulation greatly reduces the amount of computation 

that occurs in the intersection search algorithm, and the assumption about ignoring secondary 

rays reduces the number of rays that need to be traced. Second, the analytical model reduces 

the effort on structural analysis and ray tracing simulations performed on the surface at each 

pressure. The predictive model can approximate the behavior of MLHF while consuming little 

computing time as shown in Figure 4b. As shown in Figure S7, the assumption that light 

transmits only on a flat surface makes some error in the low-pressure range, and the error 

caused by the assumption decreases as the pressure increases. Due to the limitations of the 

analytical model, the transmittance of the low-pressure region is underestimated, but it would 

be efficient for securing sufficient data for generating a surrogate model. The shallow artificial 

neural network model (Figure S8) that can reflect the nonlinearity of the model was used to 

obtain the surrogate model of transmittance change and sensitivity and shows the excellent 

regression result (R=0.9963) in Figure 4c. The output of the surrogate model was defined as 

the weighted summation of the range of transmittance change and sensitivity. Figure 4d shows 

the effect of each input variable (refractive index difference, the number of layers, the grade of 

the abrasive, rough film thickness) on sensitivity and range of transmittance change through 

the F-test-based feature importance analysis during the acquisition of the surrogate model. It 

appears that the number of layers is the most sensitive parameter for designing the MLHF. It 

was also observed that the transmittance at high pressures (above 5 MPa) tended to converge 

as shown in Fig. S4a-c. Judging from the parameter study results, it is important how much the 

initial transmittance can be lowered, and the number of layers appears to be a variable that 

effectively lowers the initial transmittance. When integrated into smart windows, MLHF 

should have high pressure sensitivity and large range of transmittance change for low actuation 

power and higher thermal transmission/insulation switching performance, respectively. In 



 

addition, large range of transmittance change can enhance the resolution of pressure in a remote 

pressure monitoring system. Therefore, design optimization was performed to minimize the 

cost function (maximize the sensitivity and the range of transmittance change) obtained 

through the surrogate modeling, and the compression test result for the optimal MLHF is 

depicted in Figure 4e. The initial transmittance of optimal MLHF is about 1.5%, and it has an 

excellent range of transmittance change (∆T 84%  and sensitivity ( 0.0047𝑘𝑃𝑎 . 

Optimized MLHF was applied to the smart window and remote pressure monitoring system. 

Figure 5a is a schematic diagram of the effect of smart windows integrated with MLHF. In 

general, the structure can control the amount of heat radiation from the light, reducing the effort 

required for temperature control in various applications. In the case of MLHF, it is expected 

that an additional thermal insulation effect may occur due to the air gap with a very low heat 

conductivity (0.025W/m ∙ K). Figure 5b (i) shows the system configuration of the smart 

window including a solenoid valve and a hydraulic pump. The solenoid valve minimizes the 

power required to maintain the state of the smart window, and the hydraulic pump allows to 

effectively control the transmittance over and arbitrarily sized and curved surfaces. Each result 

when the MLHF structure applied to smart window is released and compressed is shown in 

Figure 5b (ii). The enhanced thermal isolation performance of MLHF is confirmed in Figure 

5c. The time spent for heating from 30 to 45℃ and cooling from 45 to 30℃ of the normal 

window, pressurized MLHF, and MLHF in a released state were measured. When the MLHF 

covered on the chamber’s window was fully pressurized and released, a 5°C heating took ~15% 

and ~500% longer, respectively, compared to the bare window. On the other hand, cooling took 

~65% and ~463% longer, respectively. These results reflect that MLHF has potential as a smart 

window because it can effectively control the thermal insulation performance. Compared to 

other optical transmittance modulation technologies such as thermochromic16-18 and polymer 



 

dispersed liquid crystal19-21 type, which consume power to maintain the state of light 

transmittance, MLHF might have the advantage of low-power consumption in an environment 

where transmittance modulation is not frequent (See Table S8 for details). 

