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Cloth-based microfluidic devices integrated onto the patch as wearable 
colorimetric sensors for simultaneous sweat analysis
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Introduction
Nowadays, wearable devices provide personalized 
health monitoring via the user in their daily activities, 
for more realistic and real-time monitoring compared 
to a clinical laboratory. An important advantage is that 
the user becomes more aware of their health conditions 
that have a big impact on the preventative approach in 
healthcare. Chemical sensors and biosensors have various 
applications, including wearable devices for clinical 
analysis that could offer health information to the user. 
Wearable devices for healthcare monitoring have been 
implemented by many researchers for various applications 
for the detection of physiological parameters relevant to 
human health, such as bodily motion, skin temperature, 
heart rate, etc; many of these devices are commercially 
available.1-3 Here, obtaining chemical parameters from 

body fluids provides information on the user’s health 
condition at the molecular level.3 

In body fluid monitoring, sweat analysis offers many 
benefits over other fluids, e.g., it is non-invasive, easily 
accessible, and simple.4 These benefits have motivated 
works on the development prototype of wearable 
sweat analysis based on colorimetric sensor,5 where 
quantification analysis only needs digital capture using a 
smartphone. Commonly, these sensors are developed as 
disposable sensors due to their irreversible nature. While 
using electrochemical sensors need the integration of a 
flexible electrochemical sensor and skin-friendly device, 
including on-site signal processing and calibration for 
reliable analysis.6-8 Due to the electronic components and 
their circuitry that are needed to be employed in these 
electrochemical sensors to provide accurate information. 
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Abstract
Introduction: In this work, a flexible, and 
wearable point-of-care (POC) device integrated 
on a pain relief patch as wearable colorimetric 
sensors have been developed for sweat analysis, 
such as lactic acid, sodium ions, and pH 
simultaneously. Herein, the patch has still 
functioned as pain relief, while it allows for 
sweat monitoring during exercise, and in daily 
activities.
Methods: It was constructed on cotton cloth 
using wax printing technology (batik stamp) as 
cloth-based microfluidic devices (CMDs). Here, 
it uses micro volumes of samples to perform the reaction in the sensing zones, where the sensitive 
reagents are immobilized so that it can collect and analyze the sweat (lactic acid, sodium ions, and 
pH) as the model for sweat analytes. The colorimetric analysis was conducted via a smartphone 
camera by using a free app (Color Grab) for a color image analysis that uses for quantitative analysis 
or naked eye for semi-qualitative analysis. 
Results: The ∆RGB value of the CMDS shows the excellent linear correlation vs analytes 
concentration, where the coefficient of correlations was found for lactic acid (R2 = 0.994), sodium 
ion (R2 = 0.998), and pH (R2 = 0.994). The ∆RGB value shows the appropriate color value for 
the linear correlation of the analyte target concentrations in the sweat samples. Here, the limit of 
detection (LOD) was found at 45.73 µg/mL for lactic acid and 56.46 µg/mL for sodium ions. The 
reproducibility was found at 0.79% and 0.89%, for lactic acid and sodium ions respectively. 
Conclusion: It was applied for sweat analysis during exercise, and the results show in agreement 
with the standard methods used in a clinical laboratory.
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relief patch (Salonpas, Hisamitsu Pharma, Indonesia) and 
cotton cloths (Nofrill, Indonesia) ordered from Indomart 
(Jember, Indonesia). All chemicals used are analytical 
reagent grade. 

Fabrication of CMDs
The smart patch is contained of vertically attached CMDs 
with three type sensing zones on the top of pain relief 
patch that is stacked on the skin by a medical dressing 
(Salonpas), while a hole in the patch was prepared by a 
hole puncher 10 mm in size (Fig. 1A). The smart patch is 
flexible, lightweight, and adhesive to make a contact with 
skin, which allows simultaneous colorimetric detection 
(Fig. 1B). The patterned cotton cloth-based microfluidics 
was conducted using a customized traditional batik stamp 
at 70oC for 1 minute to allow it to penetrate through the 
cloth thickness and to make hydrophobic barriers to 
guide the sweat flow. This wax stamp technology is made 
of brass (Fig. 2A) and was used for the simple and rapid 
production of the CMDs, just by simple stamping on the 
cotton cloth placed on a dedicated table to ovoid crumpled 
cloth (Fig. 2B). The CMDs size was 200 × 200 mm, have a 
middle circle around 15 mm in diameter, and 9 channels 
around 10 mm in length, 2 mm wide, and 9 corner circles 
around 5 mm in diameter, with a thickness of all channels 
around 0.8 mm (Fig. 2C). The microscopy image of CMDs 
is presented in Fig. S1, and the sample volume that can be 
accommodated in the sensing zone is up to 1.2 µL (Fig. 
S2). In addition, the material cost of the smart patch is 
inexpensive because it is made of inexpensive materials, 
i.e., cotton cloths and pain relief patches.

