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M AT E R I A L S  S C I E N C E

Electrophoretic digital colorimetry integrated with 
electrochemical sweat sensor
Daeun Sung1, Seunghun Han1,2, Sumin Kim1,2, Heeseok Kang3, Bon Jekal1,2, Giheon Kim1,2, 
Jaewon Kim1,2, Minki Hong1,2, Gyounghwan Moon1, Sungeun Kim1,2, Yerim Lee1,2,  
Suk-Won Hwang3,4,5, Hyoyoung Jeong6, Yong-Sang Ryu1,7,8, Sungbong Kim9, Jahyun Koo1,2*

Recent advancements in wearable sweat sensors, which use standardized electrochemical and colorimetric mech-
anisms, offer holistic representation of health status for users. However, the constraints of standardized sweat 
sensors present ongoing challenges to realization of personalized health management. This study presents an 
electrocolorimetric (EC) platform that enables the reversible and multiple-time use of colorimetric data visualiza-
tion using electrophoretic display (EPD). This platform represents the application of low-power EPD in epidermal 
sweat sensor, evaluated through CIELAB-based methodology which is the first systematic evaluation tool of wear-
able display performance. Moreover, our platform has been demonstrated in human exercise trials for its ability to 
detect the lactate threshold (LT). This digital colorimetric system has the potential to play a pivotal role by inte-
grating various health monitoring biomarkers. While providing real-time, continuous, and adjustable range infor-
mation with high sensitivity, this platform validates its extensive probability as a next-generation wearable 
epidermal sensor.

INTRODUCTION
Interest in wearable biosensors that have capabilities of diagnosis 
and health monitoring is continuously growing, and progress of the 
wearable sweat sensors integrating microfluidics to collect and ana-
lyze sweats is remarkable (1–6). These sensors detect various sub-
stances in sweat, revealing physiological information (7–13) and 
enabling applications in diagnosis of cystic fibrosis (10, 14), assess-
ing kidney function (15, 16), evaluating stress (3, 17), and perspira-
tion dynamics (15,  18,  19). Furthermore, recent advancements 
integrating microfluidics and microelectronics have enabled devic-
es to monitor both sweat composition and vital signs, such as heart 
rate and blood pressure (20, 21), providing more holistic diagnosis 
of hypoglycemia, hyperglycemia, diabetes, and septic shock (20, 22). 
These efforts overcome the limitation of conventional sweat re-
search methods that use gauze pads (23) and expand toward 
nondiscovered area such as iontophoresis of perspiration-inducing 
drugs for the patients who have mobility issues (seniors and preg-
nancy) (24, 25).

Sweat sensors primarily use electrochemical or colorimetric sens-
ing mechanisms for quantitative analysis (2, 23). Each mechanism 
has its own distinct features and specific challenges. Electrochemical 
sensors convert the concentration of the substrate into an analog 
signal (e.g., current) that can be further converted into digital sig-
nals (1, 5, 7–9, 12, 13, 16, 18, 20, 21). Electrochemistry offers high 

sensitivity and fast response upon which the microfluidic geome-
tries confine reactions to specific spaces. However, a comprehensive 
electrode system with additional electrode modification needs to be 
integrated, along with electronics for data processing. As a result, 
the packaging of these components often leads to bulkier devices, 
and sometimes heavy instruments are required to analyze clinical 
data. Colorimetric sensors use chemical and/or enzymatic reactions 
to produce color changes (3, 10, 26–34). The developed color inten-
sity is proportional to the amount of the substrate in sweat. Colori-
metric sensors have on-the-spot perceptibility, user-friendliness (i.e., 
simplicity and ease of use), and portability with miniaturized device 
size. Their primary limitation arises from their reliance on specific 
colorimetric reactions as the core principle. Sometimes, the ranges of 
biomarkers and the reactive spectrum of colorimetric reactions may 
not align well with physiological conditions (10, 35). Consequently, 
achieving fully multiplexed biosensing solely based on colorimetric 
sensing remains challenging. These limitations of both mechanisms 
create substantial barriers to the usability of wearable devices in per-
sonalized health management. For instance, the substantial size of 
electrochemical devices and their analytical instruments reduces 
practical accessibility, as they increase the burden on long-term wear 
or monitoring in various environments for users. In addition, the 
physiological mismatch in colorimetric sensing limits their ability to 
provide holistic and comprehensive health monitoring.

