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Background: This study explored the integration of conductive threads into a microfluidic compact disc (CD), developed us-
ing the xurographic method, for a potential sweat biosensing platform.

Material/Methods: The microfluidic CD platform, fabricated using the xurographic method with PVC films, included venting channels
and conductive threads linked to copper electrodes. With distinct microfluidic sets for load and metering, flow
control, and measurement, the CD’s operation involved spinning for sequential liquid movement. Impedance
analysis using HIOKI IM3590 was conducted for saline and artificial sweat solutions on 4 identical CDs, ensur-
ing reliable conductivity and measurements over a 1 kHz to 200 kHz frequency range.

Results: Significant differences in |Z| values were observed between saline and artificial sweat treatments. 27.5 pL of
saline differed significantly from 27.5 pL of artificial sweat, 72.5 pL of saline from 72.5 pL of artificial sweat,
and 192.5 pL of saline from 192.5 pL of sweat. Significant disparities in |Z| values were observed between dry
fibers and Groups 2, 3, and 4 (varying saline amounts). No significant differences emerged between dry fibers
and Groups 6, 7, and 8 (distinct artificial sweat amounts). These findings underscore variations in fiber char-
acteristics between equivalent exposures, emphasizing the nuanced response of the microfluidic CD platform
to different liquid compositions.

Conclusions: This study shows the potential of integrating conductive threads in a microfluidic CD platform for sweat sens-
ing. Challenges in volume control and thread coating degradation must be addressed for transformative bio-
sensing devices in personalized healthcare.
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Introduction

In recent years, there has been significant progress in devel-
opment of microfluidic platforms for biosensing applications.
However, the field of sweat biosensing still faces challenges
that limit its precision, sensitivity, and real-world applicabili-
ty. Existing technologies often grapple with issues related to
on-body collection, precision in volume control, and degrada-
tion of sensing components. This study aimed to address these
limitations and introduce a transformative approach to sweat
biosensing through the integration of conductive threads into
a microfluidic compact disc (CD) platform.

Since the 1990s, researchers have been investing their efforts
in refining microfluidic technologies [1]. To date, microfluidic
platforms have been classified into several categories, includ-
ing lab-on-a-chip (LOC), lab-on-paper (LOP), droplet-based mi-
crofluidic, and lab-on-a-disc (LOD) systems [2-5]. Among these,
the microfluidic compact disc (CD) platform, also known as a
centrifugal microfluidic CD, stands out for its inherent simplici-
ty and efficiency. Al-Fagheri et al [6] introduced an active valv-
ing on the microfluidic CD platform using paraffin wax to seal
venting chambers/holes. The new valving system was more
resilient against bursting at high frequencies and significant-
ly reduced the direct heating of samples and reagents in the
microfluidic CD system. Sayad et al [5] demonstrated the in-
tegration of loop-mediated isothermal amplification (LAMP)
in microfluidic CD for rapid foodborne pathogen detection.
Those achievements promise further microfluidic CD devel-
opment, improvement, and expanding the field of application.

The main materials of e-textiles are conductive threads capable
of conducting electricity from parts of units. In this case, con-
ductive fibers or fibers coated with various conductive coating
materials can be used to create conductive threads. The abil-
ity to incorporate an array of multiple textile sensors capable
of selectively detect different analytes absorbed into the fab-
ric would enable the creation of a powerful textile multisenso-
ry platform akin to a lab-on-fabric device. Although conductive
threads can be produced using various methods, the wrapping
and coating methods are the most common in the industry [7,8].
Interestingly, textile-based sensors have the same targets as
wearable sensors, which are biomarkers in human sweat, an epi-
dermally available biofluid containing various analytes [9]. The
ability to detect biosensing perspiration (sweating) levels may
open a new avenue for the early detection of pathological con-
ditions [10]. The importance of sweat in situ quantitative anal-
ysis for disease diagnosis and physiological health monitoring
has led to significant advancements in wearable electrochemical
sweat sensors. These sensors now offer complex and fully multi-
plexed systems, enabling simultaneous detection of multiple an-
alytes. The choice of sensing technique depends on the chemical
characteristics and concentration range of the target biomarkers
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in sweat. Additionally, the promising subfield of photoelectro-
chemical detection has garnered attention in analytical chem-
istry [11-15]. Furthermore, real-time sweat detection and anal-
ysis can be used as a physical reference for fitness assessment
and to indicate hyperhidrosis in non-medical situations [16,17].

Electrochemical sweat sensors have emerged as a critical tech-
nology for real-time sweat detection and analysis, offering high
sensitivity, selectivity, quick response times, and simplicity in
design. Advancements in this field, such as amperometry, po-
tentiometry, voltammetry, and photoelectrochemical detection,
have expanded the potential applications of electrochemical
sensors, including protein-specific immunosensors [11,12,15].
Promising studies have already demonstrated the effectiveness
of thread-based electrochemical sweat sensors in assessing fit-
ness levels and predicting fatigue [18]. These textile sensors,
with their three-dimensional structures, can accurately mea-
sure sweat quantity and perspiration levels in real-time [19].

