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Abstract

:

Ultraviolet disinfection has been proven to be effective for surface sanitation. Traditional ultraviolet disinfection systems generate omnidirectional radiation, which introduces safety concerns regarding human exposure. Large scale disinfection must be performed without humans present, which limits the time efficiency of disinfection. We propose and experimentally demonstrate a targeted ultraviolet disinfection system using a combination of robotics, lasers, and deep learning. The system uses a laser-galvo and a camera mounted on a two-axis gimbal running a custom deep learning algorithm. This allows ultraviolet radiation to be applied to any surface in the room where it is mounted, and the algorithm ensures that the laser targets the desired surfaces avoids others such as humans. Both the laser-galvo and the deep learning algorithm were tested for targeted disinfection.
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1. Introduction


Due to the COVID-19 (SARS-CoV-2) pandemic, the importance of maintaining clean surfaces through frequent disinfection and sterilization have been especially stressed, both at home and in commercial spaces. Ultraviolet (UV) irradiation has proven to be an effective disinfection tool that deactivates the RNA structure of the virus. Recent studies after the outbreak of SARS-CoV-2 have shown that the applications of UV radiation are viable for disinfecting surfaces in heavily utilized environments [1]. Similarly, a statistical analysis of different studies that utilized a UV application to inactivate SARS-CoV-2 found that, in a highly controlled test, the inactivation/eradication of the virus is dependent on the UV dose and concentration of the virus [2,3]. Data has led to the conclusion that UV irradiation is an effective disinfection method [4], allowing the team to continue developing a tool to combat SARS-CoV-2, in addition to other viruses, using forms of UV irradiation.



1.1. Virus Disinfection


As shown in various applications, UV irradiation has been shown to be effective at inactivating viruses on various surfaces, including water, plastic, metal, and air. Specifically, the UV-C band (200–280 nm) has shown to be the most effective at inactivating viruses [2]. Viruses are inactivated by shining UV radiation with a specific wavelength on the virus. Although this does not kill it, it essentially renders it useless because it is unable to replicate and thus survive. The method by which this is calculated is via the dosage. Dosage is equivalent to irradiance (mW/cm2) times exposure time (s) [3]. Hence, most journals refer to the dosage needed to inactivate viruses rather than just the time, because both components are required to properly inactivate a virus. It is in this manner of disinfection that our system prevails because it greatly reduces the required time. This is because the power transmitted to a large area is much greater in the laser beam medium compared to an UV LED.



Using the focused power of a laser beam, it only takes a few seconds or less to finish the disinfection on the contaminated surface. This process generates zero irradiation to surrounding humans. It was shown that a UV laser can be up to 200× more powerful than an UV LED while still emitting the same desired wavelength [5,6]. This means that a more powerful effect of disinfection can be achieved because dose correlates to disinfection. Additional benefits of a targeted disinfection system with lasers compared to LEDs are its single wavelength, application optimization, and consistent output [7,8].




1.2. Laser vs. Diode//Commerical UV Disinfection Use


Traditionally, UV LEDs are used to disinfect in the form of UV lamps. This is because they can be mobile at smaller scales, and disinfect everything in sight. In particular applications, such as water supplies, this method functions relatively well. However, because the existing UV disinfection methods deploy UV lamps with omnidirectional irradiations, they have two main limitations: (1) With UV power irradiated in all directions, the average power per unit area can be lacking, and it takes several hours to accumulate enough UV power to perform the needed dose [9]. With the explosion of SARS-CoV-2, there is an urgent need for rapid disinfection, meaning this approach is flawed. (2) The omnidirectional irradiations indiscriminately attack both the virus and humans alike [10]. An indoor area must be vacant before disinfection, which further limits the efficiency of UV disinfection with this application. Additionally, because this approach takes several hours to accomplish, quick disinfection is not feasible with lamps. Hence, our team was motivated to make a novel UV disinfection system based on a UV laser rather than an LED.



This method has significant benefits. Some of the benefits of using a UV laser include more focused power, less overall power needed, greater efficiency, and being less harmful. UV lasers also last longer than the UV lamps, which can have as few as 10,000 h of operation before needing to be replaced [9]. However, this method of disinfection is particularly useful due to the focused power distribution of the laser beam. This allows for disinfection in the presence of humans given the proper theoretical laser setup and safety considerations, both of which are outlined below.




