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Abstract
The coronavirus disease 2019 (COVID-19) pandemic caused by severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2) has had severe consequences for health and the global economy. To control the transmission, there is an urgent 
demand for early diagnosis and treatment in the general population. In the present study, an automatic system for SARS-
CoV-2 diagnosis is designed and built to deliver high specification, high sensitivity, and high throughput with minimal work-
force involvement. The system, set up with cross-priming amplification (CPA) rather than conventional reverse transcription-
polymerase chain reaction (RT-PCR), was evaluated using more than 1000 real-world samples for direct comparison. This 
fully automated robotic system performed SARS‐CoV‐2 nucleic acid-based diagnosis with 192 samples in under 180 min 
at 100 copies per reaction in a “specimen in data out” manner. This throughput translates to a daily screening capacity of 
800–1000 in an assembly-line manner with limited workforce involvement. The sensitivity of this device could be further 
improved using a CRISPR (Clustered Regularly Interspaced Short Palindromic Repeats)-based assay, which opens the door 
to mixed samples, potentially include SARS-CoV-2 variants screening in extensively scaled testing for fighting COVID-19.
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Introduction

The COVID-19 pandemic, caused by the novel respira-
tory coronavirus 2 (SARS-CoV-2), has swept the world. 
Recently, statistical analysis of the number of daily cases 
in the European Union suggest an oncoming second wave 
of coronavirus [1, 2]. As of 20th July 2021, the virus had 
spread to 213 countries, causing more than 184 million con-
firmed infections and at least 4 million deaths (World Health 
Organization). The recent confirmed infections and deaths 

were dominated by the Delta variant of SARS-CoV-2 virus 
(B.1.427). This highly pathogenic mutant demonstrated a 
high transmission rate, a much shorter incubation period 
and a high death rate, which spreads in a sudden manner 
word wide. Without rigorous measures to test every possible 
case, the current drastic restrictions have limited ability in 
suppression over the transmission of the virus. While many 
measures to mitigate the multifactorial impact of COVID‐19 
have been implemented, “diagnosis early and treat early” are 
essential for providing meaningful epidemiological data and 
for saving lives.

Epidemiological analysis can provide a strategy for social 
restriction policies; the identification of individuals currently 
or previously infected by SARS-CoV-2 is a critical com-
ponent. Clinically, chest computed tomography (CT) imag-
ing can be used to diagnose COVID-19 [3]. For large-scale 
screening, there are two standard logics for SARS‐CoV‐2 
diagnostic modalities: testing for the existence of viral par-
ticles for current infection status, or using serum antibody 
tests to indicate the response to infection [4, 5]. Recently, 
there have been reports of people having a different strain 
of the coronavirus infection than the one that existed several 
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months ago, despite the vaccinated population [6]. Unlike 
measles or smallpox vaccines, inactivated SARS-CoV-2 
viral vaccines may not provide lifelong immunity [7, 8]. 
Hence, in this case, serology screening is indirect and cannot 
identify individuals who may transmit the virus. Laboratory-
based diagnosis of active SARS‐CoV‐2 infection relies on 
the direct detection of virus‐specific nucleic acid regions (N, 
ORF1a gene, or E gene genes), most commonly obtained 
from the nasopharynx using throat swabs or sputum speci-
mens [9, 10]. Robust detection technology is usually based 
on real-time reverse transcription polymerase chain reaction 
(RT-PCR). However, this assay is considered to have high 
specificity; its sensitivity is reportedly only 60–70% con-
sistent with clinical status compared with CT examination 
[11–13]. Even when the initial RT-PCR test was negative, 
repeated RT-PCR tests have increased the cumulative posi-
tive rate of COVID-19, and in-hospital repeat runs of the test 
are recommended [13, 14]. The bottleneck of the sensitivity 
in nucleic acid tests is due to the preparation and purification 
of the low-load DNA/RNA from the initial clinical specimen 
and the insensitivity inherent in the detection method [15]. 
It is related to laboratory training level and experience in 
handling potentially highly infectious samples.

There is a significant demand for SARS-CoV-2 testing 
power to rapidly screen large numbers of individuals with 
high sensitivity to identify low infection loads at the asymp-
tomatic stage. Setting up an RT-PCR test requires infrastruc-
ture, skilled personnel, and at least 4 h for the assay and 
analysis. It may take 12 h or even days to obtain the test 
report. The point-of-care test (POCT) system used in the 
US provides a test solution that takes less than 45 min, but 
the sensitivity has been reported to be as low as 5000 cop-
ies/ml, one sample per run involves manual loading, and 
the efficiency is not suitable for large-scale screening [16, 
17]. Apart from POCT, other research teams have developed 
electrochemical sensing and nanoplasmonic sensing, which 
leverage electrical, optical, and electrochemical transducer 
systems. Indeed, there is a trade-off between high throughput 
and high sensitivity [18]. The growing realisation is that 
technologies that are ideal in population-wide screening for 
highly infectious samples require (i) minimal human inter-
vention, (ii) minimal infrastructural setup, (iii) robust auto-
mation, (iv) high throughput, (v) high sensitivity/specificity, 
and (vi) reliable and automated data processing.