In this context, recent strategies in wearable sensing platforms 
use existing display technologies integrated with biosensing mech-
anisms. Electrochromic display (ECD), which shows visible color 
change through redox reactions (36, 37), has demonstrated its abil-
ity to colorimetrically display real-time health care information 
on biomarker concentrations, strain, and temperature without the 
need for bulky external instruments (1, 38–41). In addition, elec-
trophoretic display (EPD), which leverages the movement of light-
reflective pigments within a dyed colloidal solution under an electric 
field (42, 43), is being widely researched for its high ambient visi-
bility and contrast, making it ideal for flexible, on-skin displays 
(44, 45).
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In this study, we aim to create a wearable sweat-sensing platform 
called electrocolorimetric (EC) platform, by combining electrochem-
ical high sensitivity and colorimetric convenience strategies using 
EPD. The results of the electrochemical biosensing reaction are visu-
alized by EPD. Because of the reversible migration of the pigments, 
the color development of EPD can be reset, allowing the system to 
exhibit multiple concentration levels of the substrates sequentially 
and continuously. The EC platform not only delivers sensor informa-
tion through the EPD but also transmits numerical data via Blue-
tooth low energy (BLE). This dual data monitoring approach allows 
users to receive immediate feedback while enabling detailed analysis 
of stored data for future use. Moreover, the EPD operates efficiently at 
a low voltage of 3.3 V and requires only minimal current, making it 
highly suitable for integration into wearable devices. The systematic 
methodology for the quantitative analysis of wearable display is also 
presented, offering a comprehensive approach for the evaluation of 
the key features in wearable display including color, response time, 
and reliability. Our strategy using EPD highlights potential advan-
tages compared to a strategy using ECD, featuring a fast response 
time and low-power consumption, comparable to or more efficient 
than ECD, while offering a simple, fast, and straightforward fabrica-
tion process that ensures high reproducibility (46, 47). Human trials 
include measurement of lactate threshold (LT) to ensure the com-
pleted EC platform is available in situ. This helps determine the point 
of exercise intensity at which excessive muscle fatigue accumulates 
(27). The EC platform’s approach, integrating electrochemical sen-
sors and EPD, and its analytical methodology proposed here demon-
strate its extensive practicality and applicability as a next-generation 
long-term wearable sensor.

RESULTS
EC sensing system
Figure 1A illustrates the concept and principle of the EC sensor, 
which consists of three interconnected components: the electro-
chemical sensing module, processing module, and colorimetric dis-
playing module. The electrochemical signal calibrated by a pH value 
is processed in microcontroller unit (MCU) to control EPD array.

The electrochemical sensing module includes units for lactate 
and pH sensing, the latter aiding in the calibration of the electro-
chemical sensor (Fig. 1B, left). Lactate was selected to demonstrate 
the feasibility of the EC platform. It increases dynamically in sweat 
and blood at LT, a point where lactate production exceeds consump-
tion, serving as an indicator of muscle fatigue and exercise intensity 
(48, 49). Along with LT-based physical training for athletes, the pos-
sible clinical situation encompasses the quantification of exercise 
intensity customized for patients with cardiovascular disease and 
cerebrovascular accident in cardiac rehabilitation program, which 
contributes to reduced risk of death by 47% (50–53). For precise pH 
calibration, the RGB sensor assesses RGB values of pH paper in a 
microfluidic channel.

After the estimation of lactate level in processing module (Fig. 
1B, middle), the “on” and “off ” states of EPDs are displayed as low 
contrast (darker blue) and high contrast (brighter blue), respectively 
(Fig. 1B, right). White TiO2 powder coated with charge-derived polymer 
{TiO2/poly(methyl methacrylate)–ethylene glycol dimethacrylate–
co–methacrylic acid [TiO2/P(MMA-EGDMA)-co-MAA]} reflects 
light in both upper and lower positions in electronic-ink (E-ink) 
filled between electrode pair. A transparent indium tin oxide (ITO) 

electrode is located at the top in electrode pair of EPD unit, allowing 
the display unit to represent on state when the white pigment par-
ticles are placed below via E-field control. The voltage thresholds of 
on states in each EPD units correspond to lactate concentrations 
of 0, 5, 10, and 15 mM, labeled as lactate levels 1 to 4 (table S1). 
These thresholds were determined on the basis of previous human 
experiments, where the peak lactate concentration ranged from 
10 to 20 mM (5,  27,  54,  55). The lactate concentrations can be 
adjusted in the MCU module based on the specific application 
needs. The exercise intensity can be determined by both the lac-
tate level displayed on the EPD array and a smartphone applica-
tion. These accessibilities propose the capability of EC platform to 
overcome current limitations of LT estimation in cost, space, and 
time (56, 57).

The EC device has a unique folded structure. It consists of a pair 
of electrodes: a copper layer on the flexible printed circuit board 
(FPCB) serving as the bottom electrode and a transparent ITO/glass 
connected to FPCB via Ag glue as the top electrode. This design 
enables the generation of a vertical E-field for EPD. The electrodes 
can be easily transformed from planar to vertical arrangement by 
folding, allowing them to generate the E-field. Figure 1C details the 
fabrication process, including EPD module implantation, folding 
and sensing module implantation, and E-ink injection. An elasto-
mer mixture, a blend of polydimethylsiloxane (PDMS) and Dragon 
Skin at a ratio of 3:4, was used to establish EPD module which em-
beds ITO/glass and E-ink. This mixture ensures nonswelling of E-
ink chamber and enables plasma bonding with the FPCB substrate 
(figs. S1 and S2). An Si wafer mold etched by deep reactive ion etch-
ing (DRIE) was used for precise alignment of ITO/glass top elec-
trode with the elastomer mix (fig. S3). Following the EPD module’s 
implantation, the sensing module was arranged on the EC device 
via plasma bonding, similar to the EPD module. Lastly, the E-ink 
suspension oil was injected into the E-ink chamber through pre-
prepared inlets. The images of the EC sensor device (Fig. 1, D and 
E) demonstrates that it was sufficiently flexible to conform to hu-
man skin.