Existing sweat biosensing technologies, while promising, often
fall short of providing precise and real-time analysis due to in-
herent challenges. On-body sweat collection remains a chal-
lenge, leading to potential inaccuracies in analyte detection.
Moreover, conventional platforms may struggle with volume
control, compromising the reliability of measurements. The
degradation of sensing components over time further hinders
the long-term effectiveness of current technologies.

The present study sought to bridge these gaps by leveraging
the unique properties of conductive threads within the micro-
fluidic CD platform. This integration introduces a novel dimen-
sion to sweat biosensing, addressing challenges related to vol-
ume control, on-body collection, and long-term reliability. By
combining the efficiency of microfluidic CDs with the electrical
properties of conductive threads, we aim to pave the way for a
new era in personalized healthcare and industrial applications.

The objectives of this study encompass the fabrication and char-
acterization of a microfluidic CD platform integrated with conduc-
tive threads, followed by an in-depth analysis of its performance
in sweat biosensing. Our focus was on overcoming the limita-
tions of existing technologies and demonstrating the potential
of this integrated approach for transformative applications. The
xurographic method was employed for CD fabrication, providing
a scalable and efficient means to integrate conductive threads.

Material and Methods

Design and Fabrication of the Microfluidic CD Platform

The microfluidic CD platform was fabricated with 6 layers of
polyvinyl chloride (PVC) films using the xurographic method.
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80 um Layer 1 —Top seal Vent & inlet
250 pm Layer 2 — Chamber & channel
250 um Layer 3 — Chamber & channel
250pm Layer 4 — Chamber & channel
250 um Layer 5 — Chamber & channel

80 um Layer 6 — Bottom seal

Figure 1. Schematic illustration showing the
layers and assembly of microfluidic CD.
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Figure 2. The design of microfluidic CD section — load and metering, flow control, measurement.

Each layer of microfluidic CD was designed in computer-aided
design (CAD) software and cut using a cutter plotter, as illus-
trated in Figure 1. Each layer was stacked and bonded using
a heat lamination process at 180°C. It consisted of 2 layers of
80-um PVC film for the top and bottom (with alignment holes),
4 layers of 250-um PVC film for the microfluidic components,
and 1 layer of 250-um PVC film for the microfluidic compo-
nent and venting channels. The 80-um foils were used as the
top and bottom cover with the inlet and ventilation holes. The
copper (Cu) electrodes were used as a conductive bridge be-
tween the conductive thread (inside the measurement chamber)
and the connection to the impedance analyzer crocodile clips.
The electrodes were also fabricated using xurographic tech-
nique. The total length of the thread was 40 mm, so the total
distance between electrodes was 35 mm. This thread length
corresponds to the size of the chamber optimized for a 4-set
CD. The thread is placed in the chamber between 2 layers of
self-adhesive copper tape. The lower layer of copper tape is
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positioned on the bottom layer of the microfluidic CD, while
the upper layer secures the thread at a distance of 35 mm.
Then, the chamber is closed during the hot lamination process.

The microfluidic CD consisted of 4 identical microfluidic sets,
as shown in Figure 2. Each microfluidic set was designed to
perform 3 processes: 1) load and metering, 2) flow control,
and 3) measurement.

1. The load and metering part was designed to store the ini-
tially loaded liquid (during rest) and then the meter load-
ed liquid into the designated section based on the volume
while the balance/excess flowed to the waste chamber. In
each set of this microfluidic CD, there were 4 metered sec-
tions categorized as Section 1 — 7.5 pL, Section 2 — 20 pL,
Section 3 — 45 pL and Section 4 — 120 pL. The metering pro-
cess started when the microfluidic CD was spun at a lower
speed (below the burst frequency).
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2. Flow control occurred right after the loaded liquid was me-
tered. The flow control sequenced the flow from the small-
est volume to the highest volume section into the analysis/
measurement chamber. To control the flow from the small-
est volume to the biggest, the hydraulic diameter (DH) of the
channels and the passive valves were introduced according
to the theoretical consideration reported by Thio et al [20].
The channel for the first section had the biggest channel
width (0.8 mm), followed by the rest of the section chan-
nels with a width of 0.7 mm. These adjustments were not
sufficient for used liquids, so the first and second sections
burst at the same time. To ensure sequential liquid deliv-
ery, the third section was designed with an additional pas-
sive valve, whereas the fourth section was designed with
2 additional passive valves. These adjustments were suffi-
cient for used liquids, and section 3 and section 4 burst at
different frequencies.

3. The measurement chamber was the final part of the micro-
fluidic network designed in this disc, where the impedance
measurements were taken via 2 conductive tapes connect-
ed at the end of each conductive thread.