 Pressure monitoring is required in a wide range of applications such as air pressure or 

structural pressure monitoring from daily life to dangerous environment. Figure 6a shows the 

principle of a remote pressure monitoring system. The image blurred by the rough surface of 

the MLHF is gradually sharpened by the increased pressure. The remote monitoring system, 

which monitors pressure through the normalized cross correlation coefficient (NCC) between 

the image to which MLHF is applied and the reference image, was demonstrated (See details 

in Figure S9). As shown in Figure 6b, the proposed telemetry system can have the advantages 

of ensuring the safety of equipment and human from harsh conditions (i), and easy installation 

and measurement (ii). Figure 6c shows the relationship between the pressure and NCC, and it 

might be seen that pressure can be estimated using remote images taken by the camera. Three 

images were applied to figure out the effect of images on NCC. One image contains a black 

(value of 0 in grayscale) circle with an area of 0.79 cm  on a white (value of 255 in grayscale) 

background, another image contains a black circle with an area of 3.16 cm  on the same 

background, and the other image contains 4 black circles with an area of 0.79 cm  for each 

circle. As a result, it was observed that the NCC difference was large in proportion to the area 

of the black circle on the white background. The image with a black area of 3.16 cm showed 

an NCC difference of about 0.8 in the range of 0 to 1 MPa, and the image with a black area 

of 0.79 cm  showed an NCC difference of about 0.5. Since the camera image shows mostly 

a white-colored image in a situation where no pressure is applied, it can be inferred that the 

ratio of black pixels in a picture which is used as the reference must be increased to generate a 

large NCC difference. Furthermore, the testing of triangular, circular, and rectangular images 

of the same area showed similar pressure-NCC curves, indicating a relatively small effect of 



 

image shape on the system's performance (Figure S10). From the result in Figure 6d, the remote 

pressure monitoring system showed a stable response in a cyclic pressure test (4,000 cycles).  

 

CONCLUSION 

In this study, MLHF, which consists of soft rough films fabricated by thermal 

imprinting on abrasive and flat films with relatively higher modulus, was developed to provide 

optical transmittance modulation by pressure, and used for smart window and telemetry 

applications. Initial transmittance is low due to light scattering and long effective path length 

which are induced by the rough film. Increasing the pressure makes soft rough film flattened 

and raises the optical transmittance. The advantages of the thermal imprinting process, such as 

low manufacturing waste and mass producibility, were confirmed through fabrication results. 

Based on the parametric study, the tunability of the MLHF through the design parameters (i.e. 

number of layers, refractive index of the film, abrasive grade and Young's modulus) was 

confirmed. It also exhibited high stability over the temperature and humidity operating range 

of the application. Through a predictive model and ray tracing simulation based on Persson’s 

theory, a surrogate model of MLHF according to the refractive index difference, the number of 

layers, film thickness, and type of abrasive was created. Based on the design optimization 

process using the surrogate model, MLHF with high sensitivity and range of transmittance 

change were designed and applied to smart window and remote pressure sensing system. Based 

on the demonstration of smart window application, MLHF can lead to excellent insulation with 

low heat radiation and thermal conductivity by air. In addition, usage of hydraulic pump and 

solenoid pump reduces required power to maintain modulated transmittance. The remote 

pressure sensing system with MLHF and camera can measure the pressure without power of 

light source and communication module. We believe that the MLHF will make a significant 

contribution in various applications where low-power and high-efficiency systems are required. 



 

To the best of our knowledge, this is the first piezo-transmittance structure with 

practical characteristics such as large area fabrication and tunability in the field of mechano-

responsive optical transmittance modulation technology technology. It is expected to have a 

great impact on various fields such as wearable sensors, environmental sensors, and smart 

windows with its self-powered and thermal insulation characteristics. In addition, compared 

to the porous structure that accounts for the majority of piezo-transmittance structure, the 

design of MLHF relies on a surrogate model to quantify piezo-transmittance performance, 

providing a quantitative rather than empirical design basis. If a material with a lower Young's 

modulus than the material used in this study or a surface profile with higher sensitivity is 

applied, it will be possible to design an MLHF operating in much lower pressure range. This 

will lower the power required for the smart window operation and improve the resolution of 

the remote pressure sensing system.  

