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A P P L I E D  S C I E N C E S  A N D  E N G I N E E R I N G

Microcellular sensing media with ternary transparency 
states for fast and intuitive identification of  
unknown liquids
Kyeong Min Song1, Shinho Kim2, Sungmin Kang2, Tae Won Nam1, Geon Yeong Kim1, Hunhee Lim1, 
Eugene N. Cho1,3, Kwang Ho Kim4,5, Se Hun Kwon5*, Min Seok Jang2*, Yeon Sik Jung1,3*

Rapid, accurate, and intuitive detection of unknown liquids is greatly important for various fields such as food and 
drink safety, management of chemical hazards, manufacturing process monitoring, and so on. Here, we demonstrate 
a highly responsive and selective transparency-switching medium for on-site, visual identification of various 
liquids. The light scattering–based sensing medium, which is designed to be composed of polymeric interphase 
voids and hollow nanoparticles, provides an extremely large transmittance window (>95%) with outstanding 
selectivity and versatility. This sensing medium features ternary transparency states (transparent, semitransparent, 
and opaque) when immersed in liquids depending on liquid-polymer interactions and diffusion kinetics. Several 
different types of these transparency-changing media can be configured into an arrayed platform to discriminate 
a wide variety of liquids and also quantify their mixing ratios. The outstanding versatility and user friendliness of 
the sensing platform allow the development of a practical tool for discrimination of diverse organic liquids.

INTRODUCTION
Rapid and accurate identification of organic liquids is increasingly 
in demand for a wide variety of potential applications such as food 
and drink inspection, security screening, fuel quality control, syn-
thesis monitoring, and so on (1–5). Among various candidate tech-
nologies, visual detection based on the change in the optical states 
of sensing materials or devices is attractive, because targets can be 
distinguished conveniently by the human eye without relying on 
sophisticated detection systems.

However, previously reported visual sensing methods such as 
fluorescence or colorimetric signals typically require the use of 
unconventional small molecules (6–8), polymers with a complicated 
monomer backbone (9–11), or photonic nanostructures composed 
of complex building blocks (12–16), which operate through chemical 
interaction or physisorption between the sensing materials and 
analyte liquids. Furthermore, many solvatochromic materials have 
difficulties of dye dissolving in the analyte liquid (17) or distinguish-
ing between organic compounds with similar properties (refractive 
index) (18). In addition, in some cases, the resulting visual signals 
have angle dependency (19) or require the use of additional optical 
spectroscopy to characterize the signals (13). These challenges there-
fore necessitate the development of a new principle that can realize 
rapid and reliable detection of a broad range of organic liquids.

One potentially practical visual cue that has not been widely explored 
for detecting organic liquids is a change of transparency. A possible 
mechanism is to use a light scattering medium that changes its 

transparency in response to the presence of organic liquids. Although 
various types of transparency switching in polymeric scattering media 
in response to external stimuli were reported previously (20–25), this 
strategy has yet to be used in practical liquid sensing applications due 
to fundamental challenges of these materials. For example, simple mix-
tures of polymers and scattering particles, which can be prepared easily, 
do not provide a sufficiently strong transparency change to be dis-
cernible by human vision, as will be shown in this study. On the other 
hand, macroporous polymer structures, another example of a respon-
sive light scattering medium, should usually be formed by precisely 
controlled phase separation of constituents (26, 27), limiting the range 
of applicable polymers and thus the versatility of liquid identification.

Here, we report ternary-transparency-switching media (TTS media) 
with an extensive degree of transparency change for fast identifica-
tion of diverse organic liquids. The TTS media are designed to scatter 
light through two components, cellular voids and embedded hollow 
silica particles, to exhibit clear ternary transparency states (trans-
parent, semitransparent, and opaque), depending on the degree of 
liquid-polymer interaction. Furthermore, we demonstrate that the 
outstanding versatility of this platform enables the fabrication of an 
array of TTS media composed of various polymers with controlled 
thicknesses. TTS medium arrays can therefore differentiate a wide variety 
of organic liquids, even organic liquids having similar chemical struc-
tures and refractive indices, while also being able to quantify the 
composition of mixture liquids. This work shows that, by systemat-
ically engineering the polymeric sensing medium, transparency can 
be used as a highly effective visual signal for detection of a broad 
range of organic liquids and that rational design of the transparency-
based visual sensor can meet the criteria for a practical sensor.

