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ARTICLE INFO ABSTRACT
Keywords: Background: Starting from 2009, HIN1 has been one of the respiratory diseases that afflict the
Influenza A global population. Concurrently, due to the influence of COVID-19, it has become widely

Influenza A virus

R accepted that preventing the virus’s spread necessitates personal protection measures and
Deep ultraviolet LED

disinfection in public spaces.

Robot . . . . .

uve Experiments: This study conducted two experiments. In the classroom experiment, six UVC dose
Virus inactivation test points were calibrated to test whether the UVC dose at each testing point met the standards
Robot technology for inactivating IAVs and the time required to meet the standards. In the simulated classroom
Classroom environment experiment, seven square slides made of IAVs were placed. After 10 min of robot movement,

irradiated sterile square slides were made into suspension and injected into chicken embryos.
Cultivate chicken embryos and conduct IAVs testing.

Results: Classroom experiment has shown that 5 testing points can meet the standards for inac-
tivating IAVs(3 mJ. /cm?), with a required time of 80 min, 40 min, 15 min, 5 min and 10 min. The
UVC dose for testing points that do not meet the standards in 80 min is only 0.5 mJ/cm? The
simulation classroom experiment outcomes revealed that 99.99 % of IAVs were deactivated.
Furthermore, this study established both a desktop control group and a chair arm control group,
both of which yielded identical results, indicating an inactivation logarithm of IAVs>4log.
Conclusion: The study presented that IAVs on the surface of an object can be effectively and
rapidly deactivated at an irradiation density of 1.8 mW/cm? Meanwhile, the study provides
evidence of the feasibility of using the GXU robot to inactivate IAVs in a classroom environment.

1. Introduction

Respiratory illnesses stemming from respiratory pathogens have garnered global attention. Following the HIN1 pandemic in 2009,
the influenza A virus (IAVs) has extensively circulated worldwide, imposing a significant strain on the healthcare systems of various
nations. As of August 1, 2022, statistics from the China Bureau for Disease Control and Prevention indicate that HIN1 has led to over
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1.5 million hospitalizations and caused three fatalities, resulting in a mortality rate below 0.01 % [1]. During that year, the Centers for
Disease Control and Prevention (CDC) in the United States made a projection of over 9 million instances of influenza and approxi-
mately 20,000 fatalities occurring between 2021 and 2022 [2]. Despite its low mortality rate, the high contagiousness and patho-
genicity of HIN1 emphasize the continued importance of preventing and managing the transmission of influenza A viruses (IAVs).

Within the realm of respiratory diseases, there are three prevalent modes of transmission: droplet transmission, aerosol trans-
mission, and airborne transmission [3,4]. HIN1, a respiratory pathogen disease, primarily spreads through direct or indirect contact
between individuals [5]. Direct contact with the oral or nasal secretions of an infected person can result in virus transmission [6].
Similarly, there is a higher likelihood of infection through indirect exposure, such as inhaling or touching the droplets or respiratory
secretions of an affected individual [7]. Moreover, influenza A viruses (IAVs) have the ability to swiftly contaminate surfaces,
particularly in densely populated settings like hospitals, schools, and nursing homes. Once an infection occurs, IAVs can rapidly
propagate [4,8]. Therefore, effectively preventing the spread of IAVs entails thorough cleaning and disinfection of object surfaces [7].