 

EXPERIMENTAL SECTION 

Preparation of MLHF fabrication. PC (20 % (w/v)), SEBS (60 % (w/v)), and PMMA 

solutions were used for a thin film deposition process using a knife coater (Knife coating device 

3000, KIBAE Inc., Korea). PC (PC film, AS ONE Inc., Japan) was dissolved in chloroform 

(CHCl3, 98.5%, Sigma Aldrich), and SEBS was dissolved in toluene (C6H5CH3, 99.8%, Sigma 

Aldrich), and PMMA solution (495 PMMA A5, KAYAKU Co., Ltd, Japan) was used. After bar 

coating, chloroform and toluene were evaporated at room temperature, and coated PMMA film 

was heated at 80℃ for 5 minutes. TPU film (VB1085, Ventwin Inc., Korea) and PET film were 

prepared as commercial products in the form of rolls. All films fabricated by the bar coating 

process were produced on PET substrates (Coating Q film, Formetc Inc., Korea). After 

laminating the film and the abrasive mold of less than 2500 grit (Silicon carbide abrasive, 



 

CC261, Deerfos Inc., Korea) or the abrasive mold of 2500 grit or more (Silicon carbide abrasive, 

991A, Matador Inc., Germany), thermoforming was performed using a laminator (Excelam Ⅱ

-355Q, GMP Inc., Korea) at 130℃. 

 

Characterization of the MLHF. The morphology of the cross-section of MLHF was 

characterized using an optical microscope (VHX-500F, KEYENCE, Japan). The 3D surface 

morphologies and profiles of the rough film were measured using a 3D laser scanning confocal 

microscope (VX-X1050, KETENCE, Japan), and analyzed using MATLAB (Figure S2 and 

Table S2). To evaluate the young’s moduli of SEBS and TPU, their specimens were 

manufactured according to ASTM D412 standard, and evaluated using a high-precision 

universal testing machine (AGS-X, SHIMADZU, Japan) (Figure S1). The refractive indices of 

materials from the references were used [41,42]. The molar absorption coefficients of materials 

were measured using a UV/VIS spectrophotometer (Lambda 650, PerkinElmer Inc., USA) and 

the average value was obtained in the visible light region (400nm ~ 700nm) (Table S1). Static 

and dynamic response characteristics of MLHF were measured by a load cell (WLS-300LCK, 

CAS Korea, Korea) with a linear stage (SAS, SAMICK THK, Korea), which was used for 

displacement control and measurement, and a photodiode sensor (S120C, Thorlabs, USA). The 

source of light was a solar illuminator (LAX-C100 Xenon light source, Asahi Spectra Co., Ltd., 

Inc., Japan). To conduct environmental tests, temperature and humidity sensors (BME280, 

Bosch Sensortec, Germany) were integrated and measured, and the environment was controlled 

with a PTC heater and humidifier. 

 

Surrogate modeling and design optimization process of the MLHF. The surrogate modeling 



 

and design optimization process were all performed using MATLAB. Surface profiles acquired 

using the laser confocal microscope were expanded through a random surface generation 

algorithm43. The transmittance under no pressure (P=0) was obtained through Monte-Carlo 

simulation with a ray tracing algorithm. 100,000 collimated rays were randomly sampled 

(uniform distribution) in one simulation. Conditions to which pressure was applied (P>0) were 

obtained using the analytical model, and the transmittance in the Monte-Carlo simulation and 

the transmittance in the analytical model at very high pressure (P=10 MPa) were used as 

boundary conditions. Inputs (refractive index difference, number of layers, grade, and rough 

film thickness) to be applied to the predictive model for generating a surrogate model were 

extracted through the Latin hypercube sampling method in the range as shown in Table S6. The 

sensitivity and range of transmittance change data for 1000 designs obtained through the 

predictive model were regressed using a shallow neural network. Using the obtained surrogate 

model, the design optimization process by applying the inter-point algorithm to the bounds 

shown in Table S7 was carried out. The overall system thickness was less than 1mm as a 

nonlinear constraint. 