RESULTS
Designing and fabricating light scattering media with 
switchable transparency
For transparency change to be used as a practical visual signal, 
there are three factors that should be considered for designing and 

1Department of Materials Science and Engineering, Korea Advanced Institute of 
Science and Technology (KAIST), Daejeon 34141, Republic of Korea. 2School of 
Electrical Engineering, Korea Advanced Institute of Science and Technology (KAIST), 
Daejeon 34141, Republic of Korea. 3KAIST Institute for NanoCentury, Korea Advanced 
Institute of Science and Technology (KAIST), 291 Daehak-ro, Yuseong-gu, Daejeon 
34141, Republic of Korea. 4Global Frontier R&D Center for Hybrid Interface Materials 
(HIM), Busandaehak-ro 63beon-gil, Geumjeong-gu, Busan 609-735, Republic of 
Korea. 5School of Materials Science and Engineering, Pusan National University, 
Busandaehak-ro 63beon-gil, Geumjeong-gu, Busan 609-735, Republic of Korea.
*Corresponding author. Email: sehun@pusan.ac.kr (S.-H.K.); jang.minseok@kaist.
ac.kr (M.S.J); ysjung@kaist.ac.kr (Y.S.J.)

Copyright © 2021 
The Authors, some 
rights reserved; 
exclusive licensee 
American Association 
for the Advancement 
of Science. No claim to 
original U.S. Government 
Works. Distributed 
under a Creative 
Commons Attribution 
NonCommercial 
License 4.0 (CC BY-NC).

mailto:sehun@pusan.ac.kr
mailto:jang.minseok@kaist.ac.kr
mailto:jang.minseok@kaist.ac.kr
mailto:ysjung@kaist.ac.kr


Song et al., Sci. Adv. 2021; 7 : eabg8013     15 September 2021

S C I E N C E  A D V A N C E S  |  R E S E A R C H  A R T I C L E

2 of 11

engineering sensing media: (i) The medium should be responsive 
enough to produce a large transparency change to be detectable by 
the human eye, (ii) the transparency change should be selectively 
responsive depending on the characteristic of the organic liquids, 
and (ii) the sensing medium should allow the adoption of a wide 
range of polymers. If these requirements can be satisfied simultane-
ously without compromising other factors, then an array platform 
composed of several different sensing media can be designed. How-
ever, as aforementioned, conventional light scattering polymer media 
based on embedded solid particles or porous structures have critical 
limitations in the degree of visual signal change and the coverable 
range of sensing targets.

We therefore designed a new scattering medium containing dual 
scattering elements—pores and particles—to compose a code-based 
sensing array with high responsivity and selectivity that can be readily 
prepared, as depicted in Fig. 1A. This newly designed scattering 
medium consists of a polymeric matrix composed of cellular pores 
partially filled with inorganic particles with a wide energy band-
gap (>>3 eV) such as silica to minimize light absorption in the 
visible range.

The dual scattering components, polymer pores and hollow par-
ticles, allow the medium to produce a large transparency change in 
response to the organic liquid. The transparency state of the medium 
is dependent on the empty or filled state of each component, which 
is determined by the affinity with the organic liquid, and therefore, 
the interactions among the polymer matrix, particles, and liquid 

play a key role for producing multiple transparency states (Fig. 1B). 
Furthermore, because of the simple structure and facile fabrication 
process (mixing, casting, and drying), the sensing medium can be 
built with a variety of polymers, allowing the formation of an array 
with various porous sensing media that assign a distinctive visual 
pattern to each organic liquid (Fig. 1C).

The designed sensing medium can be prepared via simple tape 
casting using a solution containing polymers and inorganic particles, 
followed by the evaporation of residual solvent. As a result of the 
solvent evaporation, interphase gaps are created between the polymer 
matrix and the small particles (Fig. 2A). The interphase gaps are pre-
sumed to be derived from the difference in the degree of volumetric 
change between the polymer matrix and the inorganic particles at 
the polymer-particle interface during solvent evaporation (Fig. 2B) 
(28–30). Because of the removal of the solvent, the organic polymer 
shrinks in volume, while the volume of the inorganic particles with 
high rigidity is maintained, leaving behind the gaps.

This gap formation phenomenon is distinguished from other pore 
formation mechanisms such as nonsolvent-induced phase separation 
(NIPS) (26, 27), where the pore generation is highly dependent on 
the solvent systems and/or the presence of water/humidity and is also 
limited by the type of polymers. Evidence of this is that the porous 
structures can be formed even in an inert atmosphere, as shown in 
fig. S1. This suggests that the void formation is not driven by incor-
poration of water or any components from the environment, which 
is pivotal to NIPS. Moreover, additional evidence that supports the 

Fig. 1. Design of TSS media for liquid sensing. (A) Schematic description of the scattering media with cellular voids and embedded hollow particles at the submillimeter 
scale. (B) Image (left) and schematic (right) of the scattering medium in the three different transparency states (opaque, semitransparent, and transparent). Different arrow 
sizes indicate the relative intensity of scattered light. (C) Illustration of array-based liquid sensing. Photo credit: K. M. Song (KAIST).
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pore formation mechanism based on heterogeneous volume shrink-
age is the substantial influence of the molecular weight (MW) of 
the matrix polymer on the pore size, which can be attributed to the 
different chain reorganization kinetics. This will be discussed in 
detail in the next section. Last, the porous matrix can be formed 
using diverse polymers (Fig. 2C) including polymethyl methacrylate 
(PMMA), polystyrene (PS), poly(N-vinylcarbazole) (PVK), and 
poly(N,N-dimethylacrylamide) (PDMAM) with varying film thick-
ness from 10 to 100 m, (Fig. 2D), which is not typically possible 
with the NIPS mechanism.

