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Abstract
Digital microfluidic (DMF) technology is widely used in bioanalysis and chemical reactions due to its accuracy and
flexibility in manipulating droplets. However, most DMF systems usually rely on complex electrode fabrication and
high driving voltages. Sensor integration in DMF systems is also quite rare. In this study, a programmable magnetic
digital microfluidic (PMDMF) platform integrated with electrochemical detection system was proposed. It enables non-
contact, flexible droplet manipulation without complex processes and high voltages, meeting the requirements of
automated electrochemical detection. The platform includes a magnetic control system, a microfluidic chip, and an
electrochemical detection system. The magnetic control system consists of a microcoil array circuit board, a N52
permanent magnet, and an Arduino control module. N52 magnets generate localized magnetic fields to drive droplet
movement, while the Arduino module enables programmable control for precise manipulation. The maximum
average velocity of the droplet is about 3.9 cm/s. The microfluidic chip was fabricated using 3D printing and the
superhydrophobic surface of chip was fabricated by spray coating. The electrochemical detection system consists of
the MoS2@CeO2/PVA working electrode, Ag/AgCl reference electrode, and carbon counter electrode. To evaluate the
practical value of the integrated platform, glucose in sweat was automatically and accurately detected. The proposed
platform has a wide linear detection range (0.01–0.25 mM), a lower LOD (6.5 μM), a superior sensitivity
(7833.54 μA·mM−1·cm−2), and excellent recovery rate (88.1–113.5%). It has an extensive potential for future application
in the fields of medical diagnostics and point-of-care testing.

Introduction
Conventional continuous-flow microfluidic systems

have demonstrated great capability in handling liquid with
the small volume. These systems usually require micro-
channel structures and pumping systems1,2, which limit
their integration and scalability. To overcome these lim-
itations, digital microfluidic (DMF) technology has

attracted much attention3. For the DMF technology,
various methods have been explored to precisely control
the position and behavior of droplet. These methods
include electric fields4–7, magnetic fields8–10, acoustic
waves11, optical fields12, and others. For example, DMFs
based on electrowetting-on-dielectric (EWOD) can allow
manipulate droplets by generating localized electric fields
at the electrodes, thus avoiding the need for microchannel
structures and external pumps. This allows it to exhibit
unique advantages in the precise manipulation of tiny
droplets, complex droplet manipulation, and multi-step
reaction processes13–15. However, these DMF techniques,
which rely on complex electrode fabrication and high
driving voltages13,16, restrict the processing of certain
biological samples and reduce the stability and reliability
of the system.
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Magnetic digital microfluidics offers a new approach.
Although removing the electrodes may affect droplet
splitting, the unique advantages of magnetic droplet
actuation remain significant. The distinctive features of
magnetic digital microfluidics include the actuation of
magnetic particles(MNPs), simple fabrication, no high
voltage driving requirements and flexible manipulation.
Although the track of droplet can be programmed on an
EWOD platform, it must follow predefined electrode
paths and lack of flexibility. In contrast, magnetic digital
microfluidic platform enable contactless droplet manip-
ulation without requiring electrode patterns design17. The
transport path of droplet is programmable and can be
reconfigured according to specific needs. This technique
uses an external magnetic system to control the genera-
tion of a localized magnetic field by permanent mag-
nets18–20 or an electromagnet21–25. Droplet actuation
requires the magnetic field to control either the magnetic
particles within the droplet or the magnetic material
surrounding it26,27. Huang et al. developed a microfluidic
system based on droplet arrays for chemiluminescence
immunoassay of procalcitonin20. By moving permanent
magnets through a stepper motor, magnetic beads can be
aggregated, released, transferred and mixed between
droplets. Saroj et al. achieved efficient mixing of two
solutions in a microlitre droplet by adjusting the current
and frequency of four sets of energized coils25. The static
magnetic field driving mode is simple to operate, but
typically requires bulky displacement control platforms
for permanent magnets, which hinders integration.
Alternatively, the electromagnetic field driving mode
manipulates droplets through the dynamic magnetic field
generated by energized coils.Coils fabricated on PCB are
more conducive to integration, but the magnetic field
strength produced under low currents is often insuffi-
cient. Increasing the current can enhance the magnetic
field, but the associated heat generated by the excessive
coil currents may interfere with biological detec-
tion.Therefore, it is crucial to develop an efficient and
easily integrated droplet manipulation technique by
combining the advantages of static magnetic and elec-
tromagnetic fields.
Furthermore, sensor integration in DMF systems is quite