Dimensions of the Microfluidic Channels

The specific dimensions of the microfluidic channels have been
provided. Details include the channel widths for each section,
the hydraulic diameter (DH) adjustments, and the introduc-
tion of passive valves for flow control. These adjustments are
based on theoretical considerations, as reported by Thio et
al [20]. The CAD file for the designs with exact dimensions is
included in the Supplementary Figure 1.

Specification of the Conductive Thread

Raw Material: The Silver-Tech 120 thread is composed of a
blend of polyamide and polyester that has been coated with
silver. This unique combination results in a sewing and em-
broidery thread that possesses conductive properties.

Construction Type: The Silver-Tech 120 thread can be classified
as a hybrid thread that has been skillfully engineered to pro-
vide enhanced functionality for conductive seams and surfaces.

Product Properties: The Silver-Tech 120 thread is a special-
ized sewing and embroidery thread that distinguishes itself
by the presence of a silver coating. Importantly, it has been
demonstrated to have no detrimental effects on cells in the
Cytotoxicity Test, as per the DIN EN ISO 10993-5 standard.
This ensures its compatibility for various applications, such
as textile electrodes that function as sensors and actuators.

Technical Specifications: Ticket Number: 120
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Embroidery Thread: 40 Tex Number: 28 Make-up: 2500 m FS
Number of Colors: 1 Minimum Needle Size in Nm: 75 Minimum
Needle Size in No: 11 Resistance: Less than 530 Q/m

Available Color: The Silver-Tech 120 thread is offered in color
number 1000, which gives it a raw, silver-grey appearance due
to its silver content. It is important to note that, over time, the
grey color may gradually darken as a result of the presence of
silver and the natural oxidation processes (AMANN Group, 2017).

Solutions and Chemicals Used

The Sodium Chloride Infundibile HF 9g/L Solution for Infusion,
produced by HEMOFARM AD VRSAC was used. It is a sterile
infusion solution that contains 9 g/L of sodium chloride. This
versatile solution allows for expression of doses in different
units, such as mEq or mmol of sodium, as well as the mass of
sodium or the mass of sodium salt. It is important to take into
account the conversion factors: 1 g NaCl is equal to 394 mg of
sodium, 17.1 mEq or 17.1 mmol of both sodium and chlorine.
In the field of medicine, an intravenous infusion of this solu-
tion with a concentration of 0.9% sodium chloride results in
an approximate tonicity of 308 mOsm/L. This particular char-
acteristic makes it suitable for intravenous use, as it provides
a well-balanced concentration of sodium chloride for medical
and therapeutic purposes. This Sodium Chloride Infundibile
HF solution adheres to established standards, offering flexi-
bility in the expression of dosages and contributing to its ap-
plicability in a variety of medical contexts.

Artificial Sweat pH 6.8, Nanochemazone, Chemazone, Inc.
Canada. Synthetic Perspiration/Artificial Perspiration Product
Number: NCZ-APS-0011-20. The pH of the product can be cus-
tomized according to specific requirements within the pH range
of 2.0 t0 9.0, and in this investigation pH of 6.8 has been used.
The ready-to-use Synthetic Eccrine Perspiration accurately repli-
cates the composition of genuine human eccrine sweat. It con-
sists of 19 amino acids, the 7 most abundant minerals, and
the 4 most prevalent metabolites, all at pH 4.5. The concen-
trations in this product closely align with those experimental-
ly determined for adult human eccrine sweat. The stabilized
version of the Synthetic Perspiration solution undergoes pres-
ervation with a fungicide and bactericide, ensuring a shelf life
of 2 years when stored at room temperature.

Theory of Microfluidic Compact Disc Operation

The developed microfluidic platform was tested using 2 dif-
ferent liquids: (a) saline (Hemofarm, AD, Vrsac, Serbia) and (b)
standard artificial sweat solution. The standard artificial sweat
of pH 6.8 was used (Artificial Sweat pH 6.8, Nanochemazone,
Chemazone, Inc., Canada). Up until the testing phase, the pre-
pared fluids were kept at 4°C in the dark. Two discs of the same
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design were fabricated; the first was tested with saline where-
as the second was tested with artificial sweat. Each electrode’s
electrical continuity was measured to ensure the threads were
electrically connected. The thread (Silver-Tech 120) was sup-
plied by AMANN Group (Bonnigheim, Germany) and it belongs
to their Silver-Tech series (AMANN Group, 2017).

Before the target liquids were loaded into the LOAD chamber,
impedance measurements were taken on the thread of each
set. This was considered as the reference/dry thread measure-
ment. Then, a total of 220 pL of liquid was carefully loaded into
the LOAD chamber. When the liquid was loaded, the disc was
then placed on the spin system and spun with a gradual in-
crease of RPM (revolutions per minute) ranging from 0 to 1000
RPM. A microcontroller (ATmega328) was used for controlling

Figure 3. (A) Microfluidic CD spin system set up consist of
stroboscope, CD spin system and computer (speed
control and monitor). (B) The microfluidic CD under
test installed on the spin system.

the stepper motor rotation, consistent with our previous re-
ports [21-23]. Testo 477 LED stroboscope lighting was synced
with the RPM, to provide a still image-like video for observa-
tion of the liquid’s movement in the disc, as shown in Figure 3.
As the disc was spun, the liquid in the disc moved towards the
sectioned/metered portion of the LOAD chamber. The excess
solution was drained into the waste chamber.