Reagents immobilization 
The sensing zones for lactic acid detection was immobilized 
with 1000 µg/mL Fe(III)-tris (1,10 phenanthroline), for 
sodium ion (Na+) detection was immobilized of mixed 
potassium chromate (5% or 5000 µg/mL) and silver nitrate 
(1000 µg/mL) in 1:1 volume ratio, and for pH detection 
was immobilized 2000 µg/mL CPR. Then, 0.7 μL of each 
sensitive reagent solution was immobilized via adsorption 
using casting technique sequentially by micropipette 
(Eppendorf, Germany). Thus, each reagent concentration 
used in each sensing zone were 0.7 µg/µL of Fe(III)-tris 
(1,10 phenanthroline), 3.5 µg/µL of potassium chromate 
and 0.7 µg/µL of silver nitrate, and 1.7 µg/µL of CPR. 

Colorimetric measurement
Here, the colorimetric detection was performed on-
skin that allows an integrated function to avoid manual 
procedures and the need for transferring sweat to reduce 
its evaporation (Fig. 1C). The wearable colorimetric 
sensors provide in situ quantitative analysis for 
simultaneous sweat analytes (i.e., lactic acid, sodium ions, 
and pH), where the color change can be captured by a 
smartphone camera (13 megapixels) of a Samsung Galaxy 
S5 smartphone (Samsung Electronics, Suwon, South 

Hence, limited the application of this sensor for wearable 
devices in long-term clinical monitoring rather than for 
disposable testing.8 Therefore, most of the approaches in 
chemical sensors for the wearable sensor are developed 
based on colorimetric sensors, as they are more 
simple, small, and relatively low-cost compared to the 
electrochemical sensors.9  In the case of sweat analysis, 
the wearable sensors or on-skin sensor offers advantages 
in terms of small size, user-friendly, and convenience that 
provides an innovative approach for further development.5 
Most of these wearable sensors, however, are a concern 
for biohazard issues. For instance, to detect chloride ions 
in sweat, silver chromate with dark-brown color can be 
used to create a white color precipitant, however, it is 
carcinogenic and irritant to the skin.3 Similarly for sweat 
analysis based on electrochemical sensors, when they 
attach to skin the electrode could cause blistering and 
burning. Therefore, these are not popular to be used for 
on-skin detection.3

Currently, microfluidic devices have been widely 
developed for clinical analysis as point-of-care (POC) 
devices using paper as microfluidic paper-based analytical 
devices (µPADs)10 or even textile materials, such as cloth-
based microfluidic devices (CMDs).11 Due to benefit of 
vertical layering and the advantages of these materials, 
such as lightweight, flexible, capillary action, and simple 
colorimetric detection,12 POC based on these materials 
are promising to be developed for on-skin detection.13

Herein, a flexible, and wearable CMD integrated with 
a pain relief patch is proposed as a novel smart patch 
that has been developed for effective sweat analysis, such 
as lactic acid, sodium ions, and pH simultaneously. The 
CMD was designed and patterned on hydrophilic cotton 
cloth using wax printing technology (i.e., batik stamp) 
that can collect and direct sweat to the sensing zones. 
The CMD uses micro volumes of samples to perform the 
reaction in the sensing zones, where the sensitive reagents 
are immobilized. Cotton fabric has been employed as 
the hydrophilic platform because of its high porosity 
even without any pretreatment.14 The sensing zones 
are designed to detect lactic acid, sodium ions, and pH 
simultaneously as the model for sweat analytes. Here. the 
patch has still functioned as pain relief, while it allows for 
sweat monitoring during exercise, and in daily activities. 