 

Fabrication of the smart window with MLHF, and experimental equipment. The 

dimensions of MLHF obtained through design optimization for the smart window are shown 

in Table S4. MLHF with an area of 5cm×5cm was sandwiched between acrylic plates with an 

area of 12cm×12cm, and then placed in a plastic bag. The pressure inside the plastic bag is 

regulated via a solenoid valve (KAB21-02-02-12V, KCC Co, LTD., Korea), a vacuum pump 

(FAS20-1, FALCON Inc., USA), and an Arduino mega IoT device. Also, Arduino mega 

measured temperature and humidity using a BME280 sensor. A halogen lamp was used for 



 

heating. 

Fabrication of the remote monitoring system with MLHF. The dimensions of MLHF 

obtained through design optimization for the remote monitoring system are the same as the 

dimensions of MLHF of the smart window. A temperature indicator strip (Artmagics Co., 

Korea) and a humidity indicator strip (ONESTEP Inc., China) were added to the reference and 

sensing images. The code for the remote monitoring system was written based on Python’s 

OpenCV library. The hardware of the remote monitoring system consists of Raspberry Pi 4 and 

its camera module (8MP Camera module V2) (Figure S8). 
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Figure 1. (a) Schematic illustration of PT performance principle of MLHF. (b) Tunability of MLHF. The working 
range of MLHF could be tuned by modulating abrasive grade, the number of layers, and film material. (c) 
Schematic illustrations of applications with MLHF: Remote pressure monitoring using a camera with ensuring 
safety (i) and by eye without energy consumption (ii) and a smart window which modulates optical transmittance 
for controlling indoor environment conditions (ⅲ). Large area production and tunability of sensitivity are required 
to MLHF.  

 

 

 

 

 



 

 

Figure 2. (a) Schematic illustration of the MLHF fabrication process. (b) The MLHF fabrication result is capable 
of large area production. (c) Microscopy image of a cross-section of MLHF. (d) Confocal microscopy image and 
SEM image of the rough surface (Grade: P1000). 

 

 

 

 

 

 

 

 

 

 

 



 

 

Figure 3. Results of the parameter study which show relative change of transmittance (∆𝑇/𝑇0) versus pressure of 
the MLHF (∆𝑇/𝑇0) and environmental test results. (a-d) Results of the parametric study of (a) the grade, (b) the 
number of layer for P1000, (c) Refractive index, and (d) Young’s modulus. The most effective parameter is the 
Young’s modulus. (e-f) Environmental test results of MLHF. ((e) Normalized initial transmittance by initial 
transmittance of 20℃, and (f) normalized sensitivity by sensitivity of 20℃. The MLHF showed stable 
performances i.e. initial transmittance and sensitivity in 20-75℃ and 10-70% R.H.  

 

 

 

 

 

 

 

 



 

 

Figure 4 (a) The prediction method of the transmittance for the pressure. Initial transmittance was predicted by 
the Monte-Carlo simulation with a ray tracer and the remaining transmittances were predicted using the analytical 
model. (b) Results of the prediction model and compression test. The transmittance of the initial pressure interval 
tends to be underestimated and the error decreases with increasing pressure. (c) The coefficient of determination 
(R=0.9963) of the surrogate model using neural network and (d) feature importance results of the surrogate model. 
The number of layers is the most effective parameter affecting to the sensitivity and transmittance change. (e) PT 
performance of  optimized MLHF with maximized sensitivity (𝑑𝑇/𝑑𝑃  0.0047𝑘𝑃𝑎  ) and transmittance 
change (∆𝑇 0.8477). 

 

 

 

 

 



 

 

Figure 5. (a) Principle of MLHF operating as smart window. Air gap in the MLHF induce slow thermal conduction 
and rough surface induce low thermal radiation due to light scattering (b) System configuration of a smart window 
using hydraulic pump. It is possible to be a low-power system thanks to the solenoid valve. (c) Smart window 
insulation performance test results in a heating condition (c-ⅰ) and a cooling condition (c-ⅱ).  

 

 

 

 

 

 

 

 

 



 

 

Figure 6. (a) Principle of remote pressure monitoring system containing temperature and humidity indicators. (b) 
it could be used in harsh environment while protecting equipment and human (ⅰ) and measure pressure simply in 
daily life (ⅱ). (c) tendency according to the type of image. (d) The result of a stability test (4,000 cycles) in the 
range of 𝑃=0.45 −0.8𝑀𝑃𝑎.     
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