Engineering cellular composite media for selective 
transparency switching
To provide clear visual signals, the light scattering medium needs to 
maximize the transparency difference upon exposure to the analyte 
liquid. Ideally, under the atmospheric environment without liquid, 
the scattering medium should be fully opaque with zero transmit-
tance. When exposed to organic liquids, however, the medium should 
maintain or change the transparency state, depending on the affinity 
between the sensing matrix polymer and target liquids. Moreover, 
from a practical point of view, the change of transparency should be 

rapid and easily discernible without relying on sophisticated mea-
surement instruments. Therefore, to achieve a maximum transpar-
ency difference, we engineered the microstructures of the porous 
media by controlling the width of interphase gaps and varied the type 
of embedded particle.

First, we show that the initial opacity of the as-cast polymer com-
posite can be increased to a great extent using a polymer with a suffi-
ciently high MW. The degree of light scattering in the porous 
medium mainly depends on the interphase gap size, and therefore its 
systematic control is critical for increasing the initial opacity. This 
requirement was realized by varying the size of the polymer. For ex-
ample, PMMA with an MW of ~1000 kg/mol produced a fully opaque 
film, while the same polymer with a much smaller MW of ~15 kg/mol 
produced a semitransparent film (Fig. 3A, insets), despite of the same 
thickness. The scanning electron microscopy (SEM) image (Fig. 3A) 
of cross-sectional samples confirms that the opacity difference orig-
inated from the interphase gap size. For the PMMA (1000 kg/mol), 
the scattering film has large interphase gaps (300 to 1000 nm) 
around the hollow particles, whereas in the case of the polymer 
(15 kg/mol), small (<100 nm) or no gaps were formed around the 
particles, supporting the dependence of opacity on the gap size.

Fig. 2. Design and fabrication of the scattering medium. (A) Cross-sectional scanning electron microscopy (SEM) image of the scattering medium with interphase 
voids and embedded hollow particles (blue colored). (B) Schematic of the interphase void formation mechanism in the light scattering media. (C) Cross-sectional SEM 
images of the scattering medium based on poly(N,N-dimethylacrylamide) (PDMAM), poly(N-vinylcarbazole) (PVK), polystyrene (PS), and polymethyl methacrylate (PMMA). 
Inset: Photo of each scattering film. Scale bars, 1 m. (D) Cross-sectional SEM images of the scattering mediums with different thicknesses: 12, 21, 35, and 100 m. PMMA 
is used as a polymer matrix. Scale bars, 25 m. Photo credit: K. M. Song (KAIST).
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The difference in gap sizes can be explained by the dependence 
of viscosity on the MW of the polymer chain. According to the 
Mark-Houwink equation (31, 32), the viscosity of a polymer-solvent 
system scales with MW, where  ranges between 0.5 and 0.8. 
Therefore, the viscosity of the polymer (1000 kg/mol) is calculated 
to be approximately 8 to 28 times higher than that of polymer 
(15 kg/mol). During the solvent drying of the casted polymer/particle 
solution, volume shrinkage of the polymer occurs, while the volume 
of the embedded silica particles is maintained, consequently resulting 
in a build-up of mechanical stress inside the composite. The built-up 
mechanical stress can be released through rearrangement of the 
polymer chain, where, because of their lower viscosity, the smaller 
MW polymer chains are expected to more rapidly rearrange to fill 
the shrunk volume. Meanwhile, the higher MW chains move more 
slowly, resulting in large interphase voids between the polymer 
matrix and the embedded particles (Fig. 3A) (28–30).

We now discuss the importance of the type of silica particles. We 
chose hollow silica particles to act as the second scatterer to widen the 
transparency switching window of the TTS media. As depicted in 
Fig. 3C, in the dry state, the hollow particles are fully opaque and 
behave as a more effective light scatterer due to their internal empty 
space (33) while becoming fully transparent when the organic liquid 

penetrates the hollow core (34). The penetration of the organic liquid 
into the hollow core is enabled by the presence of the micropores in 
the shell (35), the size of which is sufficient to serve as a passage for 
the solvent (Fig. 3D) (36). In addition, we confirm that the shell of the 
hollow particles is sufficiently thin to allow liquid penetration into the 
hollow core (fig. S2). Therefore, when the hollow silica is embedded 
into the porous media, the media can be fully opaque in the initial 
state; in contrast, in the presence of a selective range of target liquids, 
the opaque media can become transparent because of the liquid filling 
in the interphase gaps and the internal empty space of the hollow silica.

