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Abstract

The COVID-19 pandemic exposed how unprepared the world is to respond to an infectious disease
outbreak at scale. Conventional diagnostic testing relies on centralized laboratories, and when testing
demand surges during an outbreak, these facilities become strained for resources and personnel, a
problem compounded in low- and middle-income countries with less developed health and transport
infrastructure. Decentralized, point-of-care diagnostics offer a path around this bottleneck, but
automated platforms capable of true sample-to-answer operation remain limited. Here we report a fully
automated centrifugal microfluidic platform that combines loop-mediated isothermal amplification
(LAMP) with computer-vision-based readout, demonstrated using SARS-CoV-2 detection as a model
application. The integrated platform performs the complete assay protocol, including heating, rotation,
and optical detection, at the push of a single button, without user intervention, processing 26 samples in
40 minutes. Using RNA fragments spiked into water and artificial saliva, the platform consistently
detected amplification down to approximately 1000 copies per 10 yL reaction. This platform architecture
is broadly applicable beyond SARS-CoV-2 and offers a template for rapid, decentralized molecular
diagnostics for future infectious disease outbreaks.

1. Introduction

The COVID-19 pandemic exposed a persistent gap in global capacity for infectious disease diagnostics:
testing infrastructure that had historically been limited to central laboratories and hospitals proved
unable to scale to the demands of population-level screening (Peeling and Sia, 2023, Wong et al., 2025,
Tupps et al., 2025, Lu et al., 2025, Rakeman-Cagno et al., 2024). As countries relied on mass testing to
keep schools, workplaces, and other public spaces operating safely, diagnostics took on a role well
beyond its traditional use in managing individual illness (Peeling and Sia, 2023, Rakeman-Cagno et al.,
2024). This exposed the need for testing methods that do not depend on specialized equipment or
trained personnel, a need that remains relevant beyond COVID-19 for any future outbreak of an emerging
pathogen (Wong et al., 2025, Rutter et al., 2026, Lu et al., 2025, Rakeman-Cagno et al., 2024, Yimer et al.,
2024).

In the initial stages of COVID-19, nucleic acid tests were used for mass screening, but as the burden on
healthcare systems grew and reagent and supply shortages worsened, antigen tests were approved for
home use, allowing people to self-isolate based on a positive result (Peeling and Sia, 2023, Lu et al.,
2025). Rapid antigen tests are easy to use, requiring no prior technical expertise and giving rapid results,
but their lower sensitivity and specificity make them unsuitable as a frontline diagnostic method (Lu et
al., 2025). Among nucleic acid testing methods, polymerase chain reaction (PCR) has been the gold
standard since its inception and was the method of choice for clinical diagnosis of COVID-19, followed
by isolation or quarantine to limit transmission. PCR requires precise temperature cycling, which typically
demands expensive equipment and limits its use to centralized laboratories (Lu et al., 2025, Yimer et al.,
2024). Isothermal amplification methods circumvent this limitation by amplifying nucleic acids at a
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constant temperature, making them easier to integrate into point-of-care devices (Novi et al., 2025, Bi et
al., 2025, Jirakittiwut and Ratthawongjirakul, 2025).

For nucleic acid amplification, sample collection is followed by pre-treatment to purify the sample and
remove any inhibitors that might interfere with amplification (Wang et al., 2023, Narasimhan et al., 2023,
Justo et al.,, 2025, Cunha et al., 2021). This pre-treatment step varies with sample type and amplification
method, and adds complexity in terms of equipment, time, and technical expertise (Cunha et al., 2021,
Chakraborty, 2024, AbdEIFatah et al., 2023). One approach to this problem is to simplify and/or integrate
the sample preparation step directly into the diagnostic device, focusing on pathogens or biomarkers
detectable from samples that are easy to collect and require minimal processing. In this context, saliva
was explored as an alternative to nasopharyngeal swabs, since swab collection is invasive and requires
a trained healthcare worker whereas saliva sample can be collected even at home or workplace making
it suitable for mass screening and/or point-of-care testing (Kumari et al., 2023). Several studies showed
that saliva samples can be used for nucleic acid amplification following a simple heat-inactivation step,
eliminating the need for a lengthy extraction step (Sritong et al., 2024, Varughese et al., 2025, Peno et al.,
2024, Margulis et al., 2024, Jenkins et al., 2022, Vogels et al., 2021, Zhang et al., 2021). Furthermore,
saliva has also been reported as a feasible diagnostic sample for tuberculosis (Tang et al., 2023,
Byanyima et al., 2022) and other respiratory pathogens (Lee et al., 2022, Kshirsagar et al., 2025, Hernaez
et al., 2023).