Ultraviolet (UV) radiation is a widely employed method for eradicating microorganisms. When microorganisms are exposed to UV
radiation, their cellular structures are compromised, hindering their replication and ultimately leading to microbial death [9-12].
Influenza A viruses (IAVs) belong to the RNA virus category and consist of eight segments of single-stranded RNA genome along with
lipid and carbohydrate components [13]. Numerous reports have demonstrated the effectiveness of UV radiation in inactivating IAVs.
For instance, Devin Mills et al. [14] observed a significant reduction (>3log) in IAV activity when N95 masks contaminated with IAVs
were treated with Ultraviolet Germicidal Irradiation (UVGI) and reported that the activity of IAVs was significantly reduced (>3log)
after the N95 mask contaminated by IAVs was treated with Ultraviolet germicidal irradiation (UVGI). Another study by Kojima M et al.
[15] conducted UV light experiments using eight different wavelengths (365, 310, 300, 290, 280, 270, 260, and 254 nm) and found
that the highest inactivation rate for the HIN1 subtype of IAVs was achieved with UV light at 260 nm. Furthermore, David Welch et al.
[16] reported that far UVC light at 222 nm can deactivate over 95 % of atomized HIN1 influenza virus at a low dose of 2 mJ/cm?.
Additionally, K. Narita et al. [17] demonstrated that under the irradiation of far ultraviolet light (222 nm) at a radiation dose of 6
mJ/cm?, IAVs were undetectable. Although these studies have illustrated the potential of UV radiation in inactivating IAVs, there is
limited research on real-world applications of IAV inactivation using UV radiation.

In the context of the COVID-19 pandemic, the utilization of deep ultraviolet robots (UVC robots) has emerged as a promising
solution for mitigating the challenges associated with manual disinfection. However, it remains uncertain whether UVC robots can
effectively deactivate pathogens in more complex settings, such as school classrooms. Thus, this study introduces a novel deep ul-
traviolet robot (GXU Robot) equipped with automatic navigation and eight 273 nm ultraviolet lamps, providing a 360° irradiation
range. Also, two experiments were conducted in this study, a classroom experiment and a simulated classroom experiment. The
feasibility of the GXU robot to inactivate IAVs in a classroom environment was evaluated based on test results from two experiments.

2. Prior work
2.1. UVC lamp production

In contrast to previous experiments utilizing deep UV robots [4,18-21], the GXU Robot employed in this study is equipped with
eight self-made 273 nm ultraviolet lamps, as illustrated in Fig. 1(a). Each lamp incorporates 24 high-power UVC beads, connected in
both series and parallel configurations. Utilizing an Ultraviolet Detector (ATA-500UV) test, it was observed that when the current is set
at 500 mA, the UVC bead achieves a maximum optical power of 80 mW, as depicted in Fig. 1(b). Once the GXU Robot is operational
(powered by a 36 V, 32AH battery), measurements of the current during the robot’s operation indicate that the maximum optical
power of a single UVC lamp is estimated to be approximately 1.6 W, as shown in Fig. 2(b) through multiple measurements.
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Fig. 1. (a) UVC bead wavelength curve. (b) Curve of optical power of the UVC bead changing with current.
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Fig. 2. (a) Attenuation curve of optical power density with distance of three UVC lamps (36 V, 2 A). (b) The Curve of UVC lamp current with time,
when the robot works normally.

2.2. Attenuation of optical power density

The self-made UVC lamps utilized in this study exhibit a relatively low luminous efficiency, estimated to be approximately 3 %. In
comparison to common low-pressure mercury lamps, the optical power density of the self-made UVC lamps decays at a faster rate with
increasing distance. To investigate the attenuation of optical power in the self-made UVC lamps, an experiment was conducted to
examine the changes in optical power density over varying distances (0-1 m). For the experiment, three out of the eight UVC lamps
installed on the GXU robot were randomly selected for testing. The entire experiment was conducted in an environment devoid of any
interference from other light sources. The LS125 multi-probe ultraviolet irradiance meter (LS125-UVC-X0 probe, with a spectral
response of 230-280 nm, manufactured by Linshang Technology, Shenzhen, China) was positioned facing the UVC lamps. The
experiment employed a 48 V power supply, with the UVC lamps illuminated for 30 s, followed by measurements taken using the LS125
multi-probe ultraviolet irradiance meter. The obtained data reveals the attenuation of optical power density in the three self-made UVC
lamps with respect to distance, as depicted in Fig. 2(a). It is noteworthy that all three UVC lamps exhibit a consistent trend of
attenuation. At a distance of 20 cm, the optical power density is reduced by half, and at 1 m, it is essentially negligible.