Materials and Methods
Materials
Chlorophenol red (CPR), Fe(III)-tris (1,10 
phenanthroline), potassium chromate, silver nitrate lactic 
acid, NaCl, and phosphate-buffered solution (1X PBS) 
consisting KCl, NaCl, KH2PO4, and Na2HPO4 as well as 
hydrochloric acid (HCl), and sodium hydroxide (NaOH), 
were obtained from Sigma-Aldrich (UK). To make 
phosphate buffer at pH 4 to pH 7 were adjusted with 0.1 M 
HCl or 0.1 NaOH accordingly. Wax for batik was ordered 
from local batik store (Rumah Batik Jember), and pain 



Wwearable colorimetric sensors for simultaneous sweat analysis

BioImpacts, 2023, 13(4), 347-353 349

Korea), along with Android 6.0, and analyzed by the App 
Color Grab 3.6.1 (Loomatix®) as the color image analysis 
for Android to capture digital color and presented as the 
RGB values. To support a reproducible and stable color 
image using a smartphone camera, it was aided by using a 
ring light called ‘Ringlight LED Clip-On for Smartphone” 
(XY, China) that attached to the smartphone.15 The set-
up for taking pictures and the mobile application for 
producing RGB values are depicted in Fig. S3. By using 
this ring light, the smartphone flashlight was used along 
with additional light from the LED of a clip-on ring, with 
the same distance and background, so that all the colors 
taken should be in a light-controlled area. Thus, the ring 
light helps the smartphone camera to take pictures in the 
same conditions.

The clinical standard methods for sweat analysis
The clinical standard methods for sweat analysis used 
at Clinical Laboratory, Subandi Hospital, Jember as a 
comparison of the wearable sensors are demonstrated as 
follows. The lactic acid analysis was performed using UV/
Vis spectrophotometer16 (U-3010/3310, Hitachi, Japan). A 
50 μL sweat test containing lactic acid was added to 2 mL 
Fe(III)Cl3 (0.2%) solution and stirred until homogenous. 
The absorbance was measured at 390 nm against the 
reference solution (2 mL of a 0.2%FeCl3 solution). The 
reaction and measurements were performed at 25 ± 5°C, 
where the color of the solution was stable for 15 minutes. 
While the sodium ions were done using ISE17,18 (FC300B, 
Hanna Instrument, UK). Here, a 1 mL sweat test was 
added to a 10-mL volumetric flask, then add 1-mL ISA 
(ionic strength adjuster, 4 M NH4Cl, and 4 M NH4OH) 
and dilute to the volume with distilled-deionized water. 

Then the concentration of sodium ion can be determined 
using a calculated equation of the calibration line 
obtained. While a pH measurement was determined using 
a pH meter (Methrom 780, UK) by reading directly the 
pH value of the prepared sweat test. Here, a 1 mL sweat 
test added to a 10-mL volumetric flask and dilute to the 
volume with distilled-deionized water was used as a 
prepared sweat test. 

Results and Discussion 
Advantage of the novel wearable colorimetric sensors 
The advantage of the wearable colorimetric sensor is 
consisting of a paint relief patch that was stacked to the 
skin, while the CMD was attached on the top of the patch 
with three analytes groups of triple sensing zones. When 
it is used, the smart patch would be stacked tightly on the 
skin (Fig. 3A). Sweat is secreted from the skin goes upward 
into the sweat collection zone above the patch and is 
directed into sensing zones in the CMD, where lactic acid, 
sodium ions, and pH, can be detected simultaneously (Fig. 
3). Thus, it is better compared to others that used patches 
only for sweat analysis.5,19-21 It would result in the reaction 
of sweat with the reagent immobilized onto sensing zones, 
consequently changing the color of the sensing zone 
correspond to lactic acid, sodium ions, and pH in the 
sweat. By using color image analysis, the color change in 
the sensing zone is proportional to the concentration of 
target analytes in sweat. 

