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A B S T R A C T   

Colorimetric arrays are low-cost, portable options for numerous sensing applications and are bolstered by the 
possibility of using high-quality smartphone imaging for signal readouts. Despite advances in the use of color-
imetric sensors in the biomedical, environmental, and food safety fields, reliable fabric-based colorimetric sen-
sors for wearable applications have not yet been fully developed. There are two major issues that attenuate the 
sensitivity and selectivity of fabric-based wearable colorimetric sensors in comparison to their paper-based 
counterparts. First, wearable colorimetric sensors are subject to fouling by body oils and other biomolecules 
during wear. Second, fabric surfaces are highly rough and textured, which reduces the efficacy of portable im-
aging and complicates signal readout. In this work, a fabric-based colorimetric sensing platform is developed 
based on optimized chemistry and post-image processing. A colorimetric array on natural fabrics was created via 
sol-gel chemistry and encapsulated using photoinitiated chemical vapor deposition. This fabrication strategy 
yields sensors with robust color fastness, antifouling ability, fast colorimetric response, recoverability, and 
mechanical stability when it is exposed to a model gaseous analyte, ammonia. Moreover, it is found that the 
texture problem introduced by the fabric substrate can be mitigated by image pixel manipulation after the images 
are captured. The accuracy for classifying different pH levels by the fabric sensor array is improved after the 
image sharpening technique is applied. These successful demonstrations of both qualitative and quantitative 
analysis of vapor and aqueous solutions sensing illustrate the practical suitability of this fabric-based sensing 
platform, which is appealing to advanced wearable monitoring.   

1. Introduction 

Fabrics represent an appealing class of substrates for the develop-
ment of smart sensors and sensing systems due to many advantages, such 
as high flexibility, large surface area, wear comfortability, lucrative and 
scalable production process [1,2]. Fabric-based biochemical sensors 
have grown rapidly for real-time tracking and clinical quality recording 
of biomarkers and essential physiological parameters, transforming 
daily modalities for healthcare monitoring [3]. Those sensors can 
incorporate optical, resistive, and capacitive sensing materials, enabling 
them to sense a variety of biochemical markers based on different 
mechanisms such as electrochemical [4,5], colorimetric [6,7], and op-
tical sensing [8]. Unlike electrochemical sensors or e-Textiles that 
require many accessories, attachments and bulk electronics, the 
colorimetry-based sensor has gained increasing popularity in recent 
years, especially in point-of-care diagnostics. In principle, colorimetric 

sensing relies on the change in the absorbance and apparent color of a 
chromophore after the sensor is exposed to the target analyte, which can 
be registered visually by the naked eye or using a digital camera. The 
widespread interest in colorimetric devices is attributed to its 
non-invasive measurement, fast and naked-eye detection with low limits 
of detection [2,9,10]. When these devices are coupled with smartphone 
cameras, they can achieve on-site and real-time monitoring [11,12]. 
Despite these benefits, the commercialization of fabric-based colori-
metric sensors has been impeded by many problems such as the lack of 
sensitivity, selectivity, and reversibility. Two major reasons for the low 
sensing performance have gone largely unaddressed in the literature: 
one is the issue of fouling and the other is sensitivity degradation due to 
fabric surface texture and roughness. 

The issue of fouling is of high interest in electrochemical sensor 
development [13,14], but is comparatively neglected in the area of 
colorimetric sensors, especially sensors based on fabric substrates. 

* Corresponding author at: Department of Chemical Engineering, University of Massachusetts Amherst, Amherst, MA 01003, USA. 
E-mail address: tandrew@umass.edu (T.L. Andrew).  

Contents lists available at ScienceDirect 

Sensors and Actuators: B. Chemical 

journal homepage: www.elsevier.com/locate/snb 

https://doi.org/10.1016/j.snb.2022.133099 
Received 19 September 2022; Received in revised form 23 November 2022; Accepted 29 November 2022   

mailto:tandrew@umass.edu
www.sciencedirect.com/science/journal/09254005
https://www.elsevier.com/locate/snb
https://doi.org/10.1016/j.snb.2022.133099
https://doi.org/10.1016/j.snb.2022.133099
https://doi.org/10.1016/j.snb.2022.133099
http://crossmark.crossref.org/dialog/?doi=10.1016/j.snb.2022.133099&domain=pdf


Sensors and Actuators: B. Chemical 377 (2023) 133099

2

Contaminations such as drinks, food, body oils, and epidermal proteins 
are common interferents in wearable devices, limiting their use on fabric 
substrates in day-to-day use. These contaminants reduce the 
signal-to-noise ratio and cause false positive or negative results. One 
route to solve this issue is via the introduction of fluorine-containing 
polymer on fabric surface, which can change the surface wettability of 
the fabric substrate [15]. These coatings have low surface energy, which 
can resist the attachment of liquid contaminants and endow the surface 
of the fabric with antifouling ability [16,17]. 