Here, we present a fully automated centrifugal microfluidic platform for sample-to-answer molecular
diagnostics, demonstrated using artificial saliva samples for SARS-CoV-2 detection. The platform
automates and performs all steps from sample loading to detection at the push of a button, without
requiring user intervention. We previously reported a low-cost integrated centrifugal microfluidic
platform for COVID-19 diagnosis that combined RT-LAMP with a novel bead-based strategy for
fluorescence signal enhancement and a simple smartphone-based readout (Soares et al., 2021). It still
required the user to manually move the centrifugal disc between the heating system and the rotor to
complete the reaction, and to individually image each channel with a smartphone. The platform reported
here carries out heating, rotation, and detection at a single position in a fully automated manner, using a
lifting mechanism that brings the disc into contact with the heater for amplification and then lifts it for
rotation and detection. Detection is performed automatically using computer vision, which identifies
each channel and measures fluorescence in the corresponding detection chamber. The heating module
has also been redesigned, reducing power consumption enough to make the system fully battery
operable. Although demonstrated here for SARS-CoV-2, this platform architecture is directly transferable
to other LAMP-compatible targets, making it a general tool for decentralized outbreak response.

2. Methods

2.1. Fabrication and assembly of centrifugal microfluidic
discs
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The centrifugal disc was designed using Autodesk® Fusion 360 software (Education License). Each disc
is made up of three layers: (i) top disc which is cut from a 2 mm thick clear PMMA sheet; (ii) middle layer
of 50 um thick double-sided pressure sensitive adhesive (PSA) and (iii) bottom disc which is cut from a
0.5 mm thick clear PMMA sheet as shown in Fig. 1(a). The top layer has a round loading chamber cut
into along with a venting channel that connects the detection chamber to the loading chamber for
exchange of trapped air. The top layer also has a bead loading column with a channel and access hole
for loading the beads. The middle layer has a channel connecting the loading chamber to the detection
chamber for fluid flow. The bottom layer serves as the base and only has two alignment holes in it.
Figure 1(b) shows a 3D model of the microfluidic structure after the disc has been assembled and

Fig. 1(c) shows a schematic of the working principle of the disc. The features on the PMMA sheets were
cut using a computer numerical control (CNC) milling machine (Roland Modela MDX-40A). The features
on the PSA were cut using a cutter plotter (Graphtec CE6000-40). The three layers have alignment holes
which were used to align and assemble the three layers after which the disc was left in a manual press
overnight to ensure uniform bonding.

2.2. Bead packing in centrifugal microfluidic disc

The NBNM agarose beads were packed in the discs by first diluting the bead resin stock (Capto Adhere,
Cytiva) in DI-water at 20% (v/v). 20 pL of the diluted bead stock solution was then added to each bead
chamber on the disc and excess solution was manually pushed out from the outlet using a pipette. The
disc was subsequently placed in a vacuum chamber (10 min, Femto Science CUTE, 15 Pa) to dehydrate
the beads. After dehydration, the disc is ready to use.