The mechanism of the detection method for target 
analytes, in this case, can be described as follows. The 
mechanism is based on the colorimetric reaction of lactic 
acid with Fe(III), where it is reduced to Fe(II),22 which in 
turn, changes color from weak orange to intense red. The 

Fig. 1. Design and construction of the smart patch integrated with a cloth-based microfluidic device (CMD) (A), and the CMDs as a point-of-care device (B).

Fig. 2. The batik stamp (A) is made of brass for rapid production of patterned cloth-based microfluidics (B), and the CMDs ready to be integrated into the 
patch (C).
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Fe(II) produced is proportional to the concentration of 
lactate (L) in the sample. While the sodium ion is detected 
by a mixed reagent of potassium chromate (K2CrO4) and 
silver nitrate (AgNO3). In this case, yellowish potassium 
chromate turns red in the presence of silver ions as silver 
chromate (Ag2CrO4). Thus, in the presence of sodium ions 
or sodium chloride (NaCl) in sweat, the sodium makes a 
complex with nitrate (NaNO3) substituted from potassium 
nitrate, while silver makes a complex with chloride as 
silver chloride (AgCl) substituted from NaCl, and turn 
back the yellowish potassium chromate (K2CrO4).23 
Hence, this reaction turns color from red to yellow. This 
color change is proportional to the concentration of 
sodium ions in the sweat sample. Thus, in this substitution 
reaction, potassium chromate is utilized as an indicator in 
the complex reaction between sodium ion and nitrate ion. 
For sweat pH detection, CPR was used as a pH indicator, 
since it has a pH range between 4.6-7.0, and changes 
its color from yellow to red from acid to neutral pH.24 
Herewith, the optimized CPR concentration used in this 
case was found at 2000 µg/mL toward pH 4 to pH 7, where 
different CPR concentrations give different intensities of 
color change (Fig. S3). The mechanism detections of three 
target analytes, i.e. lactic acid, sodium ions, and pH can be 
summarized as follows:

[Fe(phen)3]
3+ + L- → [Fe(phen)3]

2+                                         (1)
(orange) (red)

2KNO3 + Ag2CrO4 + 2NaCl → 2AgCl + 2NaNO3 + K2CrO4 
(2)
(red) (yellow)

HCPR ↔ H+ + CPR-                                                                                                              (3)
(yellow) (Red)

Analytical characteristics
To evaluate the analytical performance of the wearable 
colorimetric sensors to detect sweat analytes using 
colorimetric detection, a series of standard solutions 
of lactic acid, sodium ion, and pH were tested on the 
smart patch (Fig. 4). The color change is sometimes not 
well distributed on the sensing zone (Fig. S4). This may 
be due to associated to the cotton fibrous nature and 
incomplete network inside cotton.9 It could be shorted 
out by preparing the saturated cotton (wet-out) and the 

close contact.25 The small size of the cotton collecting zone 
(i.d. 15 mm) needs only a volume of sweat in a minute 
(~15 µL) during exercise, which is 100 times less than the 
sampling volume (15 mL) in classical analysis.20 Here, a 
very small sampling volume would decrease the time and 
load of sweat collection for screening purposes. 

Then the linear regression analysis was conducted 
for an average of each color of triple sensing zones for 
lactic acid, sodium ion, and pH respectively (Fig. 4), and 
the supported data is given in Tables S1 to S3. Herein, 
∆RGB shows the excellent linear correlation vs analytes 
concentration, where the coefficient of correlation was 
found for lactic acid concentration (R2 = 0.994) (Fig. 4A), 
sodium ion concentration (R2 = 0.998) (Fig. 4B), and for 
pH (R2 = 0.994) (Fig. 4C). Herein, the ∆RGB value shows 
the appropriate color value for the linear correlation of the 
analyte target concentrations in the sweat samples. Based 
on the calibration curves, the limit of detection (LOD) 
was found at 45.73 µg/mL for lactic acid concentration 
and 56.46 µg/mL for sodium ions concentration. Here, the 
LOD is measured by 3 times of standard deviation (SD) of 
Δ RGB value as the analytical response from the blank. In 
the case of lactic acid, it was found that the SD value for 
the blank was 1.611. By multiplying with 3 as the blank 
signal, and by using the equation in Fig. 4A, the LOD was 
found at 45.7262 or 45.73 µg/mL. Similarly for LOD of 
sodium ions, as the SD value for the blank was 8.709, thus 
LOD was calculated to be 56.455 or 56.46 µg/mL 