In addition, the surface texture of the fabric substrate used in the 
sensor can affect the perceived color of the sample [18]. Mohammad 
et al. assessed seven different texture structures of dyed polyester yarn 
and showed that the fabric texture can perceptually and instrumentally 
influence the color quantity and quality [18]. Xin et al. [19] and Kandi 
and Tehran [20] investigated the effect of texture structures on the color 
differences. Based on those studies on surface textures and color attri-
butes in large-scale textile industries, we are the first to propose that the 
surface textures might affect the colorimetric signal response of 
fabric-based sensors. 

In this work, we built a colorimetric sensing platform using a 
chemical strategy to solve the issues with fouling and image post- 
processing to combat the complicating issue of surface texture on 
sensitivity. The problem with fouling was solved via encapsulating the 
colorimetric array with a thin, conformal coating of a fluorinated hy-
drophobic polymer using photoinitiated chemical vapor deposition 
(piCVD). We studied the liquid repelling activity and sensing response of 
the piCVD encapsulated array using ammonia as a model gaseous ana-
lyte, gauged changes to this response in the presence of contaminants 
and compared the performance of the encapsulated colorimetric array to 
its pristine, uncoated counterpart. We found that the strong hydropho-
bicity of the encapsulated sensor prevents the attachment of many liq-
uids and preserves the functionality of the sensor. The problem of 
surface texture on the sensing performance is illustrated in the low 
classification accuracy of cotton lycra sample compared with a 
comparatively smooth and planar filter paper sample. To enhance the 
image quality, we processed the cotton lycra sample with image 
sharpening tools, which focused the soft edges in the image. The 
sharpening effect produced an enhanced intensity differences on 
different images and hence, increased the clarity both visually and 
instrumentally. 

2. Materials and methods 

2.1. Materials 

Phenolphthalein, Methyl red, Methyl orange, Bromothymol blue, 
Thymol blue, (3-glycidyloxypropyl)trimethoxysilane (GPTMS), tet-
raethyl orthosilicate (TEOS), sodium acetate trihydrate, sodium phos-
phate monobasic, sodium phosphate dibasic, ethanol, ammonia 
hydroxide solution (28–30 %), 2-hydroxy-2-methylpropiophenone 
(HMPP), 3,3,4,4,5,5,6,6,7,7,8,8,8-tridecafluorooctyl acrylate (TFOA), 
bovine serum albumin (BSA) were purchased from MilliporeSigma and 
TCI America and were used without purification. Milk, coffee, and olive 
oil were purchased from the local grocery store. Silicon wafer and 
scoured cotton, cotton lycra, and filter paper were used as substrates. 

2.2. Preparation of chemoresponsive dye arrays 

We used a modified method to deposit the sol-gel doped chemo-
responsive dyes on the substrate surface [21]. 0.55 mL TEOS, 1.6 mL 
water, and 2.5 mL ethanol were first mixed, followed by 12.5 mg sodium 
acetate trihydrate, to hydrothermally form a silicate network. Next, 0.2 
mL GPTMS was added to serve as a covalent linking point for small 
molecules dyes. Finally, three different dyes or dye mixtures were added 
into the silicate solution: Methyl red, bromothymol blue and universal 
indicator (phenolphthalein, methyl red, methyl orange, bromothymol 

blue, thymol blue). The amount of dye added was 20 mg. The mixture 
was vigorously stirred for 30 min on a magnetic stir plate at 50 ◦C. Fabric 
substrates were cut into 2.5 × 2.5 cm2 dimensions. 2 μL of each of the 
above dye/sol-gel solutions was drop-casted onto the cotton surface and 
cured at 100 ◦C overnight. 

