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Abstract

:

While robotics have been widely used in many agricultural practices such as harvesting, seeding, cattle monitoring, etc., aquaculture farming is an important, fast-growing sector of agriculture that has not seen significant adoption of advanced technologies such as robotics and the Internet of Things (IoT). In particular, dissolved oxygen (DO) monitoring, a practice in pond aquaculture essential to the health of the fish crops, remains labor-intensive and time-consuming. The Hybrid Aerial Underwater robotiCs System (HAUCS) is an IoT framework that aims to bring transformative changes to pond aquaculture. This paper focuses on the latest development in the HAUCS mobile sensing platform and field deployment. To address some shortcomings with the current implementation, the development of a novel rigid Kirigami-based robotic extension subsystem that can expand the functionality of the HAUCS platform is also being discussed.
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1. Introduction and Background


Challenges in Aquaculture Farming


Precision agriculture (PA) combines robotic field machines and information technology in agriculture and plays an increasingly important role in farm production. PA-related advanced technologies such as the Internet of things (IoT), robotics, and artificial intelligence (AI) have been an active research topic and have seen robust growth [1,2,3]. Importantly, research results in CPS have been successfully adopted in many agriculture industry sectors. A BI Intelligence survey expects the adoption of IoT devices in the agriculture industry to reach 75 million in 2020, growing 20% annually [4]. In addition, the global smart agriculture market size is expected to triple by 2025, growing from 5 billion USD in 2016 to over 15 billion USD [4].



However, a critical agriculture sector that has been left behind is aquaculture. Aquaculture is farming in an aquatic environment. As an agricultural practice, aquaculture is characterized by considerable diversity in habitats, methods, and species. The species range from “livestock” (e.g., fish, mollusks, and crustaceans) to plants (e.g., microalgae, macroalgae, and vascular plants). The systems employed include earthen ponds, tanks, or open water (nearshore or offshore), depending on the habitat where production occurs. Pond and tank systems are generally land-based, and net pens or bottom cultures are in open water. Underpinning all of these are the energy systems powering the farm operations.



Worldwide aquaculture plays an essential role in food security in the seafood sector, filling the need and demand gap due to stagnant capture fisheries output. The transition from fisheries to aquaculture has been growing at an average rate of >6% annually. Since 2014, more farmed seafood than wild-caught seafood has been consumed globally, with more than half of all seafood coming from farms [5]. It is also important to emphasize that compared with other farmed proteins (e.g., chicken and beef), seafood has the highest resource efficiency, lowest feed conversion ratio (i.e., most efficient in converting feed to animal proteins) (Figure 1a), aquaculture produces lower greenhouse gas emissions than other types of farming [6]. Farmed fish are less resource-intensive overall than other common animal-based protein products and consume less water for production than pork and beef in many cases [7,8]



Management of water quality, particularly dissolved oxygen (DO), is critically important for successful operation in aquaculture fish farming. DO depletion is a leading cause of fish mortality on farms [10]. Catastrophic loss can occur within hours if ponds are not appropriately managed. The current management practice on pond-based farms uses human operators who drive trucks or other all-terrain vehicles throughout the day, especially at night, to sample and monitor the DO in each pond (Figure 2a). The associated labor and equipment costs limit the scope and frequency of such sampling since each sensor-equipped truck must manage dozens of ponds. To obtain the required monitoring frequency for proper management, large farms require multiple drivers and sampling instruments. The level of resolution that this approach can achieve on any pond is generally restricted to a single nearshore measurement at a point on the pond with a well-maintained roadbed. On large ponds (e.g., 2 to 8 hectares), this may result in a failure to promptly identify localized water quality problems that can ultimately affect a large percentage of the stock. Even though readings should be taken hourly on each pond, large farms (>400 hectares) with hundreds of ponds may only be outfitted to take readings at much lower frequencies due to the high labor and equipment costs of operating large fleets of monitoring vehicles. Measurements of additional water quality parameters cannot be performed due to the demanding schedules required of drivers to achieve the minimum frequency for DO management. The current monitoring practice relies on human operators to drive a truck around the farm to measure the DO concentration in each pond. An example of a typical DO measurement truck is shown in Figure 2a. Such practice has deficiency on multiple fronts: (1) human data collection may be difficult to interpret or recorded incorrectly; (2) the sensor is mounted onto a boom that is operated from within the cab of the vehicle, meaning the operator is unaware if they breach the air/water interface for acceptable readings to occur; (3) weather variability may cause the water levels of the ponds to decrease, this prevents the operators from receiving acceptable data as the sensor may not even reach the current water level and (4) fuel cost may become prohibitively high on large farms that may require a few dozen of such trucks. Furthermore, with the current practice, operators have a very limited window of time (e.g., less than an hour in the middle of the night) to react to potential oxygen depletion, increasing the likelihood of catastrophic events. The response (e.g., putting emergency aeration equipment in a pond) takes time away from achieving DO measurement frequencies.