The RPM was increased until the first and the second sec-
tion in the LOAD chamber (7.5 pL and 20 pl) burst out of the
LOAD chamber into the MEASUREMENT chamber. Then, the
disc slowly and gradually slowed until it stopped. The imped-
ance analyzer probe was then fixated to the conductive tape
of the thread for the measurement to be taken and recorded.
Once completed, the disc was spun again gradually until the
subsequent metered section in the LOAD chamber bursts out
into the MEASUREMENT chamber, where the disc was stopped
again for the measurement to be taken. The sequence of the
solution bursting out of the LOAD chamber was designed using
the passive valving technique and channel dimension manip-
ulation. It was designed to sequence the burst-out order from
7.5 uL+20 pL, 45 pL, and 120 pl respectively. This step was
repeated for all of the sets. The recorded measurement took
the total addition of solution in the MEASUREMENT chamber
as the resulting volume. The first measurement on the thread
were taken using 27.5 pL of liquid sample, 72.5 pL for the sec-
ond measurement, and 192.5 pL for the third measurement.
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Figure 4. (A) Actual image of the fabricated microfluidic CD, (B) waste chamber, (C) MEASUREMENT section, (D) LOAD section.

Finally, 4 CDs were fabricated. The tolerances achieved were
less than +0.4 mm in total. Moreover, each fabricated CD con-
tained 4 identical chambers with manually assembled elec-
trodes. These electrodes were thoroughly checked with a mul-
timeter before utilization for Hioki measurements. To ensure
reliable conductivity, each electrode was tested multiple times
during the fabrication process. If a significant resistance in-
crement was detected, we replaced the affected parts of the
electrode before CD lamination.

Impedance Analysis

Electrical continuity testing using a multimeter was performed
on dry electrodes. Once the electrical continuity test was per-
formed to confirm the electrical connectivity of each electrode,
impedance analysis was conducted using HIOKI IM3590, an im-
pedance analyzer for frequency sweep from 1 kHz to 200 kHz
(500 data points). Once the reference (short circuit) measure-
ment was completed, the dry electrode was measured, and
then the target liquid was added (saline or artificial sweat)
on the electrodes to perform a measurement. The impedance
(modulus and angle) was measured over the frequency range.

Statistical Analysis

One-way ANOVA with post hoc Tukey HSD test was performed
to analyze differences between the obtained values for all 4
measurements in both discs, with the level of significance set
at P<0.05 Post hoc analyses for specific comparisons were per-
formed for |Z| and theta values between different groups to
identify nuanced differences.

Results

The results of the microfluidic CD fabrication are shown in
Figure 4. The microfluidic CD consisted of 4 different layers of
chambers and channels with additional layers as the top (vent
and inlet) and bottom seals. The total weight of the fabricated
microfluidic CD was 5 g. Figure 4A shows an actual image of
the fabricated microfluidic CD platform integrated with conduc-
tive threads of Silver-Tech 120 for potential sweat biosensing.

As illustrated in Figure 4C, the integrated conductive thread
microfluidic CD using commercially available Silver-Tech 120
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Table 1. Preparation of analyzed liquid samples (saline and artificial sweat).

Sets Liquids Volume (pL)
1 Saline/artificial sweat 192.5
2 Saline/artificial sweat 192.5
3 Saline/artificial sweat 27.5
72.5
192.5
4 Saline/artificial sweat 27.5
72.5
192.5

Output Thread Electrode
G, AG, |Z], ® Silver-tech 120* Cu
G, AG, |z, © Cu
G, AG, |Z|, ® Cu
G, AG, |Z|, © Cu

* Technical data: (NEN I1SO 2062). Linear density (dtex) (DIN EN ISO 2060): 93 * 3; Linear density (Nm) (DIN EN ISO 2060) 108/3;
Optical Diameter 0.23 mm; Breaking force (cN) (DIN EN ISO 2062) 1260; Elongation at break (%) (DIN EN I1SO 2062)-16; Resistance

<530 Q/m.

Table 2. Speed of disc (burst frequency).

Sectioned chamber  Theoretical burst

(u) frequency (RPM) Cu - saline/

artificial sweat

Observed burst frequency (RPM)

Cu - saline/
artificial sweat

Cu - saline/
artificial sweat

Cu - saline/
artificial sweat

* The theoretical speed was calculated using the burst frequency formula reported in Madou et al [24] without the account for

additional passive valves.

threads consisted of 4 major sections with Cu electrodes, as
shown in Table 1. Table 1 summarizes the testing of target
liquid (ie, saline or artificial sweat) on Cu electrodes to obtain
impedance over frequency range, then we calculated conduc-
tance (G) and the difference in conductance relative to dry
measurement (AG) as an output of this study. The observed
burst frequency (RPM) was experimentally determined to be
in the range of 320 to 520 RPM, as shown in Table 2. The val-
ues of observed burst frequency were in accordance with the-
oretical expectations.