2.3. Deep ultraviolet robot

In this study, the deep ultraviolet robot (GXU Robot) utilizes the Athena universal robot development platform (Athena, model
N4M11), which incorporates SLAM Technology, Fig. 4(a). The Athena platform integrates various sensors, including laser radar, ul-
trasonic sensors, and collision sensors. These sensors enable autonomous intelligent navigation and obstacle avoidance capabilities.
The dimensions of the GXU Robot are 41 x 39 x 80 cm (length, width, and height). It is equipped with eight self-made UVC lamps (273
nm) that are each 1.2 m in length. These eight lamps are arranged in a rectangular configuration, allowing for a 360° irradiation

Fig. 3. (a) Floor. (b) Chair surface. (c) Desktop. (d) Wall. (e) On the side of the table. (f) At the bottom of the table.
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coverage. In this study, the control of GXU robot was completed by a mobile app (GXU Robot app). GXU Robot app is an app developed
based on Android software, suitable for mobile phones under the Android 12 system. The app was developed independently by our
team and has not been published on public networks. The app and its tutorial can be obtained by contacting the author or corre-
sponding author.

3. Experimental results and discussion 1

The GXU robot described in this study is specifically designed for classroom environment disinfection and sterilization. In com-
parison to corridors, halls, and conference rooms, the classroom environment is more complex. Therefore, in order to evaluate the
feasibility of using the robot in actual classrooms, UVC dosage was tested in a university classroom. The classroom has an area of 50 m?.
Six testing points were placed in the classroom, as shown in Fig. 3(a)-(f). Measure the UV dose at six testing points during the robot’s
movement to verify whether the HIN1 virus inactivation dose (3 mJ/cm?) is met, and record the time required for inactivation.

After the robot scans the classroom, it obtains a scanned map and adds 10 position points to the scanned map. Use the robot control
app (GXU Robot app) to add work tasks and set the motion path, which are determined by 10 added position points. And then the robot
begins to move as illustrated in Fig. S1 and Supplementary Video, the time required to complete the task is 5 min. The distance between
the 6 testing points and the robot’s movement is approximately 20 cm. The test results are shown in Table 1. The time required to reach
the inactivation dose of IAVs (3 mJ/cm?) at 5 test points, including the ground, chair surface, desktop, wall, and on the side of the table,
is 80 min, 40 min, 15 min, 5 min, and 10 min, respectively. When the ground testing point reaches the minimum dose, the UVC dose at
the bottom of the table is only 0.5 mJ/cm?, much lower than 3 mJ/cm? Through this experiment, it has been proven that GXU Robot
can achieve the UVC dose required to inactivate IAVs. However, further research is needed to determine whether the robot can truly
inactivate the IAVs in the classroom environment.

4. Experimental results and discussion 2
4.1. HINI virus

The specific viruses used in this study were influenza A viruses (IAVs, ATCCVR-1496), provided by Ingalls Detection Technology
Services (Shanghai) Co. First, IAVs was diluted 1:100 with 500 mL virus culture medium (DMEM, 1 % bovine serum albumin, anti-
biotic) and inoculated in a 96-well cell plate containing 3 x 10%/well MDCK cells. Then, 146 pL of diluted virus solution was added to
each of the 4 wells in the first column of the 96-well cell plate, and 100 pL of virus culture solution was added to each well in the other
columns. Using a multichannel spiker, 46 pL of liquid was pipetted from the first well into the second well, and then diluted semi-
logarithmically into the fifth well, 1072, 1072°, 1073, 10735. Each well contained 100 pL of virus solution. Finally, cell lesions
were stopped and the erythrocyte agglutination titer of IAVs was detected. When the hemagglutination concentration of IAVs was
1:640, dilutions of IAVs were applied to 10 x 10 mm sterile square slides for use in mock classrooms. The remaining [AVs dilutions
were stored at —80 °C.