Enzymatic lactate sensing complemented by RGB calibration
A biofuel cell-based enzymatic sensing system was integrated into 
the EC platform by transferring electrodes to a FPCB substrate and 
enclosing them within a PDMS microfluidic chamber to facilitate 
sweat collection (Fig. 2A). As depicted in Fig. 2B, capillary bursting 
valves positioned at a 90° angle prevent the collected sweat from 
flowing into outlet channels until the sensing chamber is fully filled 
(fig. S6). The configuration of the cathode and the anode is shown in 
Fig. 2C. The reduction of O2 and oxidation of lactate were catalyzed 
by platinum black (PtB) and lactate oxidase (LOx), respectively. Tet-
rathiafulvalene (TTF), chosen for its dermal compatibility and high 
sensitivity (58), served as the electron transfer mediator on the an-
ode (fig. S7). TTF and LOx were immobilized on a carbon nanotube 
(CNT) paper, a highly conductive substrate that enhances electron 
transfer from the active site of LOx to the gold electrode. The scan-
ning electron microscopy (SEM) images of bare CNT, TTR-CNT, 
and LOx-TTF-CNT illustrate the detailed nanostructural character-
istics of the CNT-based anodes, where a homogeneous distribution is 
observed (fig. S8). Both the cathode and the anode were encapsulated 
with diffusion barriers—Nafion and polyvinyl chloride (PVC)—to 
provide an appropriate sensing range including physiological levels 
and prevent dissolution of the sensing layer. The circular sensitive 
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Fig. 1. Concept and principle of EC sensor. (A) Detailed overview of EC sensor divided into sensing, processing, and EPD module. (B) Operational principle of EC plat-
form. Electrochemical sensor is in charge of lactate sensing that will be calibrated by RGB sensor. The detected concentration information is processed by MCU, resulting 
in the EPD array’s displaying that represents lactate levels from 1 to 4 through the on/off state change. (C) Fabrication process of EC sensor characterized by a folded 
structure. (D and E) Images of EC sensor and its epidermal wear.
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areas decorated with PtB or LOx were fabricated separately and con-
nected to transferred rectangular electrodes using Ag paste (Fig. 2D).

The sensitivity and selectivity of the electrochemical sensor were 
tested in phosphate buffer at pH 7.4 and 37°C (Fig. 2, E and F). The 
amperometric response was converted to voltage signal using a 
47-kilohm resistor, selected on the basis of the feasible linearity and 
fast response time. The r2 values for the linear fit and response time 
offered by a 47-kilohm resistor were 0.9847 and 80.45 s, in order (fig. 
S9). The average response time of approximately 80.45 s was consid-
ered adequate as the composition of biofluid did not shift rapidly 
compared with benchtop conditions (27). A stable and saturated re-
sponse time is anticipated in real human use. In the sensitivity test 
of amperometric lactate sensor (Fig. 2E), 4 mM concentrated lactate 
solution was added every 5 min, causing sharp stair-shaped increase 
in voltage from 109.236 mV at 0 mM to 332.97 mV at 16 mM. The 
selectivity of the sensor was also evaluated under similar conditions 

(Fig. 2F). An increase in voltage was observed only when lactate was 
introduced, while common sweat interferences such as uric acid 
(UA; 10 μM), glucose (100 μM), ascorbic acid (AA; 50 μM), and 
NaCl (10 mM) exhibited no effect on the signal. The cycle test of the 
sensor (Fig. 2G) showed that at least four response cycles were pos-
sible, with favorable recovery to the state of 0 mM. The standard 
errors (SEs) for voltage responses at each concentration were only 
3.42, 0.65, 1.55, and 2.75 mV across the cycles.

The amperometric sensing system demonstrated a distinctive pH 
sensing system. The pH dependence of the amperometric sensor, 
due to the pH-dependent activity of LOx, proposes the necessity of 
this system (fig. S11). The pH value was accurately determined digi-
tally by detecting the color of the pH paper using an RGB sensor 
with a white light-emitting diode (LED) even in different light envi-
ronments. This notably improved the correlation between RGB val-
ues and pH levels (fig. S12 and table S2). This enhanced accuracy 

Fig. 2. Characterization of amperometric lactate sensor. (A) Exploded view of amperometric sensing module attached onto skin. (B) Microfluidic design for the sweat 
collection and its SEM image. (C) Configuration of anode and cathode. (D) Photographic image of cathode and anode. (E) Voltage response of amperometric sensor in 
phosphate buffer (pH 7.4, 37°C) and its calibration curve (n = 4). At each indicated time point, lactate was added by 4 mM. (F) Result of selectivity test conducted in the 
lactate concentration range from 4 to 12 mM. UA, uric acid; Glu, glucose; AA, ascorbic acid. (G) Result of cycle test for the amperometric sensor including four successive 
experiments (left) and its calibration curve (right). In the calibration curve, each data point represents the mean, and the error bars indicate the SD.
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allows for the further use of this simple setup to monitor pH-related 
clinical symptoms such as alkalosis or dehydration (59).