Despite the lag relative to manufacturing and service 
industries, the use of automation has gradually been imple-
mented across the pharmaceutical, medical device, and 
biotechnology industries, from drug development to cell 
culturing processes [19]. The training level and labour 
costs in diagnostic laboratories are extremely high. The 
adoption of robotics and cognitive automation (R&CA) 
in a laboratory is not limited to enhancing productivity 
and reducing costs, but also increases reproducibility and 

accuracy. The biggest hurdle to industrialising the lab-
oratory process is that the lab process was initially not 
designed for automation. R&CA for the laboratory cannot 
be limited to following entirely manual processes, such as 
linking individual laboratory devices using an automated 
guided vehicle (VGA) [20]. Transforming large-scale 
SARS‐CoV‐2 nucleic acid diagnosis screening into an 
R&CA assembly line requires the redesign and develop-
ment of hardware to convert complicated molecular bio-
logical processes to a method suitable for R&CA.

To address the requirements for testing power in SARS-
CoV-2 diagnoses, we have been interested in devising 
automated, rapid, and high-throughput diagnostic and pro-
filing technologies. Here, we report the development and 
validation of a “specimens in data out” fully automated 
robotic system that can manage 192 samples in a batch 
and data reporting in less than 180 min (< 60 s/sample), 
with 50–100 copies/reaction viral titre sensitivity, which 
provides > 1000 specimens of testing power involving 
2 people in two 8-hour shifts. We applied a system that 
implemented cross-priming amplification (CPA) for viral 
nucleic acid detection to a validation cohort of clinical 
specimens, which represented > 1000 samples. The system 
performance was directly compared with the standard RT-
PCR approach under CDC-approved clinical conditions 
[21, 22].

Method

System overview

We described the construction of a modularized that is tai-
lored to an automated experimental procedure using robotic 
instruments developed in-house (Fig. 1a). Swabs or sputum 
are placed into a lysis solution vial and heat-inactivated; 
later, they can be stored or transported before being loaded 
into the robotic system. The prepacked buffer and consuma-
bles are loaded into the system prior to the initiation of the 
automation process. The system contains 8-channel pipetting 
with a capacity of 8 × 24 specimens, 2-ml tube racks, and 96 
formats of magnetic rod-based nucleic acid purification pro-
cessors. The refrigeration module is prepared for the resus-
pended solution of CPA reaction mix with purified nucleic 
acid samples, and the CPA reaction is quantified using two 
fluorescent channels. The assay plate is transferred between 
individual functional units using a gripper located in the 
multifunctional head driven by a linear motor with < 50 µm 
accuracy at the X/Y-axis, and < 200 µm accuracy at the 
Z-axis. The entire system is commanded using an in-house 
developed controlling board that uses multi-core processors 
and FPGA communication to synchronise the 25 axes.
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System mechanical design

An isometric view of the computer-assisted draw is illus-
trated in Fig. 1. This in-house robotic system was designed 
with two compartments, including the working stack and 
the controlling section (Fig. 1a). The entire workflow was 
operated via a linear motor (TL09/12N + magnetplate) 
constructed series robotic arm (Fig. 1a-1) with an optical 
encoder (RELAIN30U1A), which facilitated the movement 
of the multifunction head (Fig. 1a-2) as the coordination of 
the assay plates process during the entire automation work-
flow. Samples from a bio-safety P2 lab were loaded into 
racks at 24 tubes per rack (Fig. 1a-14), then transferred into 
deep well plates (Fig. 1a-9) using disposable pipette from 
a tip container (Fig. 1a-15). They were further processed 
for lysis via a vibration module (Fig. 1a-8). The lysate was 
then prepared using a magnetic-rod module coupled to a DC 
motor (Fig. 1a-3), and the sample was loaded into a shallow 
plate. Quantification was performed using PMT (photomul-
tiplier tubes) as the detection sensor. Other modules included 
an air compressor (Fig. 1a-4) that supported liquid pump 
movement. The air compressor (Fig. 1a-4), was located 
with an electric box (Fig. 1a-5), and the motor control host 
(Fig. 1a-6) was on the lower deck of the system. The entire 
sample loading and automation processing was divided into 
six steps, as illustrated using video recording (Supplement 
Video I–VI).