2.3. Encapsulation of chemo-responsive dye arrays 

To prepare the polymer film, photoinitiated chemical vapor deposi-
tion (piCVD) of TFOA on fabric-based chemo-responsive dye arrays and 
silicon wafer (as a reference for characterization) were conducted in a 
home-made stainless-steel wall reactor (290 mm diameter and 70 mm 
height). Substrates were put at the center of the reactor. Photoinitiator 
HMPP and monomer TFOA were pre-heated to 110 ◦C in the glass am-
pule via the heating tape. A UV-lamp with 254 nm intensity (UVP, UVLS- 
24 EL Series, 4 W) was switched on after the monomer TFOA and pho-
toinitiator was introduced into the chamber through the articulated 
needle valves and the base pressure of the reactor was maintained at 200 
mTorr. The deposition proceeded for 5 min and was followed by vacuum 
annealing step to pull out unreacted monomers and photoinitiator from 
the film deposited on the substrate surface. This procedure of piCVD 
encapsulation was previously introduced in our published paper [22]. 

2.4. Characterization of surface coating 

Fourier transform infrared spectroscopy (Bruker Alpha) of the 
polymerized TFOA (pTFOA) coatings on the reference silicon wafer was 
measured. Contact angles of water on the sample were measured by a 
contact angle goniometer (One Attension). The thickness of the pTFOA 
films created by piCVD was measured using a combination of atomic 
force microscopy (AFM, Bruker), a Dektak profilometer and spectro-
scopic ellipsometry. Fourier-transform ion cyclotron resonance mass 
spectrometry (Bruker SolariX) was used to measure the spectrum of the 
TFOA, solvent blank (50 % acetonitrile), the washing solution of 
colorimetric sensor, and the washing solution of pristine cotton under 
identical conditions. TFOA was diluted to ca. 10 µM in 50 % acetonitrile, 
an equal volume of acetonitrile was added to an aliquot of each washing 
solution. 

2.5. Colorimetric ammonia sensing 

The aqueous Ammonium hydroxide (NH₄OH), an ammonia solution 
of water, was used to generate the ammonia gas via evaporation, ac-
cording to Eq.(1). The molar amount of ammonia hydroxide is equal to 
the molar amount of ammonia gas. Different volumes of ammonium 
hydroxide solution (10uL, 20uL, 30 u, 40 uL, 50 uL) were injected into 
petri dishes, respectively. Sensors were taped to the inside surface of a 
petri dish cover and the cover then inverted over the petri dish to create 
a mostly-closed system. In this mostly-closed system, ammonia reaches a 
gas-solution equilibrium. Care was taken to ensure that the sensor did 
come into physical contact with the ammonium hydroxide solution in 
the petri dish. The calculation of ammonia gas concentration in the 
mostly-closed system is shown in the following Eq.(2)[23]. We provided 
one example calculation for the preparation of ammonia gas from the 
ammonia hydroxide solution in the Electronic Supplementary Material. 
The samples were taken out after 10 min and imaged using a flatbed 
scanner (CanoScan LiDE300). The calculation equation for limit detec-
tion is shown in Eq.(3).  

NH₄OH (aq)->NH3 (g)+H2O (aq)                                                     (1) 

Cppm =
V × D
M × V ′ × 2.4 × 104 (2)   

V-the volume of ammonia hydroxide solution, uL                                        

D-the density of the ammonia hydroxide solution, 0⋅45 g/mL                        
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M-molecular weight of the ammonia hydroxide, 35⋅5 g/mol                           

V- the total volume of the petri dish, 157 cm3                                            

LOD =
3.3 × standarddeviationof theintercept

absolutevalueof theslope
(3)  

2.6. Anti-fouling tests 

Readily-available BSA was used as a model biomolecule to simulate 
surface fouling upon wear. The sensor was immersed in a 10 mM BSA 
aqueous solution, followed by subsequent washing with deionized 
water. The washing solution and the sensor were characterized using 
two different UV–visible spectrophotometers (Agilent and ThermoFisher 
Evolution 220, respectively). For comparison, the same experiment was 
done on the intrinsic cotton substrate. In addition, to demonstrate that 
the developed sensors’ colorimetric ammonia sensing response would 
not be influenced by the presence of diverse liquid foulants, different 
solutions including milk, coffee, and olive oil were dropped onto the 
sensor surface. The sensors were then taken inside petri dishes for 
colorimetric ammonia sensing. 