Processing module for dual visualization of EPD array and 
smartphone application
The processing module that controls the sensing module, general 
purpose input/output (GPIO) control, and wireless module enables 
a dual-visualization strategy for users to monitor health status si-
multaneously via the EPD array and smartphone application (Fig. 
3A). The integration of the EPD array and a smartphone application 
provides an enhanced health care monitoring experience. The EPD 
is responsible for the instantaneous and intuitive delivery of health 
information, whereas the smartphone application tracks and assesses 
the overall trend of biomarker changes during perspiration even 
in a large group. This dual-displaying capability highlights the 
practical utility of the EC platform, particularly in specialized 
environments such as military and medical facilities, where con-
tinuous health monitoring is crucial for both individual and large 
group assessments.

In the wireless module, the custom-developed smartphone ap-
plication receives data via a 2.4-GHz tuned antenna following the 
BLE protocol, displaying real-time graphs. For the EPD-controlling 
unit, the EPD array operates via eight GPIO of the MCU. The MCU 
classifies lactate molarity into four levels and determines the num-
ber of EPD units to be switched to on state (fig. S15). This switch is 
executed by applying a driving waveform to the electrodes via GPIO, 
facilitating rapid EPD activation every 200 ms. Our device is powered 

by a 3.7-V lithium polymer battery. With a power consumption of 
18.374 mV/s (fig. S16), it can operate for approximately 11.97 hours 
using a conventional 220-mAh battery, making the EC platform 
well-suited for real-world applications.

Wearable epidermal electronics are subjected to potential bend-
ing forces that could affect their stable operation. A bending test 
confirmed the stability of this system’s circuitry elements with bend-
ing radii ranging from 1 to 10.5 cm (Fig. 3B). Packet reception rate 
(PRR), the ratio of BLE packets transmitted by the processing unit 
to those received by the smartphone within a specific period, re-
mained above 98% across the tested spectrum (Fig. 3C). In addition, 
the temperature of processing module was not excessively increased 
by whether the device operates or not in any temperature conditions 
(Fig. 3, D and E). PRR of processing module was evidently stable at 
the same time regardless of circumstantial temperature, as well as 
the distance between a transceiver and a receiver (fig. S17). These 
results proved the feasibility of EC sensor, allowing EC sensor to be 
used without any data loss and skin burn under various conditions.

Reliable EPD for wearable sensor
Figure 4A provides a detailed look at the configuration of the EPD 
array and how it operates. A notable observation is that surface 
charges are present not only on the pigment powders but also on the 
side walls surrounding the E-ink, which induces an E-field in unin-
tended directions (Fig. 4A, bottom). The use of silicone-based mate-
rials in the display module, PDMS and Dragon Skin, exacerbates 
this issue as these materials tend to accumulate negative surface 

Fig. 3. Characterization of processing module. (A) Operational diagram of the processing module facilitating dual visualization of EPD array and smartphone applica-
tion. (B) Optical images of devices that are bent to different bending radii. Scale bar, 2 cm. (C) PRR of processing module depending on varying bending radii (1 to 10.5 cm). 
(D) Infrared images of EC device in operation on various temperature of hot plate (30° to 45°C), in which no any excessively increased temperature was detected. 
(E) Temperature monitored in EC sensor when it operated on a hot plate (37°C).
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charges owing to their high electron affinity (60). This characteristic 
stems from their ability to readily accept and retain electrons from 
the environment. To counteract this, a surface treatment using -NH2 
was used to minimize the distortion. By applying -NH2, which im-
parts a positive charge to the surface of these materials, the surface 
charge is neutralized, thereby facilitating the formation of a desired 
vertical E-field between the electrodes. The effectiveness of the -NH2 
functionalization was quantitatively assessed using the Kelvin probe 
force microscopy mode in atomic force microscopy (AFM) and zeta 
potential measurements in a flat-cell configuration (fig. S18 and 
Supplementary Text). In both assessments, the increased surface po-
tential after -NH2 functionalization was quantified. Both AFM and 
zetasizer analyses demonstrate that -NH2 functionalization effec-
tively neutralizes the negative surface potential of the silicone elas-
tomer by enhancing the surface potential.

To convey the user’s exercise intensity properly (Fig. 4B), the 
white pigment particles moving vertically within the E-ink was cho-
sen deliberately in consideration of their physical and optical prop-
erties such as high reflectance or dispersion stability. Meeting these 
requirements, TiO2, known for its high reflectance (n  =  2.4116), 
was functionalized with carboxyl groups to form a composite struc-
ture referred to as TiO2/P(MMA-EGDMA)-co-MAA (fig. S19). This 
modification enables pigment particles to undergo swift electro-
phoretic displacements in E-field, characterized by the mobility 
equation μ = ϵζ∕6πη (61). Characterization of the TiO2/P(MMA-
EGDMA)-co-MAA pigment particles included Fourier transform 
infrared (FTIR) spectroscopy and SEM imaging (Fig. 4C). The FTIR 

spectra displayed notable peaks between 1143 and 1240 cm−1, cor-
responding to the carbonyl group (C─O) of C─O─CH3, and a dis-
tinct peak at 1722 cm−1 related to the carbonyl group (C═O) of the 
polymer (62, 63). The SEM image of TiO2/P(MMA-EGDMA)-co-
MAA revealed a uniform spherical shape with a diameter of ap-
proximately 7 μm, showing an increase from 300 nm to 7 μm after 
synthesis without any aggregation (fig. S20). In further analysis us-
ing a gas pycnometer, the density of the particles was measured as 
1.4420 g/cm3 (SD =  0.0016 g/cm3), sufficiently reduced from the 
initial 4.0350 g/cm3 (SD = 0.0016 g/cm3) to fabricate oil suspension 
whose density matched that of the pigment particles (fig. S21).