2.3. Heating module

The heating module is made up of a custom designed ring-shaped printed circuit board (PCB) which
serves as a heating element for contact-based heating of the disc. The PCB is made of aluminum having
an outer diameter of 120 mm and inner diameter of 75 mm. There are 4 supporting structures having
holes with a diameter of 3 mm to secure the heater on the platform using M3 screws and 2 circular
conducting pads to connect it to the power supply. The PCB uses the principle of joule heating and has a
conductor of length 4288 mm and width of T mm running from one end to the other like a winding
structure. The conductor has a resistance of 3.2 Q and a cross section of 0.03 mm?. It has a power
dissipation of 43W at a supply voltage of 12V. The PCB has a black silkscreen to allow for a plain
background during the detection process as the centrifugal microfluidic discs are transparent. The
power supply to the heater is controlled using a MOSFET combined with PID (proportional integrative
derivative) control algorithm.

2.4. Signal acquisition using computer vision Raspberry Pi
4

The signal acquisition module uses a Raspberry Pi Camera Module 2 connected to a Raspberry Pi 4
computer. The camera module has an 8-megapixel sensor which is covered manually with a Kapton
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(polyimide) film for fluorescence imaging working as an emission filter. The video feed from the camera
is fed to the Raspberry Pi 4 computer where the computer vision algorithm detects the AruCo markers
for each channel and then identifies the detection chamber using the AruCo marker as a reference and
measures the RGB values inside the detection chamber. Based on the measured values and the defined
threshold, the computer decides whether the sample is positive or negative. Figure S1 shows
screenshots of the configuration panel in the software for computer vision algorithm and the different
parameters that can be used for optimizing the detection procedure. Figure S2 shows screenshots of the
computer vision-based detection algorithm detecting a positive and a negative signal.

2.5. RT-LAMP for SARS-CoV-2 RNA

The RT-LAMP was performed in a Mic® gPCR cycler (Biomolecular systems, Australia) with a total of 10
UL per reaction mixture. The reaction mixture containing 1 yL template RNA or spiked artificial saliva
sample (Sigma Aldrich; Article# SAE0149) was prepared with final concentrations of 1X WarmStart
LAMP Master Mix (New England Biolabs), 1X LAMP Fluorescent Dye (New England Biolabs) and 1X
primer mix. The primer mixture at 10X concentration was prepared with 2 uM F and B, 16 uM FIP and BIP
and 4 uM LF and LB. The As1e primer set reported by Rabe et al. was used. The As1e primer sequences
were the following: F-5-CGG TGG ACA AAT TGT CAC-3'; B-5-CTT CTC TGG ATT TAA CAC ACT T-3'; FIP-5'-
TCA GCA CAC AAA GCC AAAAATTTATTT TTC TGT GCA AAG GAA ATT AAG GAG-3'; BIP-5-TAT TGG
TGG AGC TAAACT TAAAGC CTTTTC TGT ACA ATC CCT TTG AGT G-3'; LF-5-TTA CAA GCT TAA AGA
ATG TCT GAA CAC T-3';, LB-5-TTG AAT TTA GGT GAA ACATTT GTC ACG-3". All primers were synthesized
by Thermo Fisher Scientific. Synthetic fragments of SARS-CoV-2 RNA used to characterize and optimize
LAMP were generated by (200-300 bp) by in vitro transcription of PCR fragments containing a part of
SARS-CoV-2 sequence and T7 promoter as described elsewhere (Alekseenko et al., 2021).

2.6. Detection of SARS-CoV-2 RNA using the platform

The sample containing the RNA template (in vitro synthesized RNA fragment) was first combined with
the LAMP master mix at a ratio of 10% (v/v) and 10 yL were subsequently added to the loading chamber
in the disc. All the channels on the disc were sealed completely with a sheet of PSA (ARSeal™ 90880).
The PSA sheet prevents evaporation of the solutions during LAMP and cross-contamination. The sealed
disc was subsequently inserted into the slot and incubated, and further processing was carried out using
an automated protocol. Initially the ring heating module is heated to achieve a temperature of 90°C and
then the disc is brought in contact with the heater surface through the lifting mechanism controlled by a
servo motor. As the disc comes in contact with the ring heater, the temperature inside the chamber
starts to increase. The heater is maintained at 90°C for the initial 25 sec after which it is brought down
and maintained at 65°C for 30 min. After 30 min, the disc is lifted to remove the contact from the heating
surface and rotated at 1500 RPM for 1 minute to allow the flow of LAMP mix through the packed NBNM
agarose beads. After 1 minute, the disc is rotated at 2 RPM for detection using computer vision.