To check the generality of this transparency-switching mechanism, 
we investigated the transmittance switching behaviors of diverse 
polymer/particle composites for two organic liquids—chloroform 
and heptane. The prepared scattering media were pure PMMA, 
PMMA/solid ZnO particles, PMMA/solid silica particles without 
interphase voids, PMMA/solid silica particles with interphase voids, 
PMMA/hollow silica particles without interphase voids, and PMMA/
hollow silica particles with interphase voids. Detailed preparation 
conditions and transmittance graphs of the samples are provided in 
figs. S3 and S4 and table S1. Compared to other scattering media, 
the porous media containing both the hollow silica particles and 
interphase voids generated the largest transparency difference 

Fig. 3. Optimization of the TSS medium by engineering the width of interphase voids and type of embedded particle. (A and B) Maximizing the initial opacity of 
the composite by varying the MW of the polymer. (A) Schematic of the void formation mechanism in the polymer matrix with low (left) and high (right) MW. (B) Schematic 
and cross-sectional SEM image of the scattering media based on a polymer matrix with 15 kg/mol (left) and 1000 kg/mol (right). Scale bars, 500 nm. Insets are the optical 
image of each scattering media. (C and D) Characterization of the hollow particles as an effective light scatterer. (C) Photos of hollow particles (top) and scattering media 
(bottom) in dried state (left) and after being immersed in liquid (right). (D) Schematic of empty or filling state of hollow particles in dried state (left) and after being 
immersed in liquid (right). (E) Transmittance difference of the scattering medium after being immersed in two different liquids (heptane and chloroform). All scattering 
films are based on PMMA with identical thickness. Photo credit: K. M. Song (KAIST).
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between the two organic liquids (Fig. 3E). When the scattering film 
contains only hollow particles or only interphase gaps, the transparency 
of the composite film changed by about 40 to 60%. Thus, we can 
conclude that the combined light scattering effect by the interphase 
voids and hollow particles allow 100% opacity and extensive trans-
parency switching of the scattering medium.

Characterization and elucidation of transparency switching
When the scattering medium is immersed in liquids, the porous 
sensing medium exhibits ternary transparency states [opaque (0), 
semitransparent (1), and transparent (2)] depending on the type of 

liquid. On the basis of this switching behavior, the composite is de-
noted as a TTS medium. To quantitatively analyze the transparency 
change of the TTS media, we extracted RGB (red, green, and blue 
color) values from optical images of the media immersed in liquids 
(fig. S5) and then converted it into a mean color value (Cmean) by the 
following equation: Cmean = (Rsensing spot − Rblank)/Rblank + (Gsensing spot − 
Gblank)/Gblank + (Bsensing spot − Bblank)/Bblank. The Cmean values can be 
used as a metric of transparency when the background color below 
the liquid-containing vessel is fixed. Figure 4A presents the time-
dependent Cmean of the TTS media immersed in various organic 
liquids. Here, the values at 30 s converge clearly to the three groups 

Fig. 4. Transparency switching of the scattering medium. (A) The mean color value (Cmean) of the images after immersing the scattering medium in diverse organic liquids. 
Background color is blue. Images are captured every 5 s. DMF, N,N′-dimethylformamide. (B) Distribution of Cmean after the scattering medium is exposed to organic liquid 
for 30 s. (C) Different transparency states of the scattering medium according to characteristics of organic liquids. The polymer matrix of the scattering media is based on PMMA. 
(D) The proposed physical models of three different transparency states (opaque, semitransparent, and transparent) after being immersed in organic liquid. The transparency 
states are dependent on whether the hollow particles and porous polymer structure are empty or filled with a liquid and polymer matrix swells or dissolves. (E) Calculated 
transmittance (left) and electric field distribution (right) of the proposed physical models of three different transparency states. Photo credit: K. M. Song (KAIST).



Song et al., Sci. Adv. 2021; 7 : eabg8013     15 September 2021

S C I E N C E  A D V A N C E S  |  R E S E A R C H  A R T I C L E

6 of 11

of transparency depending on the type of organic liquid. Each of 
these Cmean ranges corresponds to each transparency states. [0] 
opaque: >6, [1] semitransparent: 2 to 5, and [2] transparent: −1 to 1 
(Fig. 4B). This accordingly can be used as a criterion for determining 
the transparency state of the TTS medium.

The transparency of the TTS media immersed in liquid depends 
on matching of solubility parameters and liquid diffusion kinetics 
through the polymer matrices; this is determined by several chemical 
and physical properties of liquids including the chemical affinity 
between the liquid and the polymer, molecular shape, and molecular 
size (37). For example, as shown in Fig. 4C, the PMMA-based TTS 
medium demonstrates different transparency states—semitransparent 
and opaque, respectively, for acetone and xylene, despite their similar 
solubility parameters. We attribute this phenomenon to the bulky 
benzene ring of the xylene that can hinder liquid penetration into 
the polymer matrix (38). In addition, methanol, having a different 
solubility parameter from that of PMMA, renders the TTS medium 
semitransparent, likely because the extremely small molecular size 
can greatly expedite the penetration of methanol into the polymer 
matrix (39). Overall, the liquids with superior penetration capability 
transform the TTS media to be more transparent.