One-way ANOVA with post hoc Tukey HSD test was used to
analyze the differences between obtained values for all 4
measurements in both discs. For |Z| values, there were signif-
icant differences between Group 1 (dry fibers) and Groups 2,
3, and 4 (different amounts of saline) with P values of 0.0001,
0.0000, and 0.0000, respectively. However, the trend was
present, as can be seen in Figure 5, but no significant differ-
ences were found between Group 5 (dry fibers) and Groups
6, 7, and 8 (different amounts of artificial sweat), as their P
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values were 0.4147, 0.1546, and 0.1374, respectively. For im-
pedance angle values, there were no significant differences
between Group 1 (dry fibers) and Groups 2, 3, and 4 (differ-
ent amounts of saline), as their P values were 0.9916, 0.8836,
and 0.8575, respectively. Similarly, no significant differences
were observed between Group 5 (dry fibers) and Groups 6, 7,
and 8 (different amounts of artificial sweat), with P values of
0.9999, 0.9996, and 0.9990, respectively. In addition, for |Z|
values, Group 2 (27.5 L of saline) showed a significant differ-
ence compared to Group 6 (27.5 pL of artificial sweat) with a
P value of 0.0111; Group 3 (72.5 pL of saline) showed a sig-
nificant difference compared to Group 7 (72.5 pL of artificial
sweat) with a P value of 0.0000; Group 4 (192.5 pL of saline)
showed a significant difference compared to Group 8 (192.5
pL of sweat) with a P value of 0.0000. For theta values, post
hoc analysis revealed Group 2 (27.5 pL of saline) and Group
6 (27.5 pL of artificial sweat) did not show a significant dif-
ference in impedance angle values, with a P value of 1.0000;
Group 3 (72.5 L of saline) and Group 7 (72.5 pL of artificial
sweat) did not show a significant difference in theta values,
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with a P value of 0.9944; and Group 4 (192.5 pL of saline) and
Group 8 (192.5 pL of sweat) did not show a significant differ-
ence in theta values, with a P value of 0.9949. These results
indicate that the equivalence between the corresponding sa-
line and sweat treatment groups (Groups 2 and 6, Groups 3
and 7, and Groups 4 and 8) showed no significant differences
in impedance angle values, suggesting similar properties be-
tween the exposure to equivalent amounts of liquids. However,
there were significant differences observed in |Z| values, indi-
cating variations in fiber characteristics between the equiva-
lent exposures. Finally, comparisons were performed between
various amounts of liquids and the data suggested the follow-
ing: The |Z| value comparisons within saline groups (Groups 2
(27.5 pL), 3 (72.5 pL), and 4 (192.5 pL) showed significant dif-
ferences, with Group 3 having the highest |Z| value, followed
by Group 4, and Group 2 having the lowest |Z| value. For artifi-
cial sweat groups, Groups 6 (27.5 pL), 7 (72.5 pL), and 8 (192.5
pL) had significantly different |Z| values, with Group 7 having
the highest |Z| value, followed by Group 8, and Group 6 hav-
ing the lowest |Z| value. No significant differences were found
in impedance angle values among all the compared groups.

Discussion

This study presents (1) for the first time, an application of a
precise, cost-effective, and rapid prototyping xurography tech-
nique to fabricate the lightweight CD-like platform for poten-
tial biomedical applications; (2) a comprehensive electrochem-
ical analysis of a system consisting of thread-biological fluids
electrodes; and (3) a microfluidic CD as a scaffold for the fab-
rication of an electrochemical analysis system as biosensors
for future biomedical and industrial applications [25-27]. The
present study represents an advancement in the field of micro-
fluidic biosensing, introducing a novel approach that integrates
conductive threads into a microfluidic compact disc (CD) plat-
form. This approach, facilitated by the precise, cost-effective,
and flexible rapid prototyping xurography technique, allows
for the fabrication of a lightweight CD-like platform, offering

potential applications in both biomedical and industrial settings.
This study marks the first application of conductive fibers in a
microfluidic CD system, presenting an innovative combination
of technologies for potential sweat biosensing. The flexibility
of the middle layer material, combined with the integration
of conductive threads, represents a novel direction for micro-
fluidic CD development. To the best of our knowledge, the in-
tegration and characterization of conductive fibers within mi-
crofluidic CD systems have not been previously explored. In
this study, the microfluidic CD platform was carefully designed
and fabricated with 6 layers, including chambers and channels,
with additional top and bottom seals. The successful fabrica-
tion of the microfluidic CD, as depicted in Figure 4, showcases
the potential of the xurography technique for rapid and pre-
cise prototyping of complex microfluidic systems. The result-
ing lightweight CD-like platform, weighing only 5 grams, high-
lights its suitability for portable and point-of-care applications.