rare. Most of digital microfluidic or magnetic digital
microfluidic integrated detection platforms are based on
optical detection, such as fluorescence detection28–30,
chemiluminescence31, and colorimetric sensing32,33. The
application of these methods in portable devices in the field
is limited due to the complexity of optical detection devi-
ces13. Among the many detection methods, electrochemical
detection is ideal for combining with microfluidic platforms
due to its simplicity, low cost, high sensitivity, and integr-
ability34–36. The main detection component of an electro-
chemical device is the electrode, which can be miniaturized,

batch-fabricated, and multiplexed37,38. By combining mag-
netic digital microfluidics with electrochemical detection,
sample manipulation can be performed on the chip and
provide automated detection. This enables integrated and
automated analytical processes, further expanding the
application of magnetic digital microfluidic platforms in the
field of automated detection39.
In this work, we propose a novel programmable mag-

netic digital microfluidic platform that automates
the control of droplet transportation and real-time con-
tinuous electrochemical detection. The PMDMF platform
includes a magnetic control system, a microfluidic chip,
and an electrochemical detection module. The magnetic
control system consists of a microcoil array printed
circuit board (PCB), a N52 permanent magnet, and an
Arduino control module. The combination of microcoils
(2.737 mm) and a millimeter-scale cylindrical magnet
(4 mm) greatly reduces the size of the device and
improves the integration. The Arduino controls the spe-
cific coils to generate an induced magnetic field to drive
the N52 permanent magnet. The magnet is responsible
for generating a localized high-intensity magnetic field to
actuate the magnetic droplets. For continuous detection
of multiple samples, the microfluidic chip is set up with
five sample wells. It was fabricated by 3D printing,
avoiding the complicated photolithography and PDMS
preparation process. In order to reduce resistance for
droplet manipulation, the chip surface was sprayed with a
superhydrophobic coating. The droplet's movement tra-
jectory is programmable and can be flexibly adjusted
based on specific requirements. To facilitate the integra-
tion with the microfluidic chip and highly sensitive
detection, the detection electrode is fabricated by PCB
process, and the working electrode is based on MoS2@-
CeO2/PVA. The platform can be used for droplet
manipulation and highly sensitive electrochemical detec-
tion of targets, and its effectiveness has been validated in
the practical detection of glucose in PBS and sweat.

Materials and methods
Materials
N52 permanent magnet was purchased from Shenzhen

LaLa Magnetic Material Development Co., Ltd. Magnet
nanoparticles solution (Fe3O4) was obtained from
Shanghai Macklin Biochemical Technology Co., Ltd. The
superhydrophobic coating reagent NC306 was purchased
from Changzhou Nakeluo New Material Technology Co.,
Ltd. 207 C and 204S were purchased from Dongguan
Zhongke Leader Technology Co., Ltd. Conductive silver
paste and conductive carbon paste were purchased from
Shenzhen Sien Screen Printing Material Co., Ltd. Poly-
vinyl alcohol (PVA) was purchased from Shanghai Zhan
Yun Chemical Co., Ltd. Artificial sweat (PH8.0) was
purchased from Shanghai Yuanye Biotechnology Co., Ltd.
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Other PBS buffer, glucose, MoS2, and CeO2 reagents were
purchased from Shanghai Titan Technology Co., Ltd.

Programmable magnetic control system
The magnetic control system consists of a microcoil array

circuit board, a permanent magnet (NdFeB N52, 4 × 2mm),
and an Arduino UNO controller module. The coil array
circuit consists of CD74HC4067, ULN2803, NMOS,
PMOS, diodes, and microcoil parts (2.737 × 2.737mm).
The microcoil is formed through PCB trace routing, and
the circuit is designed by Jialichuang EDA. The PCB is
processed by Hangzhou Jiepei Information Technology Co.,
Ltd. The coil current is supplied by a DC power(UNI-T,
UTP1306S). Arduino can easily and efficiently control the
on/off of the coil in the magnetic control system, and the
N52 permanent magnet can be operated to move on its
surface after writing continuous commands. Two types of
PCBs: a 10 × 10 coil array PCB with dimensions
84 × 52mm and a 32 × 24 coil array PCB with dimensions
170 × 100mm were designed. The induced magnetic fields
of the coil with different currents were measured using a
handheld digital Tesla meter (KT-102, ±2%), and the coil
(z= 0mm) temperature was measured using a contact
thermometer (DT1310).