3. Results and Discussion
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3.1. Operation of the centrifugal microfluidic disc

The fabrication and assembly of the centrifugal microfluidic disc was already described in section 2.1.
Figure 2(a) shows the image of an assembled disc having 26 channels allowing testing of 26 samples in
one test. Figure 2 (i-iv) show the working of the microfluidic structure on the disc in a step-by-step
manner. Figure 2(i) shows the initial stage when the sample has been loaded in the loading chamber.
Figure 2(ii and iii) show the intermediate steps when the disc is rotating, and the liquid is being pushed
from the loading chamber into the detection chamber passing through the bead chamber. As the liquid
enters the detection chamber, the trapped air inside the detection chamber is pushed through the
channel for air transfer into the loading chamber. As the volume of the liquid in the detection chamber
increases, more and more of the air is transferred to the loading chamber. Figure 2(iv) shows the final
state of the liquid in the microfluidic structure where the transfer between liquid and trapped air has
completed.

3.2. Integrated centrifugal microfluidic platform

The integrated centrifugal microfluidic platform shown in Fig. 2 (b) has a dimension of 200 x 160 x 125
mm (L x W x H) which makes it very portable and easy to carry in the field. The top view of the platform
shows the Raspberry Pi 4 computer which is used to control all the peripherals and attached sensors.
The top view also shows the ring PCR heater in which is used to heat the disc. The side view of the
platform shows the location of the camera which is used for the computer vision-based detection and
the laser which is directed towards the detection chamber on the disc. The top and side view also the
show the disc mounting structure in the middle of the PCB heater. The mounting structure has AruCo
codes printed on it and it has two slots which serve as the guide to mount the disc by placing the
matching tabs of the disc in the corresponding slots and locking the disc into position. Once the disc has
been mounted securely, the mounting structure can be moved vertically using a lever which is moved
through a servo motor underneath it. The mounting structure is attached to the shaft of a stepper motor
which rotates the mounting structure and the disc along with it. As shown in Figure S3, passing the
sample solution through the beads once is enough to remove the non-specific signal caused by intra-
and inter- primer dimer hybridization. This has allowed the use of a stepper motor as it can go up to
2500 RPM and also able to rotate at very low RPM such as 1-2 RPM which is required for computer
vision-based detection (Figure S3).

3.3. Heating module

The heating module consists of a ring-shaped PCB heater which works on the principle of Joule heating.
A schematic of the conductor embedded inside the PCB is shown in Fig. 3(a). The conductor is designed
in this way to maximize the length as the resistance of a conductor is directly proportional to the length.
Figure 3(b) shows the temperature profile of the heater and the temperature inside the loading chamber
of the disc. To minimize the time required to heat the reaction mixture to the desired temperature of
65°C, the heater is preheated to 90°C and kept at 90°C for 25 sec after contact with the disc before
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allowing to cool down to 65°C. As shown in Fig. 3(b), the desired temperature is achieved inside the
chamber in around 60 sec. After this, both the heater and the disc are maintained at 65°C for the
remaining duration.

3.4. Characterization of the platform with dilution series in
nuclease free water

The integrated centrifugal microfluidic platform was characterized by testing a dilution series of RNA
fragments spiked in nuclease-free water, with results shown in Fig. 4. Figure 4(a) shows RT-LAMP
amplification curves obtained on a benchtop Mic® gPCR cycler across the dilution series, confirming
that the assay reliably amplifies template concentrations of 102 copies per reaction and above, with
partial amplification observed at 102 copies (2 of 3 replicates positive). This benchtop characterization
was used to define the assay's working range ahead of testing on the integrated platform. Figure 4(b)
shows the results of the same dilution series tested end-to-end on the integrated platform, where
detection provides a positive or negative call rather than an amplification curve. On the platform, all three
replicates were positive at 10° copies per reaction, while all replicates at 102 copies were negative, giving
a limit of detection of approximately 102 copies per reaction for the integrated platform in water.