For electroanalytical applications, thread-based microfluidic de-
vices have shown promising performance. Agustini et al [26]
demonstrated the use of thread microchannels for electro-
chemical micro-flow injection analysis without the need for
any treatment before use. A study by Carneiro et al [27] com-
bined 3D-printed microfluidic structures with cotton threads
for amperometric detection of antioxidants in wine samples,
achieving low limits of detection and excellent sensitivity com-
pared to other sensors.

In this study, the fabrication method chosen was determined
by its ability to produce a part with desired properties. In a
short amount of time, this method allows for the lamination
of multilayered structures carved from pressure-sensitive and
thermally activated adhesive foils (less than 15 minutes). While
the advantage of flexibility should be considered in the con-
text of the fabrication technique and platform versatility, we
acknowledge that the physical deformability of the microflu-
idic CD poses complexities in precision during analysis. Future
research will be dedicated to exploring and addressing these
complexities, focusing on optimizing device design, materials,
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and mechanical properties to ensure the precision and accu-
racy of analyte detection in various applications.

Various fabrication techniques for microfluidic devices are
used to achieve maximum performance while lowering fabri-
cation costs. The main directions of development include sili-
con-based microfabrication, which is essentially based on mi-
croelectromechanical systems (MEMS) fabrication techniques,
or, as an alternative material, glass, rapid prototyping in poly-
mers (including elastomers: polydimethylsiloxane, poly (meth-
yl methacrylate), and thermoplastics like 3D printing, and pa-
per-based techniques. Our research in detection development
combines a microfluidic platform that aims to detect the elec-
trical parameters of the conductive fiber integrated into the
cells of the microfluidic system. To the best of our knowledge,
conductive fibers and their characterization under the influ-
ence of physiological liquids have not been previously imple-
mented in microfluidic CD systems.

Sweat is becoming an extremely valuable analyte in many bio-
medical applications, as well as for various types of industrial
applications. Sweat, as a rich source of electroconductive elec-
trolytes such as sodium and potassium, holds great significance
in numerous biomedical and clinical settings. It has been ex-
plored for a variety of applications, including early diagnosis

of cystic fibrosis, assessment of hydration levels, and as an
indicator of various physiological conditions [8]. Additionally,
sweat conductivity has been investigated in industrial appli-
cations, offering insights into the effects of moisture on elec-
trical properties in textiles and e-textile applications. With the
integration of conductive fibers into the microfluidic CD plat-
form, this study harnessed the potential of sweat as a valu-
able analyte for biosensing applications. The comprehensive
electrochemical analysis conducted in this study offers valu-
able insights into the behavior of the integrated system com-
prising conductive threads, copper electrodes, and 2 types of
conductive solutions (saline and artificial sweat). The choice
of electrodes plays a crucial role in the performance of the
electrochemical system, as their conductivity significantly af-
fects the measurement outcomes. Copper (Cu) was selected as
electrode material due to its favorable conductivity properties.
Concerning electrodes, copper-based electrodes are the best
choice for various electronic applications. The main criterion
for electrode material selection is conductivity. The conductiv-
ity of annealed copper is 59x106 siemens/meter. In this study,
the impedance pattern of saline and artificial sweat was test-
ed on Cu electrodes, as shown in Figures 6 and 7. Data from
the National Institute of Standards and Technology indicate a
conductivity of k=14.5 mS/cm (and resistivity p=68.9 Q/cm)
for a 0.9% saline solution at 22°C [28]. The mean value for
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the sweat conductivity is 16 150 mQ/cm [29]. The electric re-
sistance (nominal) of silver-coated polyamide/polyester hy-
brid thread Silver-Tech 120 in a published work was reported
to be <530 Q/m [30]. The artificial sweat conductivity ranges
from 2.5 to 40 mS/cm [31,32]. Silver-based conductive threads
for creating sewn circuits in biomedical applications due to
broad-spectrum antimicrobial, antibacterial, and antistatic
properties. These threads have excellent thermal conductivi-
ty and stability and are gentle on the skin. A recent study by
Qureshi et al [33] compared the impedance change of 2 types
of sensors as a function of moisture content to assess the sen-
sor’s utility. Embroidered electrodes exhibit significant imped-
ance activity due to a somewhat polarizable electric character-
istic of the moist substrate. It behaves like a lossy capacitor,
with a dielectric constant that changes proportionally with
moisture and conductivity that increases as leakage occurs.