4.2. Experimental process

The research described in this paper was carried out in a simulated classroom scene within a small conference room, which had an
area of approximately 30 m2. A total of 24 sterile square slides, each measuring 10 x 10 mm, were prepared. These slides were coated
with IAVs dilution with a hemagglutination concentration of >1:640. During the experiment, the GXU Robot irradiated twenty-one out
of the 24 sterile square slides containing the dried IAVs for a duration of 10 min. Each test included both a positive control group and a
negative control group. The negative control group consisted of culture plates containing normal saline, while the positive control
group comprised sterile square slides with IAVs that had not been exposed to the GXU Robot’s irradiation. The entire test was con-
ducted three times to ensure reliability and consistency of the results.

During each experiment, a total of seven sterile square slides were strategically placed within the small conference room, which
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Fig. 4. (a) Self-made GXU Robot running in real classroom. (b) The self-made GXU Robot runs in the small office of the simulation classroom. The
numbers 1-7 indicate the location of the sterile square slide of IAVs.
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Table 1
Height of each test point and time required to reach a dose of 3 mJ/cm?.
Testing points Time required to reach a dose of 3 mJ/cm? (minute) Height from ground (cm)
Floor 80 0
Chair surface 40 45
Desktop 15 75
Wall 5 105
On the side of the table 10 35
At the bottom of the table 80 minutes, the dose is 0.5 mJ/cm? 0

served as a simulation of a classroom setting. These seven test points included the floor, the top of the cabinet, the blackboard, table top
1, table top 2, chair armrest 1, and chair armrest 2. The blackboard, positioned in the middle of the conference room, was located 1.7 m
above the ground and corresponded to the topmost point of the GXU Robot. Adjacent to the blackboard, the cabinet was situated in the
lower-left area, approximately 1.4 m high. The floor placement point was positioned in the lower-right section of the blackboard. As for
table top 1, table top 2, chair armrest 1, and chair armrest 2, they were placed directly in front of the blackboard, as depicted in Fig. 4
(b). The movement of the GXU Robot is controlled by the GXU Robot app. Before starting the experiment, calibrate 7 position points on
the main interface of the GXU Robot app, corresponding to the 7 numbers in Fig. 4(b), but with a distance difference of 20 cm. After the
experiment starts, set the number of tasks through the GXU Robot app and move them for 10 min based on the calibrated position
points. The time required to complete a task is 1 min. The movement steps are similar to Experimental results and discussion 1.

4.3. IAVs detection

After 10 min of irradiation by the GXU robot, 7 sterile square glass slides were added to 1 mL deionized water for the experiment.
After repeated shaking, they were appropriately diluted with physiological saline, and then the diluted HIN1 virus was inoculated into
chicken embryos. The method was as follows: Select 9-11 days old white shell chicken embryos (SPF grade), place the air chamber of
the chicken embryos facing upwards on the egg tray, disinfect the chicken embryos with 70 %-75 % alcohol, and drill holes at the end
of the air chamber to obtain a 10 x 6 mm crack. Take 0.2 mL of diluted IAVs solution using a syringe with a No. 16 needle, drop sterile
liquid paraffin into the crack, gently shake the chicken embryo, and spread the liquid paraffin on the inner layer of the chicken embryo
shell membrane. Then insert the injection needle into the chest of the chicken embryo, gently flick the chin and legs with the needle.
When entering the amniotic cavity, the chicken embryo can be seen moving with the movement of the needle, and then inject 0.1 mL of
solution for injection. Withdraw the needle to 1/2 inch and inject the remaining 0.1 mL solution into the allantoic cavity of the chicken
embryo. According to the above method, use the same syringe to inoculate the diluted IAVs solution into two other chicken embryos.

At the same time, the positive control group containing sterile square slides containing IAVs placed in the natural environment and
the negative control group injected with physiological saline into the allantoic cavity of chicken embryos were repeated to obtain 6
chicken embryos. Classify the various obtained chicken embryos, seal the cracks with sterilized medical tape, and place the chicken
embryos with the air chamber facing upwards in a humidified incubator at a temperature of 35 °C for 2-3 days of cultivation. It is
necessary to check the normal growth of chicken embryos every day.