Electronic instrumentation

The instrumentation of the electrical and electronic ele-
ments that the device implemented needed to be highly 

synchronised for multi-module coordination. Therefore, 
the controlling subsystem was divided into eight modules. 
A general scheme shows the interaction between each 
module in Fig. 2. In detail, the multi-axis synchronous 
motion control system implements a high-speed and multi-
coordinate system as the central control platform, which 
contains TMS320DM8168 as the main control chip, inte-
grating ARM (1 GHz Cortex A8 RISC CPU) and floating-
point DSP (Ti C674x VLIW 800 MHz). The chip with 
GPMC extends the FPGA to control 23 axes distributed 
over five CNC machine coordinate systems, synchronised 
motion, multiple external interruptions to trigger flashlight 
and camera shutter, and multiple input and output general 
control. The hardware implements an ARM + DSP + FPGA 
integrated multi-core integrated for high-speed control. 
The software core algorithm achieves 23-axis synchronous 
interpolation control and various complex computations 
within the 0.5 ms main loop. Computationally intensive 
tasks, especially in image preprocessing, are GPU-accel-
erated mainly using the open-source library OpenCV. This 
system uses a workstation with 192 GB of random-access 
memory (RAM) to buffer and efficiently process vast 
amounts of incoming imaging data.

The control system includes the master computer and the 
slave embedded control board, which realises communica-
tion through an Ethernet bus; the embedded control sys-
tem is used for data processing, and the processing results 
are uploaded to the master computer. The embedded con-
trol board includes a central control processing module, 
an FPGA module, and a peripheral control module; the 
peripheral control module includes a multi-axis linear motor 
control output module, multi-axis output for server motor 

Fig. 1  Automated robotic system for SARS-COV-2 diagnosis. a The 
mechanical structure and layout of the system shown from different 
orientations (front, rear, and top). The key functional modules of this 
system, including mag-rod module, multifunctional head with robot 
arm and single-photon counting-based PMT detector, are labelled 

with numbers. b A brief workflow of SARS-COV-2 detection from 
specimen preparation to nucleic acid extraction with enrichment, fol-
lowed by fluorescent-based detection. A final report is generated after 
the raw data is generated from the PMT detection
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control, a magnetic rod control module, a pipette liquid con-
trol module, a vibration heating module, and a PMT module.

The multi-axis output module includes multiple linear 
motors, drives, and grating scales, which are used to control 
the running speed, direction, and positioning of the motors. 
In addition, the state feedback module is implemented to 
feedback the running status of each motor. The grating ruler 
module is used to feedback each motor position. Finally, the 
universal input module is executed to read other signals, 
such as restricted travel positions, and the output module 
performs control outputs, such as DC motor, cylinders, and 
liquid pumps.

Controlling system movement

The entire system is regulated via a lower embedded con-
trol board using a high-performance dual-core processor 
via the main control chip. The ARM core of the dual-core 
processor, the main control processor, is used to commu-
nicate with the master system with control codes. In addi-
tion, the DSP core performs multi-axis motion control 
trajectory planning, motion control algorithm process-
ing, and interpolation calculation with functional module 

control. The ARM core and DSP core of the dual-core 
processor exchange data through shared memory; the 
dual-core processor is connected to the FPGA proces-
sor through a 32-bit parallel bus for data exchange. The 
FPGA triggers the dual-core processor to perform inter-
polation output through interrupts; the FPGA receives the 
pulse value and direction value of each axis transmitted 
from the interpolation buffer, performs the synchronous 
interpolation of each axis, and realises the robot space 
movement. Movement control is accomplished according 
to the acceleration curve of the fifth-order polynomial 
acceleration, and the deceleration algorithm is a quad-
ratic curve, which is a parabola with an opening. Figure 2 
shows that the opening faces downward during the accel-
eration phase, and the opening faces upward during the 
deceleration phase.

The motion control curve is divided into three sec-
tions: the acceleration segment t ∈

[
T0, T1

]
 , the constant 

velocity section t ∈
(
T1, T2

]
 , and the deceleration section 

t ∈
(
T2, T3

]
 . Amp is the maximum positive acceleration and 

Amm is the maximum negative acceleration; Vs is the start-
ing speed; Ve is the end speed, and it is a constant speed.

Fig. 2  Hardware of the auto-
mated robotic system
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The jerk calculation formula is:

The acceleration calculation formula is:

When t = T1

2
,
T2+T3

2
 , there is maximum acceleration, and 

when t , the acceleration is 0.
The speed calculation formula is:

When t = 0, the initial speed is Vs ; when t = T1 , the speed is Vm ; 
when t =

[
T1, T2

]
 , the speed is Vm ; when t = T3 , the speed is Ve.