2.7. Humidity resistance and mechanical stability 

The colorimetric sensor was placed in a home-made airtight vapor 
black box, depicted in Figure S1 in the Electronic Supplementary Ma-
terial. 1 mL ammonia hydroxide solution was injected into the petri dish 
inside the black box to generate the ammonia gas. A miniature fan was 
used to disperse the gas throughout the entire box. The humidity level 
inside the box was controlled by injection of nitrogen gas and droplets of 
boiling water. The humidity and temperature were measured continu-
ously via a hygrometer (ThermoPro TP50). The image was captured by a 
raspberry pi camera and further processed on MATLAB (R2020a). The 
sensor’s mechanical stability was determined through the comparison of 
the ammonia sensing response before and after the abrasion. Abrasion 
test was performed by putting the sensor on the sandpaper and sliding a 
1 kg calibration weight on the sensor surface. 

2.8. Color parameters and statistical image analysis 

The images of sensors exposed to ammonia and aqueous solution of 
different pH levels were imported to MATLAB and the region of interest 
(ROI) of each dye spot on the sensor surface was segmented from the 
background. For images of ammonia sensors, the average hue intensity 
was extracted from the ROI and applied to detect the color change of the 
sensor. For images of aqueous solution, images before and after the 
sensors exposed to the water solution (pH = 4,5,6,7,8) were taken and a 
difference map was generated via subtracting the before image from the 
after image. RGB color space was used, and each image is represented by 
33 color vectors (each image contains 11 dye spots and each spots have 3 
color intensity channels-red(R), blue(B), and green(G)). This matrix of 
data is evaluated by principal component analysis (PCA) and hierar-
chical clustering analysis (HCA). PCA plot and dendrogram are pro-
duced for visualizing the result. The total Euclidean distance (TED) is 
calculated via the following equation: 

TED =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

(Rbefore − Rafter)
2
+ (Gbefore − Gafter)

2
+ (Bbefore − Bafter)

2
√

3. Results and discussion 

3.1. Preparation of chemoresponsive dye arrays 

A colorimetric array on paper and fabric substrates was created using 
previously-reported sol-gel chemistry [22,24]. The schematic for this 
process is shown in Fig. 1A. The sol-gel process involved the alkox-
ysilane precursor which underwent a hydrolysis and subsequent poly-
merization reaction to generate the sol. Chemo-responsive dyes were 
embedded into the sol-gel solution and the entire solution was 
drop-casted on fabric substrate. Meanwhile, the addition of sodium 
electrolyte in the solution neutralized the negative charges of the 
cellulosic substrate and enhanced the dye adsorption. This process 
imparted fabric substrate with color fastness and wash stability. 

Once the dye-encapsulated silica sols were patterned onto the 
desired substrate surface and cured, piCVD was used to create thin and 
conformal polymer encapsulations, the schematic of which is illustrated 
in Fig. 1B. This process is solvent-free and can be operated under low 
vacuum and low temperature conditions to generate a thin film on the 

Fig. 1. A. Schematic illustration of sol-gel immobilization of dyes on fabric substrate. B. Summary of the photoinitiated chemical vapor deposition process used to 
encapsulate the colorimetric bare sensor. C. Optical images of encapsulated sensor and bare sensor. D. Static water contact angle measurements of pTFOA encap-
sulated sensor surface, using 5 μL of deionized water. 
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substrate surface without modifying the functional groups of the 
monomer precursor [25,26]. Previous studies have shown that the 
deposition of thin fluoropolymer films via iCVD and piCVD is a highly 
effective method to render various natively-hydrophilic surfaces hy-
drophobic [27,28]. We posited that a hydrophobic coating could mini-
mize the nonspecific binding and attachment of the interferents and, 
thus, prevent sensor fouling and mitigate the signal loss during contin-
uous real-time sensing. In our piCVD process, the silicon wafer was 
placed alongside the sensor sample and coated with pTFOA for the 
reference. The vaporized monomers TFOA and photoinitiator were fed 
into the reaction chamber. At the UV wavelengths of 254 nm, the 
photoexcited carbonyl species are decomposed into radicals and initi-
ated a free-radical polymerization [22,29]. In Fig. S2, the band at 
1637 cm− 1, assigned to the stretching frequency of the unsaturated 
acrylate C––C bond in the TFOA monomer, did not appear in the FTIR 
spectrum of the film isolated on the silicon wafer surface, which 
confirmed that the TFOA monomer was fully polymerized during piCVD 
to form pTFOA. The narrow absorbance at 3200 cm− 1 was attributed to 
a small amount of adsorbed moisture on the substrate due to the hu-
midity of our lab space. The typical stretching peak of CF2 and CF3 were 
also observed at 1100–1250 cm− 1 [30], verifying the retention of the 
fluorinated moiety after the vapor deposition. 