The driving waveform, applying ±3.3 V to induce on and off 
states, was optimized to produce a human-recognizable contrast 
change without blinking within a brief response time (Fig. 4D). 
Note that the driving waveform incorporated a “shaking phase,” 
where E-fields in two vertical directions were applied rapidly to ini-
tialize the undesired, inevitable distribution of charged materials 
within the E-ink chamber.

The operation of EPD was appraised using CIELAB analysis, 
which examines color space irrespective of lighting conditions. The 
RGB parameters were converted to x and y parameters, and the 
change in color was represented as a line with unfilled circles indi-
cating saturated colors of on and off states (Fig. 4E). The line repre-
senting the real-time color change radiates outward from the central 
point standing for “white,” suggesting that the color of the dyed 
solution varies only based on the relative position of the white 
pigment. ΔEab, indicating the quantitative color difference in CIELAB, 

Fig. 4. Characterization of EPD. (A) Schematic image of EPD realized via folded structure of EC sensor (top) and enlarged illustration of EPD display unit of which surface 
was treated as -NH2 to rectify a distorted E-field (bottom). (B) Configuration of the EPD system that can sequentially represent the lactate level and exercise intensity by 
changing the on/off state through the vertical movement of the white pigment. (C) FTIR analysis and SEM image of white pigment particles [TiO2-P(MMA-EGDMA)-co-
MAA]. Scale bar, 20 μm. (D) Driving waveforms of EPD for on/off state. (E and F) CIELAB analysis for the quantification of on/off state color of EPD. The color of EPD’s on/off 
state was marked on CIEXYZ coordinates, and further calculated ΔEab was also plotted as the real-time color difference based on reference white color (E). Response time 
which is defined as the time taking for person to recognize the color difference (ΔEab > 1) was estimated via cumulative ΔEab (F). a.u., arbitrary units.
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was calculated likewise (Fig. 4E, inset) to reveal real-time color 
change when the applied driving waveform transitioned from the 
off state to the on state.

The response time was defined as the duration for cumulative 
ΔEab to exceed 1 (Fig. 4F). This threshold is based on established 
knowledge that ΔEab > 1 is discernible by humans (64). The contrast 
transition involving ΔEab > 1 took 0.48 s for the preparation to off 
state after “standby” state and 0.32 s for the conversion to on state 
from off state. The graph of cumulative ΔEab exhibited a steady and 
continuous increase without abrupt fluctuations. These results of 
CIELAB analysis are clearly distinguished from that of the samples 
without -NH2 functionalization or the shaking phase in the driving 

waveform (figs. S22 and S23), demonstrating the efficacy of these 
strategies in practical EPD applications.

Human trial
EC devices were affixed to the foreheads of healthy volunteers en-
gaged in a controlled exercise scenario (Fig. 5A). Before attaching 
the EC devices using biocompatible double-sided tape, volunteers’ 
skin was cleaned with an alcohol wipe to minimize sweat contami-
nation. Participants were instructed to avoid caffeine and alcohol for 
24 hours before the experiment to ensure no interference with the 
test results (65). The volunteers performed a warm-up until notice-
able perspiration occurred (t = 0). The EC devices were mounted at 

Fig. 5. Human trial. (A) Experimental scheme for healthy subject participation. The EC device was mounted onto the participant’s forehead after perspiration observed 
(t = 0). (B) Photograph demonstrating lactate levels 1 to 4 displayed by the EC sensor, along with real-time measured sweat lactate concentration and temperature illus-
trated via a smartphone application. Measured lactate concentration and the corresponding EPD response are aligned (blue dotted line). (C) Postanalyzed lactate concen-
tration and temperature data facilitated by the BLE system. Square dots represent lactate concentrations detected by a commercial sensor.
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this initial point, and the warm-up continued for an additional 
6 min. Subsequently, participants engaged in continuous exercise 
at an intensity designed to stimulate anaerobic metabolism and 
induce LT.

The on-body demonstration was conducted under ambient con-
ditions, where each EPD unit was activated sequentially in response 
to increasing lactate concentrations, with the corresponding real-
time concentration and temperature data simultaneously displayed 
on a smartphone application (Fig. 5B). The BLE system of the EC 
platform also facilitated postanalysis of trends, as illustrated in Fig. 
5C. Notably, the noise levels remained low even under intense exer-
cise conditions, which typically involve extensive movement. A 
sharp increase in the signal was detected, mirroring the response 
pattern observed in in vitro tests when additional lactate was intro-
duced. This sharp rise in lactate concentration is attributed to 
increasing exercise duration and muscle fatigue. The lactate concen-
tration after LT ranged from approximately 10 to 20 mM, aligning 
with findings from previous studies (5, 27, 54, 55).