Displacement calculation formula:

When t = 0, the initial displacement is 0; when t = T1 , the 
displacement is S1 ; when t = T2 , the displacement is S2 ; when 
t = T3 , the displacement is S3.

Substituting t = T1 into (3)

(1)

⎧
⎪⎪⎪⎨⎪⎪⎪⎩

j(t) = −Amp

64

T4
1

�
t −

T1

2

�3

t ∈
�
T0, T1

�

j(t) = 0 t ∈
�
T1, T2

�

j(t) = Amm

64�
T3 − T2

�4
�
t −

T2 + T3

2

�3

t ∈
�
T2, T3

�

(2)

⎧⎪⎪⎪⎨⎪⎪⎪⎩

a(t) = −Amp

16

T4
1

�
t −

T1

2

�4

+ Amp t ∈
�
T0 , T1

�

a(t) = 0 t ∈
�
T1, T2

�

a(t) = Amm

16�
T3 − T2

�4
�
t −

T2 + T3

2

�4

− Amm t ∈
�
T2, T3

�

(3)

⎧⎪⎪⎪⎨⎪⎪⎪⎩

v(t) = −Amp

16

5T4
1

�
t −

T1

2

�5

+ Ampt − Amp

T1

10
+ Vs t ∈

�
T0 , T1

�

v(t) = Vm t ∈
�
T1, T2

�

v(t) = Amm

16

5
�
T3 − T2

�4
�
t −

T2 + T3

2

�5

− Amm

�
t − T2

�
+ Amm

T3 − T2

10
+ Vm t ∈

�
T2, T3

�

(4)

⎧⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎩

s(t) = −Amp

8

15T4
1

�
t −

T1

2

�6

+ Amp

t2

2
− Amp

T1

10
t + Amp

T2
1

120
+ Vst t ∈

�
T0 , T1

�

s(t) = Vm

�
t − T1

�
+ S1 t ∈

�
T1, T2

�

s(t) = Amm

8

15
�
T3 − T2

�4
�
t −

T2 + T3

2

�6

− Amm

�
t − T2

�2
2

+ Amm

T3 − T2

10

�
t − T2

�
− Amm

�
T3 − T2

�2
10

+ Vm

�
t − T2

�
+ S2 t ∈

�
T2, T3

�

(5)Vm =
4AmpT1

5
+ Vs

Similarly, substituting t = T1 into Eq. (3) yields:

When the maximum negative acceleration is obtained, 
the time required from deceleration to  T3–T2 (deceleration 
period time) is,

When t = T3 , we enter formula Eq. (4) and obtain the 
displacement for the acceleration section:

(6)T1 =
5
(
Vm − Vs

)
4Amp

(7)Ve =
4Amm

(
T3 − T2

)
5

+ Vm

(8)T3 − T2 =
5
(
Vm − Ve

)
4Amm

mm

(9)S1 =
5
(
V2
m
− V2

s

)
8Amp

Setting the total displacement as S0 , the displacement 
of the constant speed section can be obtained as follows:

(10)S3 =
5
(
V2
m
− V2

e

)
8Amm

(11)

S2 − S1 = S0 − S1 − S3 = S0 −
5

8

((
V2
m
− V2

s

)
Amp

+

(
V2
m
− V2

e

)
Amm

)
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The time of the constant speed section is:

Hence, the FPGA controls the robot motor movement 
through the fifth-order polynomial S-curve, which can effec-
tively reduce the vibration of frequent switching of machine 
speed and back and forth reversing, improving positioning 
accuracy, increasing operating speed, and shortening the run 
time to ensure the rapid completion of the experiment.

Samples preparations

Sample pretreatment

In most situations, the samples had all been inactivated by 
incubation at 56 °C for 30 min when they were received from 
the hospital. Then, 200 μl liquid was moved from a total 
3–5 ml volume to sample tubes that contained 225 μl lysis 
buffer. Four 24-well plastic carriers were used to arrange 
all sample tubes in a certain order. All the processes were 
carried out in the BSL-2 laboratory and biosafety cabinet.

Nucleoid acid preparation

Both human (DNA) and SARS-CoV-2 (RNA) nucleoid acids 
were prepared using the TraceMag-Virus RNA/DNA Extrac-
tion Kit (KOALSON), which was adapted to the SARS-
CoV-2 Integrated Nucleic Acid Preparation and Detection 
System. This kit consists of lysis buffer (225 μl for each sam-
ple, shown in the same way for the following components), 
binding buffer (405 μl), wash buffer I (500 μl), wash buffer II 
(500 μl), elution buffer (50 μl), magnetic beads (15 μl), and 
proteinase K (20 μl). All the reagents and relative consuma-
bles are prepackaged, so that the operator needs to remove 
the seal and put them in the right position according to the 
guidelines before the machine starts up.