4.4. Results and discussion

The results of the IAVs inactivation experiment conducted in this study are presented in Table 2, Table 3 and Table 4. Three chicken
embryos were cultured in each of the three experiments, and they were directly inoculated with normal saline. The test results of the
collected allantoic fluid showed negative for the presence of the virus. In the positive control group, where the deep ultraviolet robot
irradiation was not applied, the virus titers were 5.76, 5.50 and 5.67, respectively. The difference between the three experimental
results was less than 0.3, satisfying the statistical requirements for experimental data.

In this study, a fixed distance of 20 cm was maintained between the deep ultraviolet robot and the test samples. The samples were
positioned at various heights, ranging from the ground to the 1.7 m blackboard, which corresponds to the height of the deep ultraviolet
robot. The experimental results demonstrate that the deep ultraviolet robot achieves rapid and highly effective inactivation of IAVs
within a short duration of exposure. Although the ground sample points exhibited a relatively lower rate of IAVs inactivation compared

Table 2
Results of the first inactivation test IAVs.
Sample location Deactivation logarithm, log R Inactivation rate, % EID50
Wall >4.00 >99.99 5.76
Top of cabinet >4.00 >99.99
Table top 1 >4.00 >99.99
Table top 1 >4.00 >99.99
Chair armrest 1 >4.00 >99.99
Chair armrest 2 >4.00 >99.99
On the floor 4.00 99.99
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Table 3
Results of the second inactivation test IAVs.
Sample location Deactivation logarithm, log R Inactivation rate, % EIDsq
Wall >4.00 >99.99 5.50
Top of cabinet >4.00 >99.99
Table top 1 >4.00 >99.99
Table top 1 >4.00 >99.99
Chair armrest 1 >4.00 >99.99
Chair armrest 2 >4.00 >99.99
On the floor 4.00 99.99
Table 4
Results of the third inactivation test IAVs.
Sample location Deactivation logarithm, log R Inactivation rate, % EIDso
Wall >4.00 >99.99 5.67
Top of cabinet >4.00 >99.99
Table top 1 >4.00 >99.99
Table top 1 >4.00 >99.99
Chair armrest 1 >4.00 >99.99
Chair armrest 2 >4.00 >99.99
On the floor 4.00 99.99

to the six sample points directly exposed to the deep ultraviolet robot, the overall inactivation rate of IAVs was 99.99 %.

The objective of this study was to assess the suitability of the deep ultraviolet robot for use in classroom environments. To replicate
a classroom setting, the experiment incorporated items commonly found in classrooms, such as blackboards and cabinets. Two control
groups were established, namely the desktop control group and the chair arm control group. Following irradiation by the deep ul-
traviolet robot, both desktop 1 and desktop 2 exhibited an inactivation rate of >99.99 % for IAVs. The same results were observed for
chair armrest 1 and chair armrest 2, consistent with the findings of the desktop control group. The movement of the deep ultraviolet
robot for 10 min resulted in an inactivation logarithm of >4log for IAVs. Similarly, the tests conducted on the blackboard and the top of
the cabinet yielded comparable outcomes. Furthermore, analysis of the UVC lamp’s optical power density curve indicated that when
the density reached 1.6 mW/cm?, the robot effectively and rapidly inactivated the IAVs, Fig. 2(a). Therefore, the experimental results
show that the GXU robot can inactivate the HIN1 virus in a simulated classroom environment. This provides further evidence that the
robot can inactivate influenza A viruses in a classroom environment.

5. Limitations and perspectives

Since the emergence of the COVID-19 pandemic, deep-ultraviolet robots have emerged as a solution to address the challenges
associated with manual disinfection procedures [22,23]. Extensive research has highlighted the limitations of manual disinfection,
including a surface virus clearance rate of less than 50 % [24-26], the potential risk of virus transmission to cleaning personnel [27],
and environmental pollution caused by disinfectants [28,29]. In contrast, deep ultraviolet robots offer a non-contact disinfection
approach that automates the germicidal process, eliminating the need for direct contact between cleaning personnel and the virus [30].
Furthermore, in real-world settings, deep ultraviolet robots demonstrate superior and faster virus inactivation capabilities on object
surfaces [24].