Saline and artificial sweat share certain similarities and differ-
ences in their composition and properties. Both solutions aim
to replicate the electrolyte balance and physiological charac-
teristics, making them valuable tools in various scientific and
industrial applications, as described in the report similarly in-
vestigating the effect of various physiological solutions on fi-
bers [34]. However, a notable difference between them lies in
their burst frequency, as observed in our study, a divergence
attributed to variations in viscosity and manufacturing toler-
ance. While both solutions strive to mimic the ionic composi-
tion of physiological bodily fluids, the dissimilarities in these
physical aspects can lead to divergent burst frequencies.

In a study by Zhao et al [35], a flexible and wearable micro-
fluidic device known as the microfluidic thread/fabric-based
analytical device was developed for sweat sensing and moni-
toring. This skin-mounted band integrated hydrophilic dot pat-
terns with a hydrophobic surface, enabling precise analysis of
local sweat loss, pH, chloride, and glucose concentrations in
sweat [35]. Li et al [36] summarized recent advancements in
wearable microfluidic sensors for healthcare monitoring. These
sensors, attached to the skin, provided high precision assess-
ment of physiological information such as sweat loss, metab-
olites, and electrolyte balance. Curto et al [10] introduced an
autonomous and wearable microfluidic platform capable of re-
al-time pH analysis in sweat. The platform incorporated an opti-
cal detection system with a surface mount light-emitting diode
and a light photosensor, enabling successful real-time moni-
toring of sweat pH during physical activities. Ahlawat, Bhatia,
and Kumar highlighted the growing significance of thread-
based microfluidic devices as inexpensive and disposable al-
ternatives for detecting biomarkers in urine or blood [37]. The
study emphasized the advantages of multifilament threads, in-
cluding low cost, light weight, easy availability, and hydrophilic
nature, making them suitable for various microfluidics-based
technologies. Capillary channels within threads facilitated easy
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fluid flow, eliminating the need for external pumping systems.
Thread-based microfluidic sensors were considered advanta-
geous over paper-based sensors due to their broader materi-
al choices and cost-effectiveness [37].

Based on previous research, the conductivity of the base fab-
rics has a notable influence on the mechanical strain expe-
rienced during laundry conditions. Moreover, wet chemical
processes applied to textiles significantly affect the electrical
resistance of conductive textile materials. These materials are
utilized as conductive tracks and transmission lines in elec-
tronic textile (e-textile) applications, as indicated in studies by
Simegnaw et al [38], Jia et al [19], Zhao et al [35], Li et al [36],
Curto et al [10], and Ahlawat et al [37]. Introducing rotation in
the microfluidic compact disc (CD) induces centripetal force,
which facilitates fluid movement within the disc. This inno-
vative technique enables precise manipulation of small fluid
volumes and controlled delivery of analytes to specific cham-
bers, thereby enhancing the accuracy and sensitivity of bio-
sensing. By examining the conductance values and impedance
patterns of electrodes in response to varying volumes of saline
and artificial sweat, valuable insights are gained into the dy-
namic behavior of the system. A comprehensive understand-
ing of the electrochemical characteristics exhibited by the in-
tegrated system under different physiological fluid volumes is
pivotal in optimizing the platform’s overall performance and
sensitivity. Our findings align with the detection of liquid quan-
tities and notably distinguish between saline solutions, exhibit
a discernible trend with artificial sweat, and offer a reasonable
basis for comparing results with the aforementioned studies.

The integration of conductive fibers within the microfluidic CD
platform opens up exciting possibilities for various biomed-
ical and industrial applications. In the field of biomedicine,
the ability to biosense physiological fluids such as sweat of-
fers numerous advantages, including non-invasiveness, real-
time monitoring, and potential early detection of diseases. For
instance, the detection of specific biomarkers in sweat could
provide valuable insights into an individual’s health status and
help diagnose conditions such as cystic fibrosis, diabetes, and
dehydration. Moreover, the integration of conductive threads
into wearable biosensing devices could revolutionize fitness
monitoring and personalized healthcare by providing contin-
uous, unobtrusive monitoring of vital signs.

While this study presents a novel in vitro biosensing platform,
several limitations warrant consideration. The characterization
of the fiber’s structural aspects, although recognized as essen-
tial, remains an aspect that could provide deeper insights into
the system. Building upon the current study, there are sever-
al avenues for future research that could address its limita-
tions and expand its scope. Further investigations should en-
compass diverse fiber types, a wider range of parameters, and
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the inclusion of frequencies below 1 kHz in the electrochemi-
cal impedance spectroscopy (EIS). By embarking on these en-
hancements, the study seeks to refine its contributions to the
understanding of the biosensing platform’s capabilities and
potential applications.

Further investigations into the electrochemical behavior of dif-
ferent electrode materials and conductive solutions are warrant-
ed to optimize the platform’s performance for specific applica-
tions. Exploring the influence of various physiological factors,
such as temperature and pH, on the conductive thread’s behav-
ior will also be important for ensuring the platform’s robust-
ness and applicability under diverse conditions. Moreover, the
integration of specific sensing elements within the microflu-
idic CD platform, such as antibodies or molecular probes, will
enable targeted detection of biomolecules in sweat, enhanc-
ing the platform’s specificity and sensitivity. Miniaturization
and wearable integration of the biosensing system will be cru-
cial for translating the technology into real-world applications.