Cross priming amplification (CPA) reaction

One-step: The amplification step was performed using the 
Diagnostic Kit for SARS-CoV-2 RNA (Isothermal Ampli-
fication Real-Time Fluorescence Assay) (UStar). This kit 
consisted of CPA buffer, CPA enzyme mix, positive control, 
and negative control. The CPA reaction system consisted of 
28 μl CPA buffer, 2 μl CPA enzyme mix, and 20 μl template. 
These were mixed gently, and then sealed with 30 μl paraffin 

(12)T2 − T1 =
S0

Vm

−
5

8Vm

((
V2
m
− V2

s

)
Amp

+

(
V2
m
− V2

e

)
Amm

)

(13)

T2 =
S0

Vm

−
5

8Vm

((
V2
m
− V2

s

)
Amp

+

(
V2
m
− V2

e

)
Amm

)
+

5
(
Vm − Vs

)
4Amp

oil and incubated at 58 °C for 60 min. The detection channel 
used was FAM for the ORF and N genes of SARS-CoV-2.

Two-step: To improve the detection sensitivity, 
CRISPR technology was combined with the CPA reac-
tion to become a two-step diagnostic kit for SARS-CoV-2 
RNA. Both the CRISPR enzyme mix, and the CPA 
enzyme mix were made into glassy solids in different 
PCR tubes or 96-well plates. In step one, 30 μl buffer A 
was added to the CPA enzyme mix and stored at 4 ℃, and 
then incubated at 58 ℃ for 60 min after 20 μl template and 
30 μl paraffin oil were added. In step two, 20 µl buffer B 
was added to the CRISPR enzyme mix and stored at 4 ℃ 
before it was added to the step one product and incubated 
at 37 ℃ for 30 min. The detection channels were FAM 
for the ORF gene of SARS-CoV-2, and CY5 for a human 
housekeeping gene as an internal control.

PMT detection

As the system designed, the fluorescent signal was collected 
using FAM: ET485/20 × ; ET535/30 m. CY5: ET640/30 × ; 
ET700/50 m. The single-point scanning time for each sam-
ple was 100 ms. Two channel signals were collected per 
minute.

RT‑PCR

The control RT-PCR kit is a diagnostic kit for SARS-CoV-2 
nucleic acid (real-time fluorescence assay) (BioPerfectus 
Technologies). The total 20 μl reaction system included: 
7.5 μl reaction buffer; 5 μl enzyme mix; 4 μl SARS-CoV-2 
reaction buffer; 3.5 μl RNase-free water. The PCR program 
consisted of 50 ℃, 30 min, 1 cycle; 95 ℃, 30 min, 1 cycle; 
95 ℃, 10 s/55 ℃, 40 s, 45 cycles. The detection channels were 
FAM for the ORF gene, VIC for the N gene of SARS-CoV-2, 
and CY5 for a human housekeeping gene as an internal con-
trol. Positive result: as indicated for both FAM and VIC chan-
nel Ct ≤ 37 with an S-type curve. Negative result: as indi-
cated for both FAM and VIC channel Ct > 40 or not detected. 
Suspected: as indicated FAM or VIC channel Ct ≤ 37, one 
another 37 < Ct ≤ 40, or both channels 37 < Ct ≤ 40.

Algorithm for distinguishing between positive 
and negative samples

To distinguish between positive and negative samples, one 
algorithm should be used to judge samples as positive or 
negative. Using weighted mean gradients (WMGs) is an 
effective tool for data analysis and has many merits, such 
as simplicity and noise reduction, WMGs were used for our 
judgments.
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For the control positive and negative samples, WMGs 
that reduce noise can be calculated as:

where y and � are the magnitude and weight, respectively.
For control positive and negative samples, the average 

and variance of the WMGs can be described as follows:

Assuming an intermediate variable � defined by:

For the samples, the positive and negative criteria are as 
follows:

where the subscripts P, N, and S indicate control, positive, 
and negative samples, respectively, and C is the constant 
coefficient. Each of our samples has 35 points, and there are 
4 each of control, positive, and negative samples, respec-
tively. In our algorithm, � takes 0.90–0.95 (Fig. 3).