The apparent/perceived weight, observable color and surface 
texture, and handfeel of the bare sensors did not change after piCVD 
encapsulation, as shown in Fig. 1C. The measured weight of the sensors 
increased by less than 0.1 mg after piCVD encapsulation. Similar to 
previous reports [22,27]. the thickness of the pTFOA coating was 
approximately 300 nm on the reference silicon wafer, although the 

pTFOA coating on a silicon wafer is highly nonuniform and forms 
droplet-like islands due to expected epitaxial mismatching and surface 
wetting problems. Nonetheless, informed by previous studies [22,27], 
we expected that even a nonuniform pTFOA coating on fabric and paper 
substrates would render the samples hydrophobic. As seen in Fig. 1D, 
the static contact angle of the encapsulated colorimetric sensor was 
145◦. The fluorinated polymer coating displayed a low surface energy 
and low wettability, and hence a high contact angle, transforming the 
cotton surface from hydrophilic to hydrophobic. 

While certain highly-fluorinated small molecules, such as per-
fluorooctanoic acid (PFOA) and perfluorooctanesulfonic acid (PFOS), 
that are used in fabric treatments have been proven to be bio- 
accumulative once they are leached into the environment [31], we 
established that the pTFOA on our sensor surface is robust and that no 
leachable fluorinated residues were left on the sensor surface after 
fabrication. As shown in Figure S3, the mass spectrum of the washing 
sample of the sensor showed no apparent peak correlated with TFOA. In 
addition to the fact that pTFOA is not soluble in water, all of those 
suggest that there is no biohazard in our colorimetric sensor. 

3.2. Effects of encapsulation on sensing response 

We used ammonia as a model gas to probe the effect of the pTFOA 
encapsulation on the colorimetric output of the sensor. We chose 
ammonia gas due to its easy preparation and accessibility, and because 
the small and polar ammonia molecule displays high transport mobility 
(and can thus sample multiple surface sites) while also being susceptible 
to strong ionic and hydrogen bond interactions that can pin the molecule 

Fig. 2. A. The temporal change of total summation of red, green, and blue intensity of the encapsulated sensor and bare sensor after exposing to the same amount of 
ammonia. B. UV–vis spectroscopy of the washing solution of the encapsulated sensor and bare cotton immersed in the BSA. C. 1-T-R measurement of the encapsulated 
sensor and bare cotton immersed in BSA. D. Total Hue intensity change of the encapsulated sensor and the bare sensor (cotton with sol-gel immobilized dyes) after 
being fouled by milk, coffee, and olive oil. 
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Fig. 3. A. Optical image of dye spots on the encapsulated sensor after response to increasing concentrations of ammonia gas (from left to right: bromothymol blue, 
universal indicator, methyl red). B. Calibration plot with error bar of the ammonia concentration change (Y axis represents the red intensity from the bromothymol 
blue indicator, X axis represents the ammonia concentration in ppm). 

Fig. 4. A. Humidity test. B. Mechanical stability test, and C. Color recoverability of the encapsulated sensor. (BB, UI, MR represent bromothymol blue, universal 
indicator, and methyl red). 

P. Zhao et al.                                                                                                                                                                                                                                    



Sensors and Actuators: B. Chemical 377 (2023) 133099

6

to random sites on the sensor. As shown in Fig. 2A, the encapsulated 
sensors performed comparable to bare sensors when exposed to the same 
amounts of ammonia. The temporal response of the RGB color changes 
of bare and encapsulated sensors were almost identical, indicating that 
the thin encapsulation created using piCVD did not hinder mass trans-
port of target analytes to the underlying active layer. Moreover, the hue 
change of each spot on the encapsulated sensor and bare sensor surface 
was almost identical after ammonia detection, as indicated in Figure S4. 
This observation confirmed that the chemoresponsive dyes maintained 
their color changing ability after piCVD encapsulation, suggesting that 
the piCVD process did not bleach or otherwise chemically damage the 
active chromophores in the colorimetric sensor. 