However, observing the microstructural changes of TTS media 
using microscopy characterization tools is not simple. Alternatively, 
we prepared several models (Fig. 4D and fig. S6) that can distinguish 
the different transparency states. Upon penetration of solvent, there 
will be two possibilities—insoluble (IS) or soluble (S)—regarding the 
solubility of a polymer for each liquid, as outlined in the following: 
(state 0) opaque: No liquid penetration, maintaining the highly 
porous and empty structure of the TTS medium. (State 1-IS) 
Semitransparent: Partial penetration of liquid causing partial swelling 
of the polymer without dissolution. Optical scattering is reduced 
but still exists. (State 1-S) Semitransparent: Partial penetration of 
liquid with partial dissolution of polymer. Optical scattering is re-
duced but still exists. (State 2-IS) Substantial penetration of liquid 
causing full swelling of the polymer without dissolution. Optical 
scattering is minimized. (State 2-S) Full dissolution of polymer and 
no optical scattering.

The transmittance of the structure was measured to estimate the 
transparency state—the transmittance range for each transparency 
state (fig. S7): opaque (0 to 30%), semitransparent (40 to 70%), and 
transparent (90% and above). We performed finite-difference time-
domain (FDTD) simulations to compare the measured transmittance 
and calculated transmittance to verify the models. The model struc-
ture used in the simulation is a quasi-random pore structure that 
mimics the key geometric features of the actual structure: a continuous 
cellular porous structure with an average pore size of 300 to 1000 nm 
around hollow particles with a diameter of 200 to 400 nm and a shell 
thickness of 50 nm. For each model, the liquid wetting and filling 
states of the polymer and the pores were varied. Figure 4E and fig. 
S8 show that the calculated transmittance of the structure changes 
depending on whether the polymer matrix is wet or dry state and 
the pores are filled or empty. In addition, the range of the calculated 
transmittance matched the experiment results reasonably well, sug-
gesting the validity of the model.

Integrating TTS media as an array for selective  
liquid identification
Given that the compatibility between the polymer matrix and analyte 
liquid mainly determines the transparency state of the individual 

TTS media, different matrix polymers provide corresponding trans-
parency responses to the same liquid (Fig. 5, A and B). Therefore, by 
arranging a sensing array with various TTS media and designating 
a code for each transparency state (opaque [0], semitransparent [1], 
and transparent [2]), the array can generate a unique pattern for each 
analyte. Theoretically, a sensing array with four TTS media can pro-
vide a maximum of 81 pattern combinations, which scales with 3n, 
where n is the number of different TTS media in the sensor.

On the basis of the concept of the array-based sensing system, we 
fabricated a TTS medium array composed of four responsive polymers—
PMMA, PVK, PS, and PDMAM—and selectively identified diverse 
organic liquids. The polymers were selected on the basis of their 
different polarities so that, depending on the liquid affinity with the 
polymer matrix, their final transparency states can be determined. 
Although the fourth component, PVK, has a similar polarity with 
PS, the larger benzene derivative group makes the dissolution of PVK 
much slower than that of PS, which helps to differentiate liquid 
chemicals with similar polarity but with different molecular sizes (39). 
The array starts with a transparency code of 0000 due to their initial 
opaqueness and demonstrates a distinct transparency pattern for 
each liquid, which is recorded after 30 s of immersion (Fig. 5C).

We demonstrate that the TTS sensing array can distinguish among 
benzene homologs, despite that benzene, xylene, anisole, and pyridine 
have almost the same refractive indices and similar chemical struc-
tures, which makes their differentiation extremely challenging by 
conventional colorimetric sensors or nanoplasmonic sensors. In con-
trast, in our TTS sensors, each transparency pattern (0220 for benzene, 
0120 for xylene, 1121 for anisole, and 1221 for pyridine) for these 
liquids was distinctly different (Fig. 5C, top middle). For benzene, 
the PS-based TTS medium exhibited the transparent state due to the 
strong - interaction between the liquid and the polymer, whereas 
PVK, which contains a bigger benzene derivative, was semitrans-
parent. In contrast, PMMA- and PDMAM-based TTS media re-
mained opaque, which can be explained by their low affinity with 
benzene. These responses of TTS media toward benzene were anal-
ogous to those for xylene except for the PVK-based TTS medium, 
which showed a semitransparent state due to slower penetration of 
xylene in PVK, possibly resulting from its slightly larger molecular 
size than benzene.