Results

System workflow and essential elements

Having capacity for SARS‐CoV‐2 molecular detection with 
high sensitivity is an essential element in fighting multiple 
waves of pandemic globally. A centralised testing strategy 
has been implemented in many countries to enhance diag-
nostic throughput and quality assurance. This approach may 
be optimal for a direct connection between specimens and 
end-user scientists who perform large-scale batch assays. 
The system workflow is initiated after the inactivated 
samples are loaded into the system (Fig. 4a). Prior to the 

(14)WMG =

n∑
i=1

yi ⋅ �
i−1

(15)WMG =

N∑
i=1

WMGi

(16)
� =

�∑N

i=1
(WMGi −WMG)2

N − 1

� =
WMGP −WMGN

�p + �N

(17)Sample =

⎧
⎪⎪⎪⎨⎪⎪⎪⎩

Postive, if
���WMGS −WMGP

��� ≤ 0.99 ⋅ 𝛽 ⋅ 𝜎p

Negative, if
���WMGS −WMGN

��� ≤ C ⋅ 𝜎N

Suspicion, if WMGS −WMGN > C ⋅ 𝜎N & WMGp −WMGs > C ⋅ 𝜎p

Data eeror, others

operation, all consumables and reagents are deposited into 
a cabinet with established airflow. First, after inactivation 
in the BSL-2 condition, up to 400 µl mix (specimen with 
lysis buffer) is transferred robotically into a binding solution, 
which contains magnetic beads for nucleic acid capture, and 
the total volume cannot exceed 1000 µl. Subsequently, in the 
combination linear motion module and gripper, two loading 
positions holding 96 deep well plates are rotated below the 
96 magnetic rod matrix, which performs a 2-phase up-down 
movement at the Z-axis. The plastic cover around the mag-
netic rod can be ejected and disposed at the end of each run. 
The plastic rod cover works in tandem with the magnetic 
rod movement along the Z-axis, and magnetic beads can 
create associated/disassociated synchronised with the on/off 
association of the rod cover. This motion is not adopted from 
the manual procedure, and control of the speed, frequency, 
and workflow were optimised to harvest the maximum yield 
of nucleic acid in parallel with 96 throughput manner. The 
nucleic acid binding procedure takes 10 min, and three 
cycles of the magnetic rod module process take approxi-
mately 30 min. Hence, two batches of 96 samples (192 in 
total) can be processed in a coordinated manner to reduce 
the off-machine time. The purified nucleic acid product was 

dissolved in 30–50 µl elution buffer. Half of the product is 
prepared with CPA reaction for viral detection, and the other 
half is stored for reference. Some of the products are cross-
examined using RT-PCR.

The multifunctional head does not execute only the liquid 
handling and assay plate gripping; the PMT-based detection 
module is also used for CPA-detected viral copy quantifica-
tion. In detail, two channels with an excitation of 485 nm/
emission of 535 nm, and excitation of 640 nm/emission 
of 700 nm, respectively, for single or dual detection using 
the CPA reaction were designed. The excitation light path 
where the LED light source was located was physically sepa-
rated at an angle of < 30 with a single-photon counter PMT 
attached, in conjunction with the aperture diaphragm and 
filters, reduces any large-angle scattering, which improves 
the signal-to-noise ratio, and enhances viral detection sen-
sitivity. Finally, the time lapse of the CAP detection data 
was analysed in an automated manner. The total time con-
sumption differed based on sample throughput (Fig. 4b). The 
single batch run of 96 samples consumed 120 min, as the run 
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of 192 samples could be reduced due to the parallel robotic 
process, and the detection speed of the single-photon coun-
ter PMT was superior to that of the CAP reaction; hence, a 
speed of less than 60 s per reaction was achieved. In contrast, 
the manual RT-PCR with a 24-sample throughput consumed 
more time for nucleic acid preparation and detection. There-
fore, with the entire robotic operation and the key functional 
components, throughput can be enhanced dramatically with 
minimal manual involvement.

Comparison of diagnostic performance 
and determination of detection sensitivity

The clinical sample was implemented for direct compari-
son between the gold standard CDC-recommended con-
ventional RT-PCR assay and this fully automated process. 
As detailed in the method, the same targeted viral sequence 
as recommended by the CDC (N and ORF1a/b gene) was 
performed with 1129 specimens for neck-to-neck compari-
son. First, we cross-evaluated the automated yield rate of 
nucleoid acid extraction between the manual process and 
the conventional approach. The evaluation was performed 