3.5. Detection in artificial saliva samples

The integrated centrifugal microfluidic platform was similarly characterized using a dilution series of
RNA fragments spiked in artificial saliva, with results shown in Fig. 5. Figure 5(a) shows RT-LAMP
amplification curves obtained on the benchtop Mic® gPCR cycler, with amplification observed at 103
copies per reaction and only partial amplification at 102 copies (1 of 3 replicates positive), consistent
with the modest reduction in sensitivity typically associated with the more complex saliva matrix.
Figure 5(b) shows the results of the same dilution series tested end-to-end on the integrated platform.
Both replicates tested were positive at 103 copies per reaction, while replicates at 102 copies were
negative, giving a limit of detection of approximately 102 copies per reaction on the integrated platform
in artificial saliva, consistent with the result obtained in water. As only two replicates were tested in the
saliva dilution series on the platform, this result should be considered preliminary and would benefit
from additional replicates in future work.

Conclusion

We present a fully automated centrifugal microfluidic platform for sample-to-answer molecular
diagnostics, combining our previously reported bead-based signal enhancement strategy (Soares et al.,
2021) with loop-mediated isothermal amplification (LAMP) and computer-vision-based readout,
demonstrated here using artificial saliva samples for SARS-CoV-2 detection. The platform uses
centrifugal microfluidic discs capable of processing 26 samples in parallel. After loading the samples
and mounting the disc, the heating, rotation, and detection process is carried out automatically, and the
user can view the results directly on the screen. Compared to our previous work, this new platform
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provides several advantages: (i) a lower rotational speed requirement, (ii) lower power consumption due
to the disc geometry and single-sided heating, and (iii) a simpler readout based on signal measurement
at a defined position using computer vision. These improvements have produced a fully automated
platform suitable for point-of-care diagnostics and pave the way for a battery-operated system for field
use in resource-limited settings without reliable power infrastructure. While demonstrated here for SARS-
CoV-2, the platform architecture is not specific to this target and can be readily adapted to other LAMP-
compatible assays, offering a generalizable tool for decentralized diagnostics beyond the current
pandemic context.
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Figure 1

(a) Assembly of the centrifugal microfluidic disc showing the top, middle and bottom layer with a
zoomed in image of structure on each layer. (b) A 3D model of the microfluidic structure after the disc
has been assembled. (c) Schematics of the working principle of the microfluidic structure demonstrating
how the exchange between the sample and trapped air takes place.
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Figure 2

(a) Image of the assembled disc having 26 microfluidic structures. (i-iv) Demonstration of fluid flow in
the microfluidic structure using a food dye mixed in water for visualization purposes. The sequential
images show how the fluid from the loading chamber moves into the detection chamber and replaces
the trapped air which moves into the loading chamber. (b) Top view (left) and side view (right) of the
integrated centrifugal microfluidic platform showing the different components.
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Figure 3

(a) Schematics of the conductor embedded inside the ring-shaped PCB heater. (b) The temperature
profile of the PCB heater and the chamber inside the disc as the disc gets heated.
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Figure 4

(a) Dilution series of SARS-CoV-2 RNA fragment spiked in nuclease free water tested in Mic® qPCR
cycler. (b) Dilution series of SARS-CoV-2 RNA fragment spiked in nuclease free water tested in the
integrated centrifugal microfluidic platform.
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Figure 5

(a) Dilution series of SARS-CoV-2 RNA fragment spiked in artificial saliva samples tested in Mic® qPCR
cycler. (b) Dilution series of SARS-CoV-2 RNA fragment spiked in artificial saliva samples tested in the
integrated centrifugal microfluidic platform.
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