Magnetic field simulation
To compare the effects of coil layers and structure on

the magnetic field and to understand the strong magnetic
field of the magnet, magnetic field simulations were
conducted using COMSOL Multiphysics. The coil mate-
rial is copper with a conductivity of 5.998e7 (S/m), and
the size is 2.737 × 2.737 mm. The magnet material is
NdFeB (N52,4 × 2mm), and the surrounding domain is
air. Steady state solutions are performed using the mag-
netic field (mf) and magnetic field no current (mfnc)
physical fields.

Microfluidic chip fabrication
For simplicity and convenience, the microfluidic chip

was designed using SOLIDWORKS and fabricated
through 3D printing (Form3+ , Formlabs). The dimen-
sions are 72.5 × 51.3 mm. The chip surface was made
superhydrophobic by spraying 204S reagent. Contact
angle measurement was assisted by a contact angle meter
(Attension Theta Flex, Biolin Scientific), and ImageJ
software.

Preparation of electrochemical detection system
The electrochemical detection system includes multiple

sensing electrodes. The electrodes designed by Jialichuang
EDA has a size of 11 × 9 mm and working electrode area
of 0.00817 cm2, as shown in Fig. S7. The electrode was
processed by Hangzhou Express Electronics Co., Ltd. The
working electrode is coated with MoS2@CeO2/PVA

hydrogel, the reference electrode is coated with silver
paste, and the counter electrode is coated with carbon
paste. The reproducibility, repeatability, and stability of
the glucose sensor have been added in the supplementary
material (Fig. S8).

Integration of PMDMF platform
The magnetic control system is connected to the DC

power supply and the Arduino controller. The electro-
chemical detection system and microfluidic chip were
glued together to ensure that they were level. Place it
3.8 mm above the surface of the coil.

Preparation of MoS2@CeO2/PVA hydrogels
2 g of polyvinyl alcohol (PVA) was dissolved in 30mL of

water with heating and stirring to obtain PVA hydrogel.
0.2 g CeO2 nanoparticles were dispersed 5mL in ethanol
solution, and then 0.2 g MoS2 nanoparticles were added
under constant magnetic stirring to obtain MoS2@CeO2

dispersion. Finally, the MoS2@CeO2 dispersion was re-
dispersed in a PVA hydrogel with heating and stirring to
obtain a homogeneous MoS2@CeO2/PVA hydrogel.

Droplet Manipulation
The velocity of the magnet’s movement can be adjusted

by changing the time interval between coil activations,
which in turn alters the droplet transportation velocity.
The maximum droplet velocity is determined when the
magnet’s movement velocity increases to the point where
the droplet can no longer stably follow. Record the
motion video using CCD camera and import it into
tracker software to analyze the motion process.During the
experiment, in order to quantify the mixing effect, the
microfluidic area was video recorded and the corre-
sponding video frames were imported into Matlab
(Mathworks). The mixing index was calculated by image
analysis by identifying the boundaries of the droplets at
the software level.

Application of the PMDMF platform to electrochemical
detection
First, glucose in PBS buffer was tested to verify the

electrochemical properties. After obtaining the linear
regression equation of peak current and glucose con-
centration, glucose in artificial sweat was further detected.
Recovery experiments were carried out using the standard
addition method by adding glucose with the standard
concentration of 0.05, 0.1, 0.15, 0.2 and 0.25 mM. Finally,
the measured values and recoveries were calculated.