The reproducibility was found at 0. 79% and 0.89%, for 
lactic acid and sodium ions respectively. While the recovery 
of the detection was between 99.83 to 102.67%, and 99.67 
to 101.65%, for lactic acid and sodium ions respectively. 
Moreover, no significant interference from urea at a 
ratio of 1:100. These reproducibility and recovery values, 
including the interferences, were excellent for this type 
of measurement.26 While the matrix effect, particularly 
interference from urea, since urea concentration in the 
normal sweat is around 22.2 mmol/L.27 The results show 
no interference of the urea toward lactic acid and sodium 
ion determination at ratio 1:10 (urea). Thus, it can be 
stated that no interference from the matrix.

In addition, the semi-quantitative and qualitative 
detections of these target analytes could also be performed 
by the naked eye using a reference color reader (Fig. 
5A), where the validated color reader was based on the 
CMDs color produced toward various target analyte 

Fig. 3. An example of the smart patch is when it is used for sweat analysis (A), before (B), and after being used by the user (C).
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concentrations (Fig. S5). This reference color reader was 
tested on the wearable colorimetric sensors to detect the 
target analytes (lactic acid, sodium ion, and pH), where 
their concentrations follow normal sweat content.28 The 
good results of five sweat samples were obtained using this 
detection method. Thus, this naked-eye detection can be 
applied for simple and rapid detection of sweat analytes 
using wearable colorimetric sensors.

Application with the real samples
The wearable colorimetric sensors were used to screen 
the real sweat samples from 5 patients above at Clinical 
Laboratory, Subandi Hospital, Jember along with ethical 
review and approval. The typical wearable colorimetric 
sensors change after being tested during exercise is given 
in Fig. 5B, where it turns into relating colors in about 5 

Fig. 4. The calibration curve of standard lactic acid concentration vs Δ RGB 
value (A), the calibration curve of standard sodium ions concentration vs Δ 
RGB value (B), and the calibration curve of pH vs Δ RGB value (C).

Fig. 5. The color reference reading for naked-eye detection (A), and the 
results using real sweat samples (B).

minutes, according to the patient’s perspiration rate, where 
the skin patch triple colors changed could distinguish for 
each target analyte detected.

Herein, the comparison results between the wearable 
colorimetric sensors and the clinical standard analysis 
are demonstrated in Table 1. The quantitative results of 
the wearable colorimetric sensors were compared with 
that of a standard clinical laboratory used for these sweat 
analyses, where the lactic acid analysis using UV/Vis 
spectrophotometer,16 sodium ions using ISE,17 and pH 
measurement using pH meter. The two methods show a 
good correlation for three analytes tested (R2 = 0.967 for 
lactic acid, R2 = 0.984 for sodium ion, and R2 = 0.953 for 
pH).26 These results show that the immobilized reagents 
in the sensing zones of CMDs allow for the quantitative 
colorimetric detection of sweat analytes. Therefore, the 
wearable colorimetric sensors are being compared with 
the spectrophotometric method of lactic acid, ISE (ion-
selective electrode) for sodium ions detection, and pH 
meter for pH detection. Thus, it can be concluded that the 
wearable colorimetric sensors allow the detection of sweat 
analytes, while it has still functioned as a pain relief patch.
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Conclusion
Herein, the novel wearable colorimetric sensors were 
demonstrated as an alternative device for sweat analysis 
and its advantages in the diagnostic sweat screening. The 
important part of the wearable colorimetric sensors is 
the CMD, where colorimetric detection was performed. 
The simplicity of the colorimetric detection allows it 
to be integrated into the sweat analysis using a flexible, 
lightweight, and low-cost pain relief patch. Furthermore, 
colorimetric detection can be visually detected by the 
naked eye. It is also promising for eliminating some critical 
issues in classical laboratory diagnoses, such as laborious 
operation, long time, and high expense. Thus, it opens up 
new alternatives in health screening via sweat analysis, 
including other POC applications, such as the detection of 
clinically important analytes in sweat related to diseases.
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