For other benzene homologs, the responses of the different TTS 
media can be similarly explained on the basis of the polymer-liquid 
interaction and diffusion kinetics. Pyridine and anisole, whose 
nitrogen or oxygen atoms provide greater hydrophilicity than the 
simple benzene ring structures, turned PMMA and PDMAM TTS 
media semitransparent, distinguished from benzene and xylene. 
Furthermore, because of its relatively large molecule size, anisole 
leads to more opacity in the PVK medium compared to pyridine. 
Similarly, the TTS medium array can clearly differentiate alcohols, 
including methanol (1002), ethylene glycol (0002), butanol (1001), 
and ethanol (0001) by exhibiting unique patterns for each target 
liquid (Fig. 5C, top right). In addition, in addition to the homologs, 
other liquids with similar physical nature were also distinguishable, 
such as amyl acetate and tetrahydrofuran (THF), which have an 
identical refractive index of 1.4 (Fig 5C, bottom left).

The sensing specificity can be further improved by adding the time 
parameter (t) in the analysis of acquired sensing patterns (Fig. 5D). 
Taking anisole and chlorobenzene as examples, although they showed 
a similar transparency code pattern (1121) at t = 30 s, chlorobenzene 
turned the PMMA medium into the transparent state much faster. 
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Therefore, as depicted in fig. S9, their pattern codes were distinguish-
able at 15 s, showing a transparency pattern of 0121 and 1121, 
respectively. In addition, even highly viscous liquids can also be 
identified with the current sensing system within reasonably short 
time (30 s) via thickness control of the scattering film (fig. S10).

For more facile identification of unknown liquids based on the code 
pattern, we developed a smartphone application that can automati-
cally determine TTS sensing code patterns and identify the liquids 

from a preestablished database. As shown in Fig. 5E, the application 
automatically recognized the array pattern, successfully matched their 
RGB values with the reference values stored in the database, and, as 
an example, immediately identified the unknown liquid as methanol. 
The types of TTS media, the number of patterns in the device, and the 
range of detectable liquids in the application can be extended without 
limitations, suggesting that the transparency-switching platform can 
be used as an easy-to-use visual sensor for the general public.

Fig. 5. Integration of the scattering mediums for liquid sensing. (A) Transmittance graph of the scattering films with three different polymers after being immersed in 
same organic liquid (xylene). (B) Image of scattering medium array before (left) and after (right) being immersed in organic liquid. The array is composed of three different 
responsive polymers (PDMAM, PVK, and PS). (C) Table of transparency patterns for different series of organic liquids. Background of the array is blue. The images are 
taken after immersing the array in the liquid for 30 s. Inset figures are the refractive index of each liquid. EG, ethylene glycol. (D) Transmittance changes of the scattering 
medium as a function of exposure time to chlorobenzene and anisole. The polymer matrix of the scattering media is based on PMMA. (E) Smartphone-based transparency 
analysis system for liquid identification. Photo credit: K. M. Song (KAIST).
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Characterizing the composition of liquid mixtures using 
thickness-varied arrays
Characterizing the mixing ratio of constituent components in a 
liquid mixture remains a challenge with previous liquid detection 
principles (13). In this study, we demonstrate quantification of the 
mixing ratio using another parameter—the thickness of TTS media, 
as illustrated in Fig. 6A. In the case of two-component mixtures, 
where one component interacts actively with the polymer matrix 
and the other does not, the range of sensing medium thickness for 
transparency change can be monitored to estimate the mixing ratio. 
More specifically, when the sensing material is sufficiently thin, a 
small amount of penetrated liquid is sufficient to affect the whole 
polymer matrix in a short immersion time, and the opaque sensing 
film thus becomes transparent even with a low target concentration, 
while a thick sensing medium remains almost opaque for the same 
time period of immersion. Then, on the basis of this thickness-
dependent transparency change in each analyte concentration, an 
array integrated by sensing materials with different thicknesses is 
expected to generate a distinct pattern for each target concentration 
and, as a result, can be used to identify the unknown analyte con-
centration in a liquid.

Using this strategy, we designed a sensing system that can quan-
tify the relative fraction of two liquids with very similar physical and 
chemical characteristics. Chloroform and xylene were chosen as 
target analytes, because they have close solubility parameters 
(18.7 and 18.2, respectively) and refractive indices (1.44 and 1.49, 
respectively) that are difficult to distinguish by conventional sensing 

techniques. The matrix polymer used was PMMA, which becomes 
transparent in chloroform while remaining opaque in xylene. The 
observed transparency states of PMMA-based TTS media with a 
variable film thickness for different liquid compositions are illus-
trated in Fig. 6B. With increasing chloroform fraction, the maxi-
mum thickness (thmax) of the transparent and semitransparent films 
increased linearly with good repeatability [relative standard devia-
tion (RSTD), <15%; error bars in fig. S11A], demonstrating the 
ability of the sensing array to successfully estimate the concentration 
of chlorobenzene.

Furthermore, this approach is also effective for three-component 
mixtures based on two types of TTS media with varied thicknesses. 
As a demonstration, we investigated the relationship between the 
relative fraction of water, methanol, and toluene in mixtures and 
the transparency status of PDMAM- and PS-based TTS media that 
have selective affinity with methanol and toluene, respectively. The 
thmax shows a linear increase and decrease respectively for PS and 
PDMAM media with an elevating fraction of toluene (Fig. 6, C and D, 
and fig. S11, C and D), depending on the individual affinity of the 
liquids with the polymers. In particular, thmax of PDMAM media shows 
a small RSTD (<15%), demonstrating good repeatability (fig. S11B). 
This further confirms that the TTS medium platform is highly fea-
sible for identifying the composition in a multicomponent liquid.