This system is distinctly differentiated from the existing colori-
metric system. Multiple concentration levels of analytes are deliv-
ered sequentially and continuously with just one display array; 
therefore, no separate chambers are required. In addition, the MCU 
can set the range of concentration levels delivered by the EPD, en-
abling it to overcome the limitation of existing colorimetric reac-
tion, which responds visibly only within a specific concentration 
range. The compatibility of wearable EPD with electrochemical sen-
sors and FPCB, which are being commonly used in epidermal sen-
sors, verifies the expandability of EC platforms.

DISCUSSION
We developed a wearable sweat sensor platform that integrates 
electrochemical and colorimetric mechanisms through the use of 
EPD technology. The MCU, as part of the data processing module, 
uniquely reads pH status using RGB sensor and digitally calibrates 
the electrochemical lactate signal to reflect the physical condition in 
both smartphone and EPD array. The wearable EPD was created us-
ing a unique folding structure that produces vertical E-field. The 
performance of the wearable EPD was further enhanced by chemi-
cal surface treatments and the optimization of driving waveform. 
The CIELAB method enabled the quantitative analysis of these en-
hancements. For the optimized EPD, we confirmed a response time 
of less than 0.5 s and a contrast difference of at least ∆Eab > 30. The 
human trial demonstrated the potential for the sensor to be used 
both holistically and personally, through the concurrent use of EPD 
and the BLE protocol. This clinical promise also lies in the exclusive 
characteristics including real-time, continuous, range-controllable 
digital colorimetric displaying. Furthermore, this platform’s com-
patibility with numerous existing electrochemical sensing technolo-
gies makes it promising for more practical and clinical applications 
as a next-generation wearable sweat sensor beyond paper-based 
colorimetry.

MATERIALS AND METHODS
Materials
TTF, glutaraldehyde, chitosan, acetic acid, PtB, PVC, tetrahydro-
furan (THF), Nafion 117–containing solution, poly(pyromellitic 
dianhydride-co-4,4′-oxydianiline), amic acid solution, poly(vinyl 

pyrrolidone) (PVP), methanol, methyl methacrylate (MMA), 
3-aminopropyltriethoxysilane (APTES), ethylene glycol dimethac-
rylate (EGDMA), 2,2′-azobis(2-methylpropionitrile) (AIBN) solu-
tion, methacrylic acid (MAA), toluene, SPAN 85, Halocarbon oil 
27, oil blue N, sodium phosphate dibasic heptahydrate, sodium 
phosphate monobasic monohydrate, l-lactic acid, UA, d-glucose, 
sodium chloride, AA, urea, NH4Cl, CaCl2, and MgCl2 were pur-
chased from Sigma-Aldrich. LOx and buckypaper were obtained 
from Toyobo and NanoTechLabs, respectively. Titanium oxide 
nanopowder was acquired from AVENTION. The 495 PMMA A4 
was purchased from Kayaku Advanced Materials. AZ5214E and 
AZ P4620 were obtained from AZ Electronic Materials. ISOPAR-G 
and ITO/glass were purchased from Exxonmobil chemical and 
Omniscience in order. KMPR 1010 was obtained from Microchem 
Inc. All chemicals except for MAA, EGDMA, and AIBN were all 
used without any purification. MMA, EGDMA, and AIBN were 
used after removal of the inhibitor by letting it flow through the 
inhibitor removal column.

Development of amperometric lactate sensor
To fabricate the electrodes for the oxygen-reductive cathode and 
lactate-oxidative anode, a connective rectangular-shaped trace com-
prising 150 nm of Au on a 15-nm Cr adhesion layer was transferred 
onto a FPCB covered with PDMS. To begin electrode transfer, 
poly(methyl methacrylate) (PMMA) solution was spin-coated at 
3000 rpm for 30 s and baked at 180°C for 5 min to form a sacrificial 
layer. A layer of poly(pyromellitic dianhydride-co-4,4′-oxydianiline), 
amic acid solution was subsequently spin-coated at 4000 rpm for 30 s 
and baked at 250°C for 90 min to support the transferred Au elec-
trode. Following the deposition of the Au and Cr layers, a typical 
etch-back process was used using an AZ5214E photoresist layer, de-
fined by spin coating at 3000 rpm for 30 s, soft baking at 110°C for 
1 min, 15 s of ultraviolet exposure, and 40 s of development. Photo-
lithography using AZ4620 photoresist proceeded with similar con-
ditions used for the previous process. AZ4620 was coated at 4000 rpm 
for 30 s followed by soft bake at 110°C for 3 min. Exposure of 1 min 
enabled defining the area of the exposed polyimide (PI) layer. After 
developing the photoresist with MIF500 for 110 s, areas where the 
PI layer was exposed were etched using O2 reactive ion etching (RIE) 
at 150 W for 11 min. The remaining photoresist was removed, and 
the wafer was placed in boiling acetone at 60°C for approximately 
4 hours to eliminate the sacrificial PMMA layer, allowing the Au 
electrode to be transferred to the PDMS substrate using a PDMS 
stamp treated with O2 plasma.