3.3. Antifouling ability of the encapsulated sensor 

The antifouling ability of the encapsulated sensor was evaluated 
using BSA. We chose BSA because it is a readily available model of 
biomolecules that represents a more complex biological system which 
can cause stronger fouling issues to surfaces such as fabrics [32–34]. 
Fig. 2B shows that the washing solution of the sensor exhibited a peak at 
280 nm on UV–vis spectroscopy, which is the typical absorption peak for 
BSA [35]. However, almost no peak corresponding to BSA was observed 
from the washing solution of the pristine cotton substrate, likely because 
the protein is strongly absorbed onto the pristine cotton and cannot 
easily be washed off. Additionally, as shown in Fig. 2C, the presence of 
the characteristic absorption peak of BSA on the solid-state 1-T-R 
(Absorbance = 1 – Transmittance − Reflectance) spectrum of bare cot-
ton substrate surface suggested that the protein accumulates on the 

cotton surface, while the encapsulated colorimetric sensor did not 
exhibit similar peaks in its 1-T-R spectrum because the protein solution 
was effectively repelled from the hydrophobic surface. 

To further demonstrate that the encapsulated sensor could repel 
diverse foulant solutions and maintain its gas sensing ability, several 
droplets of milk, coffee and olive oil were added onto the sensor surface. 
Those droplets did not spread on the sensor surface and, instead, they 
began to bead up into spheres that could simply be brushed off the 
sensor. The entire colorimetric sensor remained dry and did not soak up 
the liquid droplets that sat on its surface for upwards of 30 min. As 
illustrated in Fig. 2D, for the encapsulated colorimetric sensor, the 
summation of hue intensity for non-fouled sensor and fouled sensor were 
almost equivalent after the ammonia exposure. On the contrary, those 
liquids could easily wet the surface of the bare sensor, which lacked the 
pTFOA encapsulation, and immediately soaked into the entire sensor 
due to the capillary effect and caused significance signal changing 
during ammonia sensing, indicated by large intensity difference be-
tween the bare sensors fouled by those liquids and that without any 
foulant. 

3.4. Detection of ammonia with the encapsulated sensor 

Aside from the antifouling property, we proved that the developed 
sensor could achieve a practical functionality, namely, the sensitivity 
and stability like other colorimetric sensors [36]. Gaseous ammonia was 
continued to be used as a model analyte. In Fig. 3A and B, the summation 
of red intensity of three-color spots on the sensor exhibited a gradient 
change after they were reacting with different ammonia concentrations 

Fig. 5. A. Optical images of original cotton lycra-based sensor and filter paper-based sensor after their exposure to 5 different pH levels. B. PCA plots of the data sets 
from cotton lycra-based sensor and filter paper-based sensor. 
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due to the deprotonation of the indicators. This provided 
semi-quantitative information about the approximate amount of 
ammonia in the air. The limit of detection for ammonia detection 
calculated from this method is 52.98 ppm. Most sensitive dyes are sus-
ceptible to humidity variation, which can compromise the detection 
accuracy of a colorimetric sensor [36]. Thanks to the pTFOA coating, the 
sensor is immune to humidity change at different levels, as shown in  
Fig. 4A. Meanwhile, in Fig. 4B and C, the sensor exhibited mechanical 
robustness after abrasion and fast reversibility after repetitive cycles. 

3.5. Combating texture issues during digital imaging 

Another issue that complicates the signal readout of fabric-based 
colorimetric sensors device is the surface texture of knit and woven 
fabrics. Unlike the filter paper, which has a much flatter and two- 
dimensional (2D) surface structure, most daily wear fabrics, such as 
knitted cotton lycra, have comparatively complicated surface topologies 
that are captured by all high-quality imaging systems, including 
smartphones. Therefore, we sought to compare the difference of a three- 
dimensional textile surface to a 2D analog in the context of colorimetric 
image sensing. 