1.3. Theoretical Laser Specifications


In order to properly implement the proposed UV laser solution, certain specifications must be met. The doses needed to deactivate viruses vary, and can range from 10.25 to 23.71 mJ/cm2 [1]. However, these tests were conducted with UV lamps at the 254 nm wavelength with a surface power density of 0.466 W/cm2. Although the principle is similar to that when using a laser, several other characteristics must also be considered.



This disinfection process was also undertaken experimentally with a laser in a different source which had monochromatic, coherent, and linearly polarized laser properties, and was then collimated into a beam. This laser had an output power of 1.1 mW, energy density of 10 mJ/cm2, and the targeted wavelength range for disinfection is 205–230 nm [9].



Therefore, we proposed a laser that is capable of performing the required dosages in a smaller amount of time. A laser with a frequency in the UV-C band is optimal for inactivating viruses. The laser must also be able to meet the irradiance requirement that allows for rapid disinfection. With an energy density of 10 mJ/cm2 and power of at least 1 mW, it would be possible to disinfect viruses relatively quickly (in the order of 0.025 s). However, because the spectrum of the UV-C band required (200–280 nm) is beyond human visibility, for our experimental setup, we instead used a violet light for testing. Because our system is meant to test the mobility of the laser and the ability to target specific classes, rather than the actual inactivation of viruses, our system test did not require the theoretical UV-C spectrum or a laser capable of reaching the UV-C wavelength. The experimental system used is described in the following sections and comprised hardware and software subsystems that were interdependent of each other.




1.4. Hardware Subsystem


Our hardware system is comprised of the physical laser source, a power supply, a beam expander, a two-dimensional galvo mirror, and its control circuit. As mentioned previously, the laser in our setup is simply a violet laser to ensure visibility and not a UV-C laser required for actual disinfection. The galvo mirror is used to control the direction of the irradiation. The disinfection system is able to scan the surface at a speed of 100 cycles/second. The disinfection system controls the direction of a laser with the two-dimensional galvo-mirrors. The galvo system is able to scan both “x” and “y” directions. It is also possible to mount the disinfection system on various moving platforms, such as a drone, to improve the range of disinfection coverage. Additional considerations for the actuating mechanism were accounted for, such as versatility and compatibility [11]. Other hardware considerations, such as a universal mounting bracket or autonomous navigating body, were considered based on the application of UV disinfection.




1.5. Software Subsystem


Artificial intelligence (AI) is used to analyze the image from a camera sensor, identify the surface that requires disinfection, and avoid human exposure to UV irradiation. A selective disinfection and sterilization system increases the efficiency of disinfecting a given area and, with proper measures, also increases the overall safety [12,13]. This in turn enables the system to be “smart”, where it can function autonomously and perform disinfection to the contaminated surfaces while avoiding exposure to humans. An autonomous system capable of discerning whether an object needs to be disinfected, or prevented from being exposed to a laser, allows the system to be used at any time of day and in more scenarios compared to the UV LED application mentioned above.



In order to identify the surface that needs to be disinfected, the team trained a neural network using TensorFlow to recognize different classes [14,15]. This was accomplished using images that resulted in a relatively reliable success rate, which allows it to detect common surfaces (that would need to be disinfected) and humans (to avoid unnecessary laser exposure). Additionally, software to control the mechanical systems was developed to allow the disinfection system to be able to direct and focus the laser on designated targets (that the AI algorithm detected). In total, the AI algorithm and the controlling software function simultaneously to identify the contaminated surface and perform selective disinfection.