To demonstrate the practicality of the TTS medium array, we 
applied the array to a real-life application for identifying methanol 
poisoned liquors. Methanol, a toxic chemical, is a natural by-product 
during ethanol production and is often found in fatal amounts in 

Fig. 6. Identifying composition of the liquid mixture by controlling the thickness of TTS media. (A) Schematic of principle for detecting the liquid mixture ratio using 
film thickness as a parameter. (B) Transparency states of the scattering medium as a function of target liquid concentration (x axis) and film thickness (y axis). (C and 
D) Transparency states of the scattering medium in the three-component mixture. The organic liquids in the system include methanol, toluene, and heptane. Heptane 
concentration is fixed at (C) 10 weight % (wt %) and (D) 50 wt %. Opaque, semitransparent, and transparent are denoted as O, S, and T, respectively.
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homebrewed liquors or illegal alcoholic beverages, leading to hundreds 
of victims in many countries (40, 41). Conventional visual sensing 
methods have difficulty in distinguishing between chemically similar 
alcohols (methanol and ethanol), let alone the concentration, due to 
cross-interferences between the two types of alcohol (42, 43).

As a solution, we designed TTS media through thickness varia-
tion and careful polymer selection for detecting and quantifying 
methanol within the liquor mixture. The array is composed of 
PMMA-based TTS media with a thickness of 16 and 27 m (Fig. 7A). 
PMMA was selected as the polymer due to the fast diffusion rate of 
methanol molecules compared to ethanol and water into the PMMA 
matrix (39), and therefore, it selectively responds to methanol and 
becomes semitransparent in methanol while remaining opaque in 
water and ethanol (Figs. 4D and 7B). For the standard liquor, soju 
(20.1 volume % of ethanol, Chamisul Classic, a popular liquor in 
South Korea), vodka (40 volume % of ethanol; Absolut Vodka), and 
baijiu (56 volume % of ethanol; Erguotou, a popular liquor in China) 
were used, while laced liquors were prepared by adding 10 and 
20 volume % of methanol into the original liquor. As depicted in 
Fig. 7 (C and D), the TTS medium array showed a clear response to 
methanol and methanol-mixed liquors while being independent of 
liquor type and ethanol concentration. These results indicate that a 
thickness-tuned TTS medium array with a properly selected polymer 
matrix is able to detect methanol and its content in liquors without 
interference of ethanol, thus demonstrating its potential to be used 
as a simple method to screen methanol-contaminated alcohols.

DISCUSSION
In summary, we demonstrated a TTS media–based visual sensor for 
fast and facile detection of diverse organic liquids. The sensing 
process can be directly performed in liquid phases, which has been 
challenging for many existing colorimetric sensors due to their 
intrinsic limits of sensing materials. Various types of TTS media 
were successfully prepared via simple polymer/particle blending and 
solvent evaporation. TTS media were designed to accommodate dual 
scattering components—embedded hollow particles and microcellular 

pores surrounding the particles, which are formed by heterogeneous 
volume shrinkage of the polymer matrix during solvent evaporation. 
Unlike conventional polymer-based light scatterers, the combination 
of microcellular pores and embedded hollow particles in the TTS 
media enabled a wide transparency switching window and clear 
ternary (transparent, semitransparent, and opaque) transparency 
states that are easily distinguishable by the human eye. The trans-
parency change of the TTS media was explained by liquid filling of 
the scattering components, which is determined by the degree of 
polymer-liquid interaction and diffusion dynamics. Furthermore, the 
TTS media allow the adoption of various polymers and therefore 
can be arranged into an array sensor composed of different polymer 
matrices with controlled thickness that gives a unique code combi-
nation (0 for opaque, 1 for semitransparent, and 2 for transparent) 
to each organic liquid. Using the code pattern of the visual sensor, it 
was demonstrated that even analogous liquids with highly similar 
molecular structures and refractive indices can be successfully dis-
criminated. In addition, the TTS sensor can also be used to estimate 
the composition of liquid mixtures by checking the thickness range 
of TTS media that generates distinct transparency states depending 
on the liquid mixture compositions. Despite its limitation in identi-
fying colored liquids and detecting trace amounts of target liquids 
in a mixture, the TTS media afford outstanding customizability. This 
suggests that this new transparency switching sensor could provide 
a versatile liquid identification tool for many practical applications 
such as oil quality control, environment surveillance, and food and 
drink safety.