Fig. 3  Control curves of a dis-
tance, b velocity, c acceleration, 
and d jerk
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using the human housekeeping gene (GAPDH) as an internal 
control; consistently, a 50–60% yield rate was obtained with 
both approaches. Noticeably, the number of minimum sam-
ple processes using automation could not be less than four, 
which means that it is less flexible than the manual method. 
In a total of 1129 specimens that used CAP combined with 
the automation process, 11/1129 samples were detected as 
SARS-CoV-2 positive, 4 samples showed statistical ambigu-
ity, and the remaining 1114 samples were detected as SARS-
CoV-2 negative. In comparison, manual RT-PCR showed 
that 15/1129 samples were reported as SARS-CoV-2 posi-
tive, while the others were negative (Fig. 5). Interestingly, 
apart from the three samples which fell between 3-sigma 
and 5-sigma statistically, the other data points were matched 
and were in 100% agreement. Unlike manual involvement 
in the data analysis of RT-PCR, the threshold cycle (Ct) 
quantified the titre number of viral particles, which could 
be manually adjusted based on operator experience under 
the circumstances; in contrast, the WMGs were automati-
cally implemented in CPA quantification. There was no non-
specific amplification of the negative control by any of the 
assays (data not shown), which is consistent with the result 

for 1114 samples as SARS-CoV-2 negative using RT-PCR as 
the comparison. Meanwhile, the data with statistical ambi-
guity as specious samples were retested for confirmation.

To assess the detection sensitivity of this automated 
approach, we conducted assays using serially diluted posi-
tive controls (25, 50, 100, 200, 500, 1000, and 2000 copies) 
as the template (Table 1). With more than 100 copies per 
reaction (not including 100) of the positive control, ampli-
fication and detection were observed in all assays (n = 3). 
Within 100 copies, amplification signals failed in one of 3 
repeats. Hence, the limitation of CPA sensitivity is approxi-
mately Ct = 35, which is consistent with the viral titre of 
these ambiguous samples. Furthermore, the sensitivity was 
improved using a CRISPR-based detection probe as the 
second step after the CPA cycles (detailed in the Methods 
section). This sensitivity improvement can detect 50 copies 
per reaction with a reaction time of 30 min. These results 
suggested that the detection rate of this fully automated 
setup was comparable with that of the conventional CDC-
recommended approach, but with superior throughput and 
limited manual involvement.

Fig. 4  a Process of SARS-COV-2 detection. The samples were ali-
quoted and loaded into the system after an inactivation step which 
was performed at 56 ℃ for at least 30 min. Then, both SARS-COV-2 
RNA and human DNA (overall nucleic acid) were captured by mag-
netic beads and were washed three times with different wash buff-
ers. A heat-dry step was needed to evaporate the redundant ethanol 
in wash buffer III. The nucleic acid template gained from the heat-
ing elution step was mixed with the CPA reaction buffer. The reac-

tion system was finally sealed with paraffin oil. The targets were then 
amplified using the thermostatic module at 58 ℃, and the raw data 
were processed by the system automatically. Finally, the equipment 
was cleaned by HEPA and UV lamp. b Comparison of time consump-
tion of the manual and automatic system. The elapsed time for each 
sample of both the automated 96 and 192 throughputs were much 
shorter than the manual operation
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Discussion

In the current development, we present a fully automated 
robotic system that can perform SARS‐CoV‐2 nucleic 
acid-based diagnosis in a “specimen in data out” manner. 
The aim of this development was to assess the combined 
system achievement for high specification, high sensitivity, 
and high throughput with minimum workforce involve-
ment, and to evaluate the system using real-world evidence 
with more than a thousand clinical samples as the com-
parison study. We converted the biological process to suit 
the automation process and designed the system to extract 
nucleic acid from swabs or sputum. The robotic system 
implemented a CPA reaction to potentiate the through-
put and sensitivity, rather than using RT-PCR, for SARS‐
CoV‐2 nucleic acid detection in ORF1a/b and N genes. 
Moreover, an automated WMG data analysis approach 
with custom-developed algorithms was implemented for 
fast and accurate result profiling without user input. Our 
findings emphasise that understanding the specific sensi-
tivity kinetics of the system should facilitate the screening 
strategy for large-scale testing in fighting COVID-19.

The sensitivity, specification, and throughput are the 
three most essential criteria for molecular diagnosis, 
which even serves as conflict metrics to achieve all three 
at the high-end. The design of the probes determined 
the specifications for SARS-CoV-2 diagnosis, as recom-
mended by WHO in early 2020. Upton now, CDC from 
multiple regions have certified the CPA mix (in China, 
US and EU), as verified using large-scaled clinical data 
concerning sensitivity [23]. The single-photon counter 
can further enhance sensitivity under the current bio-
logical setup. Although we only used one optical channel 
with two viral genes for this clinical verification, further 
development may facilitate dual channels for detection of 
up to four genes, which may be applied to the influenza 
virus and SARS-CoV-2 double screening as two genes for 
each identification with high sensitivity. The throughput 
and walkway time are two independent measurements in 
SARS-CoV-2 diagnosis at present. Although the POCT 
setup on the machine is easy to use, in a real-world clinical 
lab, a regular workforce is required for sample confirma-
tion, sample loading, and sample ejection. The workload 
for a clinical workforce, which requires an automation pro-
cess, provides maximal no-need for man attended period 
as walkaway time and scalable parallel procedures. Hence, 
the deployment of a POCT testing device for extensively 
scaled screening is less optimal.