2. System Implementation


2.1. System Overview


The whole procedure is divided into three main steps (shown in Figure 1c). The first is to collect the information of the area through the camera. The second is to perform image recognition through a deep learning network to determine which parts of the scanned area need to be disinfected. If a human is detected in this step, the whole process is stopped immediately. Finally, according to the result of the previous step, the galvanometer system is driven to scan the specific area and complete the targeted disinfection. Figure 1a shows the galvanometer system setup mounted on a movable cart in our experiment. This combination allows for the most degrees of freedom to allow a large field of view for disinfection, even from a stationary location. When the process starts, the UV laser is expanded by the beam expander to cover the entire galvo mirror. The speed and trajectory of laser beam movement can also be adjusted by the galvanometer. The galvanometer can be further controlled by a deep learning algorithm through a computer. Figure 1b shows the result of the laser beam on a certain target. As shown in Figure 1b, by controlling the angle of the galvanometer, the laser can be very accurately focused on a certain target. The intensity at this focal point is much greater than that of a general UV LED/lamp. As the galvanometer system starts to vibrate, the focus can quickly scan according to a preset trajectory to achieve the purpose of rapid disinfection.




2.2. Deep Learning Algorithm


The purpose of the deep learning algorithm in this project is to determine whether a specific target needs to be disinfected. This can be achieved through image recognition technology. After training the deep learning model, the system can identify several classes of objects for the primary goals of either sanitizing or avoiding sanitization depending on the object. The image recognition system was developed using several classes of common objects that would often be present in daily life. More classes for detecting and disinfecting specific targets can also be added to the network model for training. The classes used in this project are listed below.



Table 1 shows the classes that the algorithm was trained to detect and disinfect. However, class 8 was added, i.e., training to detect humans, to ensure that a person is not disinfected at all. This is one of the more important classes because it acts as an emergency stop button. If a person appears in the detected scene, then all other class categories will be overridden and the whole system will turn off immediately, rather than attempting to disinfect another class that is in front of the person.



For training processes, we used the SSD ResNet50 V1 FPN 640 × 640 network model. This is a residual neural network with 50 layers, including 48 associated convolutional layers, one MaxPool layer, and one average pool layer [16,17,18]. Compared with the traditional convolutional neural network, it solves the problem of gradient disappearance caused by increasing depth in the deep neural network, so it can obtain deeper image features, thereby making the prediction results more accurate. The inputs of this network model are images scaled to 640 × 640 resolution from a single shot detector (SSD). The convolutional layer can be used to extract the features of the objects in the picture. The pooling layer can be used to select these features and retain the most important features of the object for identifying its classification. Image recognition technology based on residual network is relatively mature, and its prediction accuracy is very high. Because it contains many convolution layers, and the weights in the convolutional layers are also related, the input images can be divided into smaller grids for feature extraction. The features extracted in this manner not only contain more information, but also have higher accuracy, which can provide very precise control guidance for our galvo mirror system. The basic training parameters of this neural network included a batch size of 8, 25,000 steps, a learning rate of 0.04 and a maximum number of boxes of 100. Furthermore, each class contained 1000 samples to give the system a suitable baseline for identification. Our training model had initial weights loaded from a model trained on the COCO 2017 dataset [19] and images resized to 640 × 640. In our dataset, 90% of the images from each class were used for the model training, whereas the remaining 10% was used for self-evaluation. In this manner, the network model can be prevented from overfitting, but it is not universal and robust to general scenes [20,21]. Once the training is completed, the entire system can complete fast offline predictions. If more new recognition targets are needed, only the model needs to be retrained. This neural network yielded acceptable results, as discussed further in the Results and Analysis section.




2.3. Saftey Considerations


The primary concerns regarding the safety of this setup include the risk to humans entering the range of the disinfection area. Given the harmful nature of UV irradiation to human health, it is paramount that there be no contact with any surrounding humans. This is considered in our deep learning algorithm. Because our system scans the area and identifies the different classes, if a human is detected it will not disinfect. An example is shown later in the Results and Analysis section, in which a human is sitting on a stool, and the proposed approach does not disinfect the stool. It is also able to detect when sufficiently far away, and disinfect another class item, such as a doorknob, in the presence of a human. This allows frequent and safe disinfection of common items, while avoiding the problem of unintended people being in the path of the laser beam.



Another consideration is that of reflections. This is an important aspect because, in order to ensure the safety of those surrounding the setup, proper care must be taken to detect reflections. Deep learning is capable of addressing this issue. Although it is more complicated than simply adding a class, it is something that would be attainable with future improvements to the deep learning algorithm, in addition to considering alternative means of detection, such as detecting some of the radiation that may reflect back towards the laser.