Results and discussion
Design of PMDMF platform
Unlike most previously reported magnetic manipulation

systems20–22, the proposed magnetic manipulation system
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is a combination of a microcoil array and a millimeter-
scale magnet, with individual square coils of size
2.737 mm, cylindrical magnets of diameter 4 mm in
Fig. 1a. Coils are spaced 0.1 mm apart, only part of the
array is shown here for clarity. The microcoil array is
responsible for driving the precise movement of the
magnet above it. A 32 × 24 coil array was designed to meet
the needs of the scale of movement required by the
magnet during the detection process. This design can
greatly reduce the size of the magnetic control system and
improves integration. In addition, there is no need for
predefined electrode patterns as in EWOD13. A micro-
fluidic chip integrated with electrochemical detection
system is shown in Fig. 1b. Conventional fabrication
methods of microfluidic chips, such as photolithography
and soft lithography, usually require expensive equipment
and rely on strict cleanroom conditions. For flexibility and
low cost, the microfluidic chip was fabricated using 3D
printing. As shown in Fig. 1c, the side view of the PMDMF
platform is composed of an electromagnetic coils layer, a
magnet layer, a microfluidic and an electrochemical sen-
sing layer from bottom to top. The microfluidic surface is
a superhydrophobic coating to reduce the movement
resistance of droplets. The droplets in the chip are

actuated by a magnet with strong magnetic properties
underneath. Multiple electrochemical detection electrodes
were fabricated and adhered to the sides of the micro-
fluidic chip. The detection electrodes were at the same
level as the microfluidic chip. Figure 1d shows the detailed
structure of the PMDMF platform. The magnetic control
system, microfluidic chip and electrochemical detection
system are assembled together. Following the design of
the droplet movement path, the magnetic control system
autonomously drives multiple sample droplets in succes-
sion to the detection electrode for analysis. The working
electrode here is based on MoS2@CeO2/PVA hydrogel,
which improves the performance of the electrode and
enhances the sensitivity of the detection. Its preparation
process is shown in Fig. S1. To validate the functionality of
the platform, the glucose in the sweat are detected by DPV
technology and the results curves display on the computer
screen.

The principle and simulation of the magnetic
control system
While EWOD system focuses on electrical drives, the

magnetic digital microfluidics focuses on magnetic drives.
In the magnetic control system, the movement of the
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magnet determines whether the magnetic droplets can be
actuated precisely or not. In order to program a specific
coil, the coil circuit is considered to be fabricated on a
PCB board (Fig. 2a). When an adjacent coil is turned on,
an induced magnetic field is generated around that coil
according to Ampere’s law. When the magnetic field is
large enough, the magnet will move to the position of the
turned-on coil under magnetic attraction. As Fig. 2b
illustrates, coil1 on the PCB is turned off with no mag-
netic field, and coil2 is turned on to generate an induced
magnetic field. According to the right-handed helix rule,
the direction of the induced magnetic field can be deter-
mined, and the N52 magnet will move from the Intial_Pos

to the Target_Pos. When the microcontroller is pro-
grammed to write the switching sequence, the coil gen-
erates an induced magnetic field in sequence. Then, the
magnet is attracted to move along the set route. To
evaluate the influence of induced magnetic fields gener-
ated by electromagnetic coils of varying layers, magnetic
field simulations were conducted for coils with 1, 2, and 3
layers. As shown in the magnetic field cloud diagram
(Fig. 2c), it is evident that the center of the 3-layer mag-
netic field uniformity is the best and the magnetic field
strength is the largest. Therefore, the 3-layer coil structure
was chosen for the magnetic system. According to the law
of Ampere, the current is proportional to the magnetic field
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strength of the coil, which is also shown in Fig. 2d. When
current flows through the coil, it generates heat on the
surface. If the current is too high, it may exceed the car-
rying capacity of the PCB chip and potentially interfere
with the biological detection process. For this reason,
temperatures were measured at the z= 0mm surface of
the coil and at the z= 3.8mm (microfluidic chip location)
surface. The initial temperature in the chamber was 29.3 °C
(summer), and as the results in Fig. 2e, the temperature of
the z= 0mm surface basically increases proportionally
with the current, and the temperature of the z= 3.8 mm
surface is almost unaffected. This indicates that the heat
generated by the coil does not cause any temperature
variation in the microfluidic chip. Furthermore, since the
actual energization time of the coil is on the millisecond
scale, its impact is even more negligible. Combining the
actual magnet testing with the temperature results,
300 mA is the suitable coil current and can generate a
magnetic field strength of about 1 mT. As shown in
Fig. 2f and g, the simulation results show that the N52
permanent magnet can generate a high-intensity mag-
netic field of about 200 mT. Therefore, it is considered
that the actuation of the droplet is all from the action of
the permanent magnet.