To investigate this issue, we fabricated a multidimensional sensor 
array comprised of eleven distinct sensing spots. The sensing spots 
contained eleven different pH responsive chromophores and were 
deposited on the surface of various substrates using the same sol-gel 
chemistry described earlier. pH sensing and pH responsive dyes were 
pursued for this part of the study (instead of ammonia sensing) because 
we had access to a much larger set of known pH sensitive dyes with a 
broad range of RGB and hue intensity responses to pH. The piCVD 
encapsulation step was intentionally omitted for this part of the study to 
allow aqueous solutions of varying pH to wet/soak the sensors. Knitted 
cotton lycra and filter paper were particularly chosen as substrates to 
represent a significantly textured and a comparatively flat surface, 
respectively. 

pH discrimination was investigated for pH units ranging from pH 4–8 
for five replicates of each substrate in total (Fig. 5A). Before proceeding 
with any image analyses, we ensured that the sensor arrays lacking a 
piCVD encapsulation were colorfast upon exposure to aqueous solutions 
of pH from 4 to 8 and could be used for aqueous analyte detection in this 
section. The combination of different indicators into one dot on an array 
allowed an enlarged difference between adjacent pH values and higher 
image resolution. After taking the images, 33 vectors were extracted 

Fig. 6. A. PCA plots of the data sets from the cotton lycra-based sensor and cotton lycra-based sensor after sharpening. B. Dendrograms of the data sets from the 
cotton lycra-based sensor and cotton lycra-based sensor after sharpening. 
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from each sensor array and fed into principal component analysis (PCA) 
and hierarchical clustering analysis (HCA) algorithms. HCA is a tech-
nique to build a dendrogram to represent the data; the dendrogram is a 
type of tree diagram showing the relationship between similar data. PCA 
processed and reduced the high dimensional data matrix to two prin-
cipal components and visualized them on a two-dimensional cartesian 
coordinate system. Fig. 5B shows the PCA plot of the data matrix ob-
tained from the cotton lycra-based sensor and a Whatman filter paper- 
based sensor. The filter paper-based sensor showed well-separated 
clusters for each of the pH level, however, separation was not as clear 
on the cotton lycra. Since the same fabrication and imaging procedure 
were applied to both cotton lycra and the filter paper-based sensor, we 
suspected that the biggest reason for their difference in classification 
accuracy is the complications and scattering introduced by knitted 
texture of the lycra. In order to enhance the color difference between 
each image, we applied a filter on all the images to extract the edge 
noise, followed by a sharpening tool to reduce blur. These processing 
steps were performed in Adobe Photoshop. Fig. 6A shows a comparison 
of the PCA plots extracted from the lycra sensor before and after image 
sharpening, showing clear separation between each pH groups in the 
sharpened sample images. Meanwhile, the dendrogram, which shows 
the similarities and dissimilarities of each group data, were obtained 
from the HCA. Clades that are close to the same height are similar to 
each other. In Fig. 6B, there were some misclassifications between data 
of pH 6, pH 7, and pH 8 in the dendrogram of cotton lycra-based sensor 
while only one misclassification of pH 5 were observed in that of 
sharpened image. These observations indicated that image processing 
can be used to practically solve the textile texture issue in digital im-
aging of fabric-based colorimetric sensors. 

4. Conclusion 

In this study, we set out to solve the fouling and surface texture issues 
that need to be addressed in order to promote colorimetric fabric-based 
sensing. The vapor deposition technique is used to coat a hyperbranched 
fluorinated polymer layer on a daily-wear fabric, endowing it with 
strong anti-fouling properties while maintaining the sensor’s original 
sensing response. Our method proves to be safe and non-hazardous as 
the fabricated sensor shows no residue of monomer and no leaching of 
polymer into water. We also develop a method to combat the sensitivity 
issues that textured surfaces such as fabrics can present. With an image 
sharpening algorithm, we can maximize the sensor’s clarity and enhance 
the precision of the device. Our strategy proves to be the first one to 
solve the fouling issue of colorimetric solid-substrate sensors and to 
improve the image classification efficiency via image processing tech-
niques. More work will be carried out in the future research regarding 
the synthesis of non-fluorinated polymer using piCVD to fabricate 
antifouling surfaces and more advanced computational imaging tech-
niques to improve signal detection performance. Overall, we report 
methods to combat the fouling and texture issue in fabric-based colori-
metric sensors and those advances can lead to the development of fabric 
arrays on the mask that are sensitive and wear-resistant for extended 
hours or even days. 
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