2.4. Mounting System


As part of the design process, the system was designed to be mounted on different surfaces and devices. The first consideration was a fixed installation in a stationary location, such as hospital wards, work areas, or corridors, to perform targeted disinfection of a certain range of areas. Compared with UV LED lamps, lasers are more directional and take less time for disinfection, so the time for cleaning and disinfecting the room can be reduced. In a hospital, this can not only improve the efficiency of the hospital in the preparation of wards for new patients, but also avoids the potential harm to the human body from undifferentiated large-scale disinfection, such as that of UV LED lamps.



The whole system can also be implemented on a movable device to achieve disinfection in multiple areas, such as a cart or a drone. When mounting the system on a movable device, several problems need to be solved first. The first is the problem of power supply. In order to ensure long-term and large-scale disinfection, it is best for this equipment to be self-powered while moving. In addition, regarding the security issue, the whole system must be fully controllable. Finally, to address assembly problems, particular components must be designed to achieve a stable mounting of the entire optical system on the mobile device.



This mobile solution can be applied to several different solutions, such as cars or drones. In order to demonstrate the versatility of this design, we show it installed it on a hoverbike. This hoverbike can be ridden and flown at a low altitude with sufficient space to mount the entire system. We designed several components for mounting the whole system onto the hoverbike. In the design of mounting systems, the device was altered to include a different assembly that uses clips to mount the disinfection system onto the chassis of the hoverbike, thus adding the functionality of our UV disinfection system to the pre-existing device. The system was designed so that it can be used in a variety of settings to accomplish sanitation for a multitude of use cases; the hoverbike represents only one of these cases. This is a suitable method for demonstrating that the system can be implemented in several different ways, rather than just a stationary approach. Further details regarding our results on the hoverbike are shown in Section 3.3.





3. Results and Analysis


3.1. Image Recognition Results


The following results are from the SSD model discussed in the previous setup. The images used for testing were taken in a potential environment for deployment of the system.



Figure 2 shows the classification result of a chair based on the trained deep learning model. Figure 2a is the original image from the camera. The bounding box in Figure 2b shows the result of recognition based on the neural network. The accuracy of the classification in the figure is 26%. In order to show the label more clearly, we did not indicate the accuracy rate in the figure but discuss it here instead. It is worth noting that the definition of accuracy here is not the same as the classification accuracy of the entire network model. The accuracy discussed here is the probability that the detected object is in this class category. In contrast, the probability that the detected part in the bounding box in Figure 2b is a door handle or a keyboard (other classes in Table 1) is far less than 26%. The neural network will sort according to the probabilities of all the results and select the one with the highest probability as the predicted class category. Unless the most likely prediction result does not match the facts, for the entire neural network, this is still regarded as a correct prediction. The overall accuracy of the residual network was around 90%, which shows the accuracy and feasibility of our experiments. Figure 2c shows the UV disinfection of the surface of the detected objective based on the deep learning model.



Figure 3 shows the classification results of a person standing in front of a door. Figure 3a is the original image taken from camera. All the original images were resized to 640 × 640 resolution and fed into the network. Due to privacy protection, the face of the experimenter is blurred. Figure 3b shows the predicted labels. Three classes were detected in the figure which are: Door handle 58%, Person 23%, and Table 14%. It is worth noting that the network will output all the labels that are higher than the average probability (12.5%). However, because the bounding box of Person in the middle overlaps with the bounding box of Table in the lower right corner, the system initiates the protection behavior and does not disinfect the lower right area. Only the area of door handle was disinfected. This shows that our system is protective against human contact.



Figure 4 shows the classification results of a person sitting on a chair. Figure 4a is the original image taken from the camera. Due to privacy protection, the face of the experimenter is blurred. Figure 3b shows the predicted labels. When the bounding box of Person overlaps with the bounding boxes of other categories in a large area, the predicted results completely cover the other classes in Table 1, except Person, thereby shutting down the entire system and protecting the human from the harm of the UV laser. The accuracy of the Person class in the figure is 32%. This proves that our system has a very good protection against the special circumstances.




3.2. Laser Galvanometer Results


When the program determines the area that can be disinfected in the current area, the system starts the galvo mirror and laser, and disinfects the area. Due to the invisibility of the UV laser, to visualize the disinfection process, these tests were performed using a laser in the visible spectrum. These wavelengths are not effective for disinfection and were only used to show the effect.