In conclusion, this study demonstrates the potential of inte-
grating conductive threads within a microfluidic CD platform
for future sweat sensing applications. The combination of rap-
id prototyping xurography and conductive fibers opens up new
opportunities for the development of innovative biosensing

technologies with diverse applications in biomedical and in-
dustrial fields. Further advancements in materials, fabrication
techniques, and sensor integration will pave the way for trans-
formative biosensing devices, ushering in a new era of per-
sonalized and non-invasive healthcare monitoring. Despite the
promising results obtained in this study, several challenges and
future directions must be addressed to fully realize the poten-
tial of the integrated microfluidic CD platform. The observed
behavior of the system with very small volumes of tested so-
lutions highlights the need for precise control and standard-
ization of liquid volumes to ensure precise and reliable mea-
surements. It can be observed in Figure 8 and particularly in
Figure 9 that the measurements with the smallest amount of
liquid did not have reliable outputs, since the amount was ap-
parently not enough to completely wet the electrode and capil-
lary forces moved the liquid during measurements. It was also
observed that the conductance decreased with an increased vol-
ume of saline or artificial sweat. The Ag coating of the thread
is covered with cracks and damage (Stavrakis et al, 2021). By
wetting it, the cracks in the coating become wider and small
coating flakes are disengaged or partially detached from the
coating layer. This results in partial reductance of a conduc-
tive path; therefore, conductance will be reduced. Probably,
the threads will become damaged from the artificial sweat or
saline and wetted, which can cause the silver coating of the
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thread to develop cracks and degrade the conductive coating
separated and hence, reducing conductivity and increasing ca-
pacitance. This is evident in Figure 9, where the AG increases
as the total volume in the chamber increases.

The innovative approach employed in the study involves the
integration of conductive threads into a microfluidic CD plat-
form for the purpose of sweat biosensing. This approach in-
troduces a novel dimension to the field, combining rapid pro-
totyping xurography with conductive fibers to facilitate the
development of a lightweight and cost-effective biosensing
device. Additionally, it opens up new avenues for personalized
healthcare monitoring. The effective fabrication of the micro-
fluidic CD, as depicted in Figure 4, exemplifies the potential
of the xurography technique in creating intricate microfluidic
systems with precise control. This method allows for the lam-
ination of multilayered structures within a remarkably short
timeframe, highlighting its efficiency in rapid prototyping.
The resulting CD-like platform, weighing only 5 grams, show-
cases its portability, making it suitable for point-of-care ap-
plications and continuous health monitoring. In future appli-
cations, the integration of specific sensing elements, such as
antibodies or molecular probes, can be explored to enhance
the platform’s specificity and enable targeted detection of bio-
molecules in sweat. This study sets the stage for further in-
vestigations into optimizing the platform’s performance, ex-
ploring diverse electrode materials, and expanding the scope
of physiological factors considered.

The behavior observed in the system when tested with very
small volumes of solutions, as illustrated in Figure 8 and par-
ticularly in Figure 9, emphasizes the importance of precise con-
trol and standardization of liquid volumes to ensure accurate
measurements. The challenges associated with the reliability
of outputs, especially with minimal liquid volumes, can be at-
tributed to incomplete wetting of the electrode caused by cap-
illary forces. Figure 6 shows that the conductance decreases

Supplementary Figure
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as the volume of saline or artificial sweat increases, indicating
potential damage to the conductive thread coating. The cracks
and damages in the silver coating of the thread, exacerbated
by wetting, contribute to the reduction in conductivity and an
increase in capacitance. This phenomenon underscores the
significance of material durability, particularly when exposed
to physiological fluids, and suggests the need for further ex-
ploration in material engineering to enhance the robustness
of the conductive fibers. Future research endeavors will aim
to refine the capabilities of the platform, address these chal-
lenges, and explore advanced materials and fabrication tech-
niques to pave the way for transformative developments in
the field of microfluidic biosensing.

Conclusions

This study has explored the optimal configuration of multiplex
and cost-effective techniques for fabricating microfluidic de-
vices on compact discs (CDs) specifically designed for biomed-
ical applications and general health monitoring purposes. By
integrating low-cost microfluidics on CDs with foils produced
by the xurography method, we have developed chambers that
enable the analysis of the intricate interaction between con-
ductive thread and physiological liquids. To scrutinize the ef-
fects of different quantities of saline and artificial sweat, we
employed comprehensive methods based on electrical imped-
ance analysis. The obtained results reveal that our microfluid-
ic CD system has exceptional sensitivity in detecting changes
in impedance patterns within a small volume range, thereby
eliminating the need for extensive calibration.

Declaration of Figures’ Authenticity
All figures submitted have been created by the authors who

confirm that the images are original with no duplication and
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