Magnetic droplet manipulation
To investigate the manipulation ability of the proposed

magnetic control system, the movement and force states
of droplet on the microfluidic chip were analyzed. As
indicated by Fig. 3a and tested in Fig. S2, the droplet
cannot move on the untreated surface under the drive of
magnetic field, owing to the larger resistance force
between droplet and substrate. To reduce the resistance
force, The chip surface was fabricated to the super-
hydrophobic state by spraying coating. In Fig. 3b, various
hydrophobic reagents were evaluated through contact
angle measurements. The 204S hydrophobic reagent has
the best effect with a contact angle of 158.4°. Therefore,
droplet can be manipulated when magnet is used and the
substrate surface is superhydrophobic. On the super-
hydrophobic surface, a magnetic droplet is dominated by
three main forces: the magnetic force Fm, the friction
between the droplet and the substrate Ff, and the capillary
force generated by the deformation of the droplet Fc
(Fig. S3). During the movement of the droplet, the mag-
netic particles inside are subjected to the magnetic force
of the magnet below24,40, which can be expressed as:

Fm ¼ V χ

μ0ð1þ χÞ ðB �∇ÞB ð1Þ

where V is the volume of the magnetic droplet, χ is the
magnetic susceptibility of the magnetic particles, μ0 is the
permeability of vacuum, and B is the magnetic field

strength applied to the droplet by the N52 permanent
magnet. In addition to the magnetic force, the droplet
motion is also subject to a friction force with the
substrate, which can be expressed as:

Ff ¼ kðmg þ FmyÞ ð2Þ
where k is the coefficient of friction between the droplet
and the substrate, m is the mass of the droplet, g is the
acceleration of gravity, and Fmy is the vertical component
of the magnetic force. In addition, the magnetic droplet
motion produces a deformation that generates a capillary
force against the motion41, which can be expressed as:

Fc � 2γRðcosθA � cosθRÞ ð3Þ
where γ is the surface tension of the droplet, R represents
the contact line radius of the droplet, θA is the advancing
contact angle, and θR is the receding contact angle. In
summary, the kinetic behavior of the droplet on the
platform can be described as Fm � Ff � Fc ¼ ma. On a
superhydrophobic surface, the droplet deformation is
typically small, resulting in relatively weak capillary force
(Fig. 3ci). The movement of the magnetic droplet is
primarily driven by magnetic forces, which are deter-
mined by the concentration of magnetic particles within
the droplet, the magnetic field strength of the magnet, and
the distance between the droplet and the magnet. As
illustrated in Fig. 3cii, the program-controlled droplet
motion can depict various letters such as “S”, “I”, “M”,
“I”and “T”, demonstrating the platform’s flexible control
capabilities (Video S1).

We calculated the maximum average velocity of dro-
plets with different volumes under magnetic actuation
(Fig. 3d). Small droplets (<5 μL) have lower inertia,
requiring less driving force to move. The magnetic par-
ticles act more evenly in the droplets, and the droplet
shape remains stable during movement. Therefore, under
the action of the magnetic field, the droplets can accel-
erate and tend to a stable maximum speed. As the droplet
volume increases, the droplet inertia and the friction
between the droplet and the substrate increase. The
magnetic particles may not be able to transmit the driving
force uniformly, resulting in dragging of localized areas of
the droplet. In this case, maintaining the motion of the
droplet in a stable shape will reduce the speed. When the
droplet volume increases to a certain extent, the magnetic
response is no longer sufficient to drive larger droplets.
The maximum droplet volumes driven by 0.25 μL MNPs,
0.5 μL MNPs, 1.0 μL MNPs, 1.5 μL MNPs, and 2.0 μL
MNPs are 50 μL, 80 μL, 100 μL, 150 μL, and 220 μL,
respectively. In addition, for the same volume of droplets,
more MNPs loading increases the magnetic response
intensity of the droplets, resulting in higher speeds.The
maximum droplet movement velocity is about 3.9 cm/s
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(5 V, 0.3 A), which is higher than the droplet velocities
reported in many conventional EWOD systems and
magnetically actuated systems9,23. For example, Jang et al.
reported a droplet movement velocity of 0.7 cm/s (60 V)
in an EWOD system (square electrode)42, while Kremers
et al.’s system (gold interdigitated electrode) was 3.3 cm/s
(250 V)43. Figure S4 shows the mixing process of droplet.
When the two droplets were close, they merged together.
The movement of the MPs inside the droplets was driven
by periodic movement of the magnet over short distances,
thus promoting droplet mixing. Experimental results
show that active mixing accelerates the mixing process

inside the droplets through the periodic movement of the
magnet, and is superior to non-active mixing in both
mixing rate and final mixing degree. When the chip needs
complex manipulation (splitting), surface energy trap
(SET) processing is required. SET regulates surface energy
to influence droplet contact line dynamics, creating pre-
ferential breakage points that enable controlled splitting44