For the fabrication of the circular sensitive areas to be connected 
to rectangular-shaped trace, 150 nm of Au on a 15-nm Cr adhesion 
layer was deposited on a PI film through e-beam evaporation. This 
layer was laser-cut into 2-mm-diameter circles to be used as a cath-
ode or an anode. To immobilize LOx on the anode, buckypaper was 
used as the substrate, punched into 2-mm-diameter circles, and af-
fixed to the Au using Ag paste. A solution of 2 μl of 0.1 M TTF in an 
acetone/ethanol mixture (1:9 volume ratio) and 4 μl of LOx solution 
(60 mg/ml in 0.01 M phosphate buffer of pH 7.4 with 0.25  wt % 
glutaraldehyde) was applied. Three microliters of chitosan solution 
was added to enhance the stability of the electrochemical sensor. 
The anode was further dipped into the same chitosan solution fol-
lowed by a PVC solution (3% in THF). For the cathode, 6 μl of PtB 
in deionized water (10 mg/ml) was deposited on the circular Au 
electrode. A 0.4-μl drop of Nafion 117 solution was used to create an 
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immobilization layer. The 2-mm-diameter circular areas for both 
anode and cathode were connected to the previously mentioned 
connective trace using Ag paste, and this assembly was insulated 
using commercial epoxy.

Characterization of lactate amperometric sensor
The real-time voltage signal of lactate concentration was moni-
tored using a potentiostat (PGSTAT204; Metrohm), while the 
electrochemical electrodes were immersed in a buffer solution. 
The temperature of the buffer was controlled by placing it on a 
hotplate, while the buffer was subjected to moderate stirring. To 
evaluate the reusability of the sensor, a cycle test was performed by 
promptly immersing the sensing electrodes into preheated 0 mM 
buffer. No additional washing process was required to obtain the 
cyclic response.

The artificial sweat used in the experiments was prepared ac-
cording to a previous study (10). Twenty-two millimolar urea, 3 mM 
NH4Cl, 0.4 mM CaCl2, 50 μM MgCl2, 25 μM UA, 0.1 mM glucose, 
and 5.5 mM lactic acid were used to prepare artificial sweat. The pH 
of the artificial sweat was adjusted to four different levels—7.5, 6.5, 
5.5, and 4.5—to evaluate the pH dependence of the amperometric 
sensor’s performance.

Fabrication of microfluidics for amperometric sensor
The microfluidic channel mold for the amperometric sensor was 
fabricated using the DRIE process. A layer of KMPR 1010 photore-
sist was spin-coated on a 4″ wafer at 3000 rpm for 30 s, achieving a 
thickness of approximately 11.3 μm. This was followed by a soft bake 
at 110°C for 5 min and exposure to a total of 420 mJ/cm2, which 
enabled defining the deep trenches required for the microfluidic 
structures. Post exposure bake (PEB) at 100°C for 2 min further de-
fined these structures. The development process using SU-8 devel-
oper for 2 min removed the unexposed regions of the photoresist, 
completing the mold.

The trenches achieved a depth of 600 μm through the DRIE pro-
cess. Before casting PDMS mixed at a ratio of 10:1, a 150-nm layer of 
PMMA was deposited onto the mold. This PMMA layer, specifically 
PMMA 495 A4, was spin-coated at 3000 rpm and baked at 180°C for 
5 min to facilitate the easier removal of the PDMS layer later. The 
PDMS solution was subsequently spin-coated on the mold at 200 rpm 
and cured at 180°C for several hours. Once cured, the microfluidic 
top layer was mechanically punched to create an outlet hole for 
sweat collection. This top layer, now featuring a hole, was bonded to 
the Au electrode–transferred PDMS substrate using O2 plasma.

Preparation of E-ink
E-ink was prepared by dispersing pigment particles [TiO2/P(MMA-
EGDMA)-co-MAA] into a dyed oil suspension. The synthesis of pig-
ment particles involves the following steps: TiO2 core particles 
were treated with an APTES cross-linking agent to form TiO2-
APTES. Toluene was selected as the solvent for APTES functionalization. 
Refluxing 6.67 g of TiO2 in a mixture of 351 ml of toluene and 17.6 ml 
of APTES for 12 hours (300 rpm, 65°C) enabled synthesis of APTES-
functionalized TiO2. Methanol was chosen as the solvent for the disper-
sion polymerization of TiO2/P(MMA-EGDMA)-co-MAA. To prevent 
the aggregation of APTES-TiO2 core particles, 12 g of PVP as a disper-
sant was introduced into 400 ml of methanol and stirred for 1 hour. 
After 20 min of sonication and stirring under N2 following the addition 
of APTES-TiO2, a sonicated mixture of monomers containing 15.2 ml 

of MMA and 724 μl of EGDMA was sequentially added. The synthesis 
was initiated by introducing 2184 μl of AIBN after the mixture was 
sonicated for 5 min. Dispersion polymerization was performed by re-
fluxing the entire system for 25 hours at 250 rpm and 65°C. The charge 
control agent, MAA, was added during the reflux. Adequate wash-
ing and N2 drying completed the preparation of the TiO2/P(MMA-
EGDMA)-co-MAA pigment particles for EPD.

The base oil solution was fabricated using Halocarbon oil 27 and 
ISOPAR-G. Oil blue N was added to this base oil mixture at a ratio 
of 0.14% (w/w), and the overall solution was sonicated for 1 hour to 
obtain a dyed oil suspension. The proportions of E-ink supplements 
were optimized to 12.6% (w/w) of synthesized pigment particles and 
11.6% (w/w) of SPAN 85 of the total E-ink solution. Sonication of 
the total E-ink solution for approximately 5 min completed E-ink.