Screening for many infectious specimens in a central-
ised manner may be the next step for improving working 
efficiency. The concept of robotics and cognitive auto-
mation (R&CA) was implemented as total laboratory 

Fig. 5  Direct comparison of CPA and RT-PCR for accuracy. More 
than 1000 specimens were used to perform an accuracy assessment 
with real-world samples. The data are shown in brief: negative sam-
ples of both RT-PCR and CPA, Nn = 1114; positive samples of RT-
PCR, Np = 15; positive samples of CPA, Np = 11; suspicious samples 
of CPA, Ns = 4; total N = 1129; KAPPA test: κ = 0.73, P < 0.001 (sub-
stantial)

Table 1  Sensitivity comparison of one-step and two-step detection 
strategy

The calculation criteria between different approaches were based on 
the following restricted conditions: The sample uptake volume from 
the original specimen for nucleic acid preparation was 200 µl or no 
less than 100 µl. The recovery rate of the extraction kit was estimated 
to be 50%. The volume of purified nucleic acid was 40 µl. CPA was 
used to quantify the volume of the amplification template to 20  µl. 
The absolute relevance between copies/ml and Ct value was veri-
fied using digital RT-PCR for the nucleic acid count as the reference 
obtained for this study from the CDC

Copies/reac-
tion

One-step 
60 min

Two-step 
90 min

Copies/ml Ct value

2000  +  +  +  +  +  + 40,000 30 ~ 31
1000  +  +  +  +  +  + 20,000 31 ~ 32
500  +  +  +  +  +  + 10,000 32 ~ 33
200  +  +  +  +  +  + 4000 33 ~ 34
100  +−+  +  +  + 2000 34 ~ 35
50 − − +  + 1000 36 ~ 37
25 – − 500  > 37
PC  +  +  +  +  +  + – –
NC − − – –
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automation (TLA), which may be a solution for infectious 
samples [24, 25]. Indeed, the automated approach we 
developed and presented in this study, is consistent with 
the requirements and recommendations in the literature for 
reducing people’s involvement, minimising infrastructural 
setup, achieving high throughput with high sensitivity and 
specificity, and delivering reliable and automated data 
with high QC standards [24, 26]. However, the automation 
process is not limited to mimicking the entire manual pro-
cess in a robotic manner. Biological reagents are critical 
for any molecular diagnosis; however, they were originally 
developed and designed for manual operation rather than 
for automation. Hence, adapting the biological process to 
automation, or redesigning the hardware to comply with 
a biological parallel process is crucial; consequently, it 
further enhances system efficiency and robustness.

To perform background screening for monitoring 
COVID-19 infection levels in a large population, the guide-
line for a 5-in-1 mixed sample SARS-CoV-2 diagnosis was 
discussed. The critical statistical assumption is that the over-
all COVID-19 infection rate in the target area is lower than 
0.1%; indeed, this does not apply to clinical applications. 
Hence, using this robotic setup with 50 copies per reaction 
sensitivity in the 2-step CPA approach can quickly expand 
testing capacity and further improve throughput. In the post 
COVID-19 situation, background screening may be the most 
effective way to monitor the infection rate to provide mean-
ingful epidemiological data. Furthermore, during the manu-
script publication, the SARS-CoV-2 Delta variant becomes 
the mainstream of the infectious mutation, which is highly 
contagious. The advantage of our system is capable of oper-
ating the updated reagents, which use CRISPR for detecting 
the variable region in two-step automation approaches. As 
demonstrated in Supplement Fig S3, using one PMT fluores-
cent channel for ORF-gene detection, and the spare channel 
for detection of CRISPR bound variants sequence.

To sum up, our development converted the CAP reaction 
to suitable for automation with a tailored optical design and 
combined this with an online data analysis approach. Our 
system processed more than 1000 clinical samples for vali-
dation. The application-tailored process-specific automatic 
setup dramatically enhanced diagnostic screening power, 
and it achieved 50–100 viral copies per reaction and approxi-
mately 700–1000 reactions daily in an assembly-line man-
ner. Although people have made a significant achievement 
regarding oral medicines for COVID-19, the 3–5 days treat-
ment window is in the early phase of the infection. Hence, 
this diagnostic power is a vital capability in the current 
COVID-19 pandemic as in conventional clinical practice, 
which is also capable of variants detection.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s00449- 021- 02674-9.
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