(Fig. S5). For the next application of electrochemical
detection, Fig. 3e shows the setup of the droplet move-
ment paths. The magnet loads droplet #1 and transports it
to the a-electrode area. While detecting droplet #1, the
magnet returns to load droplet #2 and transports it to the
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b-electrode area. This process continues until droplet #5
reaches the e-electrode area, enabling continuous detec-
tion of multiple samples.

Application of the PMDMF platform to electrochemical
detection
Electrochemical properties of the PMDMF platform
To evaluate the practical value of the integrated plat-

form, glucose in sweat was automatically and accurately
detected. Figure 4a provides the schematic diagram of the
PMDMF platform for electrochemical detection. An
external DC power supply current to the PCB, while the
Arduino is programmed to control the droplet’s move-
ment. The detection property of working electrode
determines the accuracy and reliability of the whole sig-
nal. Therefore, the MoS₂@CeO₂/PVA composite was
selected as the modification material for the working
electrode. The SEM images of MoS₂@CeO₂/PVA reveal a
three-dimensional layered structure with a high surface
area, which provides numerous active sites for electro-
chemical reactions. To assess the effectiveness of the

electrochemical detection on the platform, glucose was
analyzed. Cyclic voltammetry (CV) can be used to analyze
the redox potentials of substances and the kinetics of
electrochemical reactions. In Fig. 4b, the CV electro-
chemical detection process was performed in PBS buffer
containing 0.1 mM glucose at different scan rates. With
the increase in scan rate, both the oxidation and reduction
peaks rise, and the peak current shows a linear relation-
ship with the square root of scan rate (Fig. 4c). When the
scan rate is 50 mV/s, the anodic peak current is
0.7543mA. These observations indicate that the
MoS₂@CeO₂/PVA electrode exhibits strong redox cap-
abilities towards glucose in PBS solution.

Glucose sensing performance of PMDMF platform
Compared with CV, differential pulse voltammetry

(DPV) applies a pulsed voltage to the electrode to measure
the current response. By reducing background current
and enhancing the resolution of peak current signals, DPV
serves as an effective analytical tool for glucose detection.
The magnetic particles used in the current platform do
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not interfere with the electrochemical detection of glucose
(Fig. S6). The DPV response curve exhibits a distinct
anodic peak, with the peak current gradually increasing as
the glucose concentration rises (Fig. 5a). This indicates
that the electrode material exhibits a good response to the
redox reaction of glucose. As depicted in Fig. 5b, the
results reveal a strong linear relationship between the
DPV peak current and glucose concentration, with a
correlation coefficient R² of 0.9937, which is close to 1.
The linear regression equation can be expressed as I

(μA) = 64CGlucose (mM)+ 6.654. Based on the linear fit-
ting results, the sensitivity is determined by the slope of
the curve and the area of the working electrode
(0.00817 cm2), thus the sensitivity of the sensor is 7833.54
(μA·mM−1·cm−2). The limit of detection (LOD) of the
sensor can be calculated using the following formula:
LOD= 3σ/α, where σ is the standard deviation of the
sensor and α is the slope of the linear regression curve
shown in Fig. 5b. In this experiment, the standard
deviation of σ= 0.139 μA was obtained from
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measurements of blank samples. Therefore, the limit of
detection (LOD) of the sensor was calculated to be
6.5 μM. Figure 5c illustrates the glucose sensing
mechanism of the MoS₂@CeO₂/PVA electrode. The CeO₂
distributed on the MoS₂ surface can adsorb and detect
abundant glucose molecules through redox reactions.
During the reaction process, CeO₂ undergoes redox
cycling between Ce³⁺ and Ce⁴⁺, facilitating electron
transfer45. Glucose loses electrons at the electrode surface
and is oxidized to gluconic acid. The flow of electrons
generated during the electrochemical reaction produces a
current signal. To better validate the usefulness of the
detection platform, it is important to detect glucose levels
in sweat. All experiments used artificial sweat with a pH of
8.0. Standard glucose solutions with concentrations of
0.05, 0.1, 0.15, 0.2, and 0.25 mM were added to the sweat
samples for recovery experiments. Using the droplet
transportation path described in Fig. 3e, continuous
electrochemical detection of five sweat samples with dif-
ferent concentrations was performed. As shown in Fig. 5d,
the DPV curves exhibit anodic peaks similar to those in
PBS buffer solution, indicating consistent electrochemical
behavior of the detection platform in sweat. The results
shown in Fig. 5e demonstrate that the detection platform
achieved excellent recovery rates ranging from 88.1% to
113.5%. These results suggest that the platform can be
used for glucose concentration detection in sweat.
Table 1 compares the performance of MoS₂@CeO₂/