Through the rapid vibrating mirror, the laser can scan a designated area to achieve the desired disinfection. The galvo system has a vibration frequency of up to 60 Hz. Because the scanning method quickly moves the focus, the intensity of the laser in a short period is high enough for thorough disinfection. Figure 5 was created by overlaying the video frames of the system simulating disinfecting a section of the floor. Note: The gaps seen between the laser passes are due to the frame rate of the video; however, the laser beam did hit every point in the given area.




3.3. Simulated Use Case and Mounting System


The system was designed so that it can be used in a variety of settings to accomplish sanitation for a multitude of use cases. The designed protype can perform a scan at an angle of 30° at the rate of up to 100 cycles per second (Figure 6a). The existing system will be mounted on motorized rotation stages (Figure 6b), so the system can scan any directions in spherical coordinates. By adjusting the power of UV irradiation, the scanning distance of the system can range from a few millimeters to hundreds of meters.



Figure 6a shows a render of the device in its simplest form. It includes the laser, in addition to the focus and the enclosure for both devices. It also shows the galvanometer and a demonstration of how the laser can be angled. These components were commercially available [22] and configured to work with our design. Figure 6b shows the device in Figure 6a, combined with a two-axis gimbal [23], to provide the widest possible range of motion. This model was made to show the capability of the system, even in a stationary location.



For the mobile device mounting scenario, we also conducted numerous tests on a hoverbike to simulate all potential mobile devices, such as drones. The full hoverbike assembly is shown in the Figure 7 below.



The first priority when adding the laser system was ensuring that it was located so that it maintained the balance of the hoverbike while allowing the widest range of motion for the laser. Currently the laser is mounted to the front of the bike on the down tube. The details of the mounting are shown in the Figure 8 below:



This location was chosen because placing the system above the handlebars would interfere with the pilot’s vision and the pilot would also block a wide portion of the laser’s span. Under the hoverbike would also be optimal; however, this would not work with the current legs of the device and would be very vulnerable when landing. The selected location also gives the pilot the ability to aim the system in the desired location, so that the program can scan the desired location while avoiding unnecessary or unwanted surfaces such as pedestrians. More disinfection scenarios can be achieved by adding mounting systems adapted to different mobile devices such as a cart or a drone.





4. Conclusions


We proposed and demonstrated a deep learning controlled ultraviolet laser disinfection system based on a galvo mirror. This can achieve disinfection at multiple angles and in multiple scenarios via installation on different devices using the versatile mounting system. The use of a laser instead of a traditional UV LED allows for faster, more efficient, and safer disinfection because it is not indiscriminate in its use. The deep-learning network can achieve image recognition to identify the desired classes and humans. When these are in the same disinfection area, the process stops. However, when they are separate, the process can continue, thus ensuring that safety is paramount and that the entire system is able to function as intended.
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Figure 1. (a) Prototype on a moving cart; (b) system test with UV laser on; (c) system flowchart. 
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Figure 2. (a) Original image of a chair from a regular web/surveillance camera; (b) image recognition result with Deep Learning; (c) the area that needs to be disinfected is illuminated (violet area). 
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Figure 3. (a) Original image of a person standing in front of a door; (b) image recognition result with Deep Learning; (c) the area that needs to be disinfected is illuminated. 
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Figure 4. (a) Original image of a person sitting on a chair; (b) image recognition result with Deep Learning; (c) UV disinfection is turned off because a person has been detected. 
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Figure 5. Laser galvanometer simulating sanitizing the ground. 
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Figure 6. (a) Mounting system with galvo mirror and lens; (b) mounting system with added 2-axis gimbal. The transparent blue line represents the laser path. 
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Figure 7. (a) Real shot of hoverbike; (b) 3D model of hoverbike. 
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Figure 8. System mounted on the hoverbike. The transparent blue line represents the laser path. 
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Table 1. List of image classes used in this project.






Table 1. List of image classes used in this project.





	Number of Classes
	Label Name





	1
	Light switch



	2
	Door handle



	3
	Chair



	4
	Table/Desk



	5
	Counter-top



	6
	Computer mouse



	7
	Computer keyboard



	8
	Person
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