MATERIALS AND METHODS
Experimental design
Materials
Silicon wafer [P type (B), (100); T = 280 m; MADE LAB] and optical 
slide glass (T = 1000 m; Marienfeld) were used as the substrates for 
the sensing medium. Hollow silica particles were obtained from 
Illsin Co. PMMA (Mn = 1000 kg/mol; Sigma-Aldrich), PS (Mn = 
1200 kg/mol; Polymer Source), PDMAM (Mn = 900 kg/mol; Polymer 

Fig. 7. Differentiation of pure and laced liquors. (A to C) Photographs of an array before (A) and after being immersed in control liquids (B) and in alcohols (C) for 30 s. 
The array is composed of PMMA-based TTS media, and the thickness of each sensing spot is 16 (dotted red box) and 27 m (dotted purple box). Opaque, semitransparent, 
and transparent are coded as 0, 1, and 2, respectively. (D) Transparency patterns of the array as a function of original ethanol content (x axis) and added methanol content 
(y axis). Photo credit: K. M. Song (KAIST).



Song et al., Sci. Adv. 2021; 7 : eabg8013     15 September 2021

S C I E N C E  A D V A N C E S  |  R E S E A R C H  A R T I C L E

10 of 11

Source), and PVK (Mn = 1100 kg/mol; Sigma-Aldrich) were used as 
received. All organic liquids were purchased from Sigma-Aldrich and 
were used as received: benzene (>99.9%), toluene (>99.9%), chloro-
form (>99.9%), N,N′-dimethylformamide (>99.9%), methanol (>99.9%), 
ethanol (>99.9%), acetone (>99.9%), xylene (>99.9%), heptane 
(>99.9%), THF (>99.9%), dimethyl sulfoxide (>99.9%), dioxane 
(>99.9%), isopropyl alcohol (>99.9%), ethyl acetate, and methyl 
methacrylate (99%; Sigma-Aldrich). Vodka (40 volume % of ethanol; 
Absolut Vodka, Sweden), soju (20.1 volume % of ethanol; Chamisul 
Classic, South Korea), and baijiu (56 volume % of ethanol; Erguotou, 
China) were used as testing liquors.
Preparation of TTS media
The TTS media were fabricated as follows. The polymer-hollow 
particle solution was prepared by dissolving 10 weight % (wt %) 
polymer and 1 wt % hollow particle in the designated solvent and 
stirred for 5 hours. Detailed conditions for the polymer/hollow par-
ticle solution are described in tables S1 and S2. Slide glass was used 
as the substrate for the TTS media and was washed in the order of 
deionized water, isopropyl alcohol, and acetone, followed by ultra-
violet (UV)/ozone treatment for 30 min. After the cleaning proce-
dure, the substrate was taped to form the desired pattern. The 
prepared solution was then deposited onto the taped substrate using 
a doctor blade. After the solvent was fully dried, the tape was gently 
removed, leaving behind the TTS media in the desired pattern. The 
array was fabricated by repeating the same process with different 
polymer/hollow particle solutions.
Characterization
Cross-sectional images of TTS media were obtained by SEM (S-4800, 
Hitachi) with an acceleration voltage of 10 kV and a working dis-
tance of 5 mm. Images of hollow particles were obtained by trans-
mission electron microscopy (Tecnai G2 F30 S-Twin, FEI) with an 
acceleration voltage of 300 kV. Transmittance was measured by a 
UV–visible spectrophotometer (Mecasys, OPTIZEN POP, Korea) 
with reference to a bare substrate immersed in a liquid-filled glass 
dish. RGB values from the photograph were extracted by ImageJ.

Statistical analysis
FDTD simulation
Commercial FDTD (Lumerical FDTD) software was used to calcu-
late the light transmission of polymer films. The transmission of the 
films was calculated for a plane wave injected into the periodic 
two-dimensional structure with dimensions of 40 m by 30 m. 
The refractive indices of SiO2, methanol, heptane, and chloroform 
were set as 1.475, 1.32, 1.38, and 1.45, respectively. The refractive 
indices of PMMA films were different depending on the swelling 
states, i.e., 1.42 and 1.49 for swollen and nonswollen films, respectively.
Smartphone-based sensing system
The number of sensing spots and the polymer types can be set upon 
starting the application. A TTS medium array immersed in an un-
known liquid for 30 s was captured and was analyzed by an applica-
tion using the following algorithm. The location of each sensing spot 
on the array was identified, followed by extraction of the average 
RGB values from each of the sensing spot. The extracted RGB 
values were then converted into a mean color value (Cmean) by the 
following equation: Cmean = (Rsensing spot − Rblank)/Rblank + (Gsensing spot − 
Gblank)/Gblank + (Bsensing spot − Bblank)/Bblank. For the application to 
differentiate between the transparency states, the Cmean range was 
designated for each transparency state: opaque, >6; semitransparent, 
2 to 5; transparent, −1 to 1. Measuring the transparency state using 

Cmean showed low color variation between the samples. The resulting 
transparency states of the array were then matched with the data-
base, identifying and displaying the unknown liquid in the applica-
tion window.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abg8013
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