PVA electrode with other sensing electrodes for glucose
detection. The results show that the MoS₂@CeO₂/PVA
electrode has a linear detection range of 0.01–0.25 mM
and a limit of detection (LOD) of 6.5 μM. It also exhibits
the highest sensitivity (7833.54 μA·mM−1·cm−2), which is
much better than that of the comparable MoS₂-based
electrodes such as MoS₂@CuC₂O₄ (1303 μA·mM−1·cm−2)
and MoS₂@AuNP (103.2 μA·mM−1·cm−2). The excellent
performance of the electrode is attributed to the syner-
gistic interaction between MoS₂ and CeO₂. MoS₂ provides
abundant active sites, while CeO₂ has excellent redox
capacity, thus enhancing the electrocatalytic efficiency of

the glucose oxidation reaction. In addition, the PVA
hydrogel improves the mechanical stability of the elec-
trode and enhances the ion transport ability. Therefore,
the electrode exhibits significant advantages in glucose
detection applications.

Conclusions
In summary, we developed a programmable magnetic

digital microfluidic platform integrated with electro-
chemical detection system and applied it to glucose
detection in artificial sweat. Firstly, the optimal number of
coil layers in the magnetic control system was determined
through COMSOL simulations. Considering the magnetic
field effectiveness, heat generation, and actual testing
results, a 3-layer coil structure with a current of 300 mA
was selected. The magnetic control system generates a
localized high-intensity magnetic field through the
movement of N52 permanent magnets. The coil array
operates without the need for high-voltage drive (5 V,
0.3 A), and its manufacturing process is simple, allowing
for long-term reusability. Then, droplet manipulation on a
superhydrophobic surface was studied, with the 204S
hydrophobic reagent showing minimal resistance to dro-
plet movement. The droplets can be manipulated to fol-
low letter-shaped paths with a maximum average velocity
of about 3.9 cm/s. The magnetic actuation method
enables faster droplet movement and can carry larger
droplet volumes. Finally, This platform realizes automated
and continuous multiple single-sample electrochemical
detection. The electrochemical detection electrodes con-
sist of the MoS2@CeO2/PVA working electrode, Ag/AgCl
reference electrode, and carbon counter electrode. The
PMDMF platform demonstrated excellent glucose
detection performance with a lower LOD(6.5 μM) and
superior sensitivity (7833.54 μA·mM−1·cm−2). The
recovery rate for glucose detection in artificial sweat
ranged from 88.1% to 113.5%. The results exhibited the
practicality of the integration platform in droplet manip-
ulation and electrochemical detection. In the future, it is
necessary to optimize hardware and algorithms to support

Table 1 Comparison with the performance of electrochemical glucose sensors based on MoS2 and other materials

Electrode material Linear range (mM) LOD (μM) Sensitivity(μA·mM−1·cm−2) Ref

GCE/CNT/ MoS2/NiNPs 0.05–0.65 0.2 1212 46

MoS2@CuCo2O4 0.0005–0.393 0.5 1303 47

Pt/MXene/CH/Pt 0–8 29.15 3.43 48

CuS/MoS2 0.1–11 1.52 252.71 49

MoS2@AuNP 0.001–0.1 0.14 103.2 50

MoS2@CeO2/PVA 0.01–0.25 6.5 7833.54 This work

CNT carbon nanotube, CH conductive hydrogel
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parallel operation of multiple droplets and explore the
surface modification of MNPs to enhance compatibility
with various biological samples.
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