EPD fabrication
The detailed fabrication process of EPD is illustrated in fig. S3. 
Microfluidic chamber mold for E-ink injection was fabricated using 
a method similar to that used for an amperometric sensor. The pat-
terning recipe for KMPR 1010 was identical to the one previously 
described. The thickness of the trench achieved via DRIE was 250 μm. 
The EPD spacer was constructed by pouring a mixture of elastomers 
(10:1 PDMS and Dragon Skin in a 3:4 ratio) onto a wafer mold. The 
ITO surface of the ITO/glass, which was electrically connected to 
the serpentine trace of the FPCB via Ag paste, was aligned with the 
wafer mold. Following the complete curing of the elastomer mix-
ture, the inlet and the outlet were created using a mechanical punch, 
and the inside of the chamber was treated to display -NH2 groups. 
The amine treatment was conducted by dropping APTES (1%) solu-
tion into the chamber for 5 min, followed by DI water rinsing. The 
completed EPD module was attached to the Cu electrode of the 
FPCB through O2 plasma treatment, enabling the trapping of E-ink 
between the ITO top electrode and the Cu bottom electrode. E-ink 
was injected through the inlet using a pipette or a syringe.

Characterization of EPD
The performance of the EPD was characterized by CIELAB analysis. 
A video was recorded to analyze the EPD module while the driving 
waveform was applied. After capturing the video, it was converted 
into a series of pictures at an appropriate sampling rate. The RGB 
value of the EPD in each picture was obtained. The conversion of 
these RGB values to ΔEab involved a sequence of transformations: 
initially to linear RGB, subsequently to XYZ, followed by xy, and 
lastly to L*a*b*.

The parameter of linear RGB was calculated as follows

where R′ is the portion of the R value obtained by R

255
. The values of 

linear G and B were calculated similarly.
Parameters of X, Y, and Z could be defined by the following 

equation

(linear R) =

⎧
⎪⎨⎪⎩

R�

12.94
(R≤0.04045)

�
R�+0.055

1.055

�2.4

(R>0.04045)

X ={(linear R) ∗0.412453+(linear G) ∗0.35758

+(linear B) ∗0.180423}∗100
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Next, the parameters of x and y were calculated as

Finally, the value of x and y could be converted to L*a*b*

To assess the change of color and response time of EPD, ΔEab was 
estimated as

where ΔL*, Δa*, and Δb* indicate L∗white − L∗EPD, a∗white − a∗EPD, 
and b∗white − b∗EPD, respectively. L∗white, a∗white, and b∗white were ac-
quired similarly by analyzing the white reference point simultaneously.

Design and fabrication of the processing unit
Schematics of the FPCB and board layout were designed using 
AUTODESK EAGLE (version 9.6.2). The components include a 
Bluetooth SoC (nRF52832, Nordic Semiconductor), 32-MHz 
crystal (Q22FA1280002500, Epson Timing), 2.45-GHz antenna 
(2450AT18D0100E, Johanson Technology), 3.3-V power manage-
ment integrated circuit (ADP160AUJZ-3.3-R7, Analog Devices Inc.), 
3.7-V lithium polymer battery with an integrated battery protect circuit 
(220 mAh; TW651725, Thehan), slide switch (PCM12SMTR, C&K), 
color sensor (BU27006MUC-ZTR, ROHM Semiconductor), white 
LED (598-2A00-107F, Dialight), red LED (IN-S63ASR, Inolux), blue 
LED (IN-S63AS5B, Inolux), and passive elements with footprints of 
0.6 mm × 0.3 mm (0201) and 1.0 mm × 0.5 mm (0402) (resistors, 
capacitors, and inductors). All components were assembled on the 
FPCB which was manufactured by a vendor using solder paste 
(SMDLTLFP, Chip Quik). Customized firmware was uploaded using 
Segger Embedded Studio (version 8.10b).

Processing of data in receive system
Processing unit transmitted data array including RGB parameter of 
pH paper, lactate molarity, and temperature via BLE notification. 
Customized application programmed by an MIT app inventor re-
ceived the data array. Temperature and lactate molarity were updated 
on the graph once every second, and the scale of axes was automati-
cally modified to help users recognize the physiological state. The 

application provided the collected data in CSV format for the precise 
postanalysis.

Human trial
Human trial was approved by Institutional Review Board of Korea 
university (KUIRB-2024-0020-01), and all experiments were con-
ducted according to the approved protocol. The informed consent 
from all participants was obtained before the human trial. The EC 
device was attached onto the subject’s forehead through a biocom-
patible double-sided tape (468MP, 3M). This double-sided tape had 
a microfluidic design established through a computer-aided design 
(CAD) program (Rhino, Robert McNeel & Associates). This design 
prevented sweat from accumulating under the device substrate and 
enabled more efficient collection of sweat. After the experiment, 
sweat was collected using an 1.5-ml tube, which was later analyzed 
using a commercial lactate sensor (Accutrend Plus, Roche).

Supplementary Materials
This PDF file includes:
Supplementary Text
Figs. S1 to S26
Tables S1 to S3
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