Nevertheless, the practical application of deep ultraviolet robots in settings, such as hospitals, classrooms and bus stations, remains
limited. This is primarily due to the potential harm posed by both mercury lamps and the UVC lamps used in this study to human
health. Prolonged exposure to UVC radiation can lead to various adverse effects on the human body, including the development of
conditions like cataracts [31]. Consequently, it is essential to ensure that the surrounding environment is free of individuals when the
deep ultraviolet robot is in operation. This significant limitation significantly restricts the usage time and range of the deep ultraviolet
robot.

The introduction of far UVC technology offers a potential solution to this predicament. Extensive research indicates that far UVC
radiation poses minimal harm to the human body [32-34]. Both human skin and eyes can be directly exposed to far UVC without
experiencing any damage [16,34]. Furthermore, numerous studies have demonstrated the efficacy of far UVC in virus inactivation. For
instance, David Welch et al. [16] found that far UVC (222 nm) can deactivate over 95 % of atomized HIN1 influenza virus at a
remarkably low dose of 2 mJ /cm?. K. Narita et al. [17] reported the absence of detectable IAVs when exposed to a radiation dose of 6
mJ/cm? of far-ultraviolet light (222 nm). Lv. M et al. [35] achieved a 99.9 % inactivation rate of E. coli on object surfaces at an
irradiation dose of 12.8 mJ/cm? using a far ultraviolet excimer lamp. Additionally, Jung, WK et al. [36] demonstrated that far UVC can
deactivate over 99.99 % of coronaviruses at a dose of less than 8 mJ/cm?. Consequently, future research may focus on combining far
UVC technology with robots to effectively inactivate bacteria in various environments.



Y. Wu et al. Heliyon 10 (2024) 29540
6. Conclusion

Although restrictions on COVID-19 have been eased globally and societies are gradually returning to normal, the virus has not
completely disappeared. After the relaxation of regulations, COVID-19 is still spreading rapidly, especially in crowded places such as
schools, hospitals and stations. Governments continue to face challenges in managing COVID-19.

The IAVs has been a problem for environmental disinfection. In order to verify whether a robot can inactivate IAVs in complex
environments, such as classrooms, this study conducted two experiments using a robot (GXU Robot) with a 273 nm UVC lamp and
successfully demonstrated the feasibility of the robot to inactivate IAVs in a classroom environment. In the classroom experiment, it
was demonstrated that the UV dose of GXU Robot was able to reach the standard for inactivating IAVs (3 mJ/cm?) within 80 min,
except for shaded areas such as the bottom of desks. Then, further simulated classroom experiments were conducted. The test results
showed that GXU Robot was able to inactivate 99.99 % of IAVs in a short period of time (10 min) In addition, by analyzing the optical
power density curve of the UV lamp, it was demonstrated that GXU Robot could inactivate IAVs at an optical power density of 1.6 mW/
cm?. The results of this research are applicable not only to classrooms, but also to hospitals and other environments. In addition, these
findings provide insights for preventing the spread of novel tubule viruses and other viruses, as well as valuable information for future
UV research efforts.
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Appendix ASupplementary data

See the supplementary materials on real-life classroom testing and simulated classroom in the office. Fig. S1 in the supplementary
explanation for classroom testing. The numbers on Fig. S1(a) are the 10 position points (1, 2, 3, 4, 5, 6, 7, 8, 9, 10) and the GXU Robot
path is determined by these numbers. When the robot moves, the motion task, i.e., the path, is set using the GXU Robot app, and the
motion taskis1 »2—-3-54-55-56>7 - 8-> 9 — 10 — 1. Figs. $2-54 in the supplementary explanation for Fig. 4 in the study
Fig. S2(a)-(c) corresponding to the numbers 2, 3 and 6 in Fig. 3(b) in the study. Fig. S3(a)-(d) corresponding to the numbers 4, 5, 1 and
7 in Fig. 3(b) in the study. Fig. S4 corresponding to Fig. 3(b) in the study. Supplementary data to this article can be found online at
https://doi.org/10.1016/j.heliyon.2024.e29540.
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