The industry has attempted to remedy the deficits of present truck-based aquaculture monitoring through in situ pond buoy monitoring systems (Figure 2b) [11]. However, these platforms are a temporary fix as they suffer negative attributes. In an aquaculture farm system, there is always a plethora of bacteria and other organics in the ponds. This will inevitably result in biofouling. Since the aquaculture ponds are generally very productive, the growth of organic material such as algae, Bivalvia, etc., on a sensor surface due to biofouling would quickly render the platform useless.



Similarly, maintenance on these platforms is labor-intensive. It requires a laborer to enter the pond to retrieve the device or an elaborate pully system that would cause stress to the stock within the pond. The farm technicians need to remove the sensor suite from the pond before starting stock extraction when harvesting. Many farms have employed the buoy-based systems and subsequently abandoned them due to long-term difficulties in application.



The Hybrid Aerial/Underwater robotiC System (HAUCS) framework aims to mitigate the aforementioned issues to provide automated, high-density monitoring of key environmental metrics of each aquaculture pond on a farm using relatively inexpensive robotic sensing platforms.



A critical aspect of the HAUCS sensing platform is a novel deployable robotic extension. This subsystem is essential to reduce the drag of the HAUCS platform during the flight and improve the platform stability during the sensing operation. Stability during sensing is even more critical to expand our sensor payload beyond DO monitoring to include underwater cameras or sonars to support other farm operations.



This design relies on Origami principles to realize rigid structures that retain their shape even under transverse loading. We will therefore provide a brief discussion on Origami. Origami is the ancient art of folding, generally, the word conjures images of intricate paper structures [12,13]. Origami has been adopted for many engineering applications where a package with limited initial storage space is required to morph into a structure with a significantly larger span. This is accomplished by employing the governing geometric calculations at the heart of Origami to create more complex structures. One of the well-known applications is the NASA Solar Panel Array [14]. Additional applications include circuit board design [15], shelters [16], and biomedical devices [17]. Peraza-Hernandez et al. provide an excellent review in [18].



At the fundamental level, the deployable robotic extension under consideration is a cylindrical tube that can be folded in the axial direction to a flat state on demand. One Origami pattern of interest is the twist buckling pattern or the Kresling Origami pattern [19,20,21,22], formed by the buckling of a thin cylindrical shell under torsional loading. The properties of the Kresling pattern have been studied extensively [23,24,25,26].



In particular, the Kresling pattern is preferable to the axially loaded Yoshimura or diamond origami [26] in that the Yoshimura pattern is not continuously foldable, and significant stretching occurs during the re-stabilization stage [24]. The Kresling pattern was demonstrated experimentally in [24]. In the experiments, a thin-walled sheet is wrapped around two coaxial mandrels. When the mandrels are twisted, a highly regular self-organized folding pattern appears across the gap, formed by inclined and elongated parallelograms (mountain-folds), divided on their long diagonal by a valley-fold [24,27].



Origami-based deployable robotic extension for drones has been previously studied by Kim et al. [28]. The extension is designed to “fold-flat” whilst flying and deploy into the rigid structure while hovering at a given point. The end effector was designed to be plug-and-play so they could easily switch between a gripper mechanism and a camera. In their design, the axially loaded Origami pattern was adopted. In this regard, the pattern can be considered a variant of the Yoshimura Origami. The folding and unfolding are achieved via an indirect tendon system—a wire runs the length of the structure and is controlled by a motor attached to the drone body. The team designed a locker system to counteract transverse force loadings on the expanded structure. These lockers are moved in conjunction with the wire deployment and retraction. Additionally, they are strengthened with magnets.



In the context of the HAUCS platform, there are several deficiencies in the aforementioned approach. The first constraint in utilizing this design is the mechanical restrictions. The structure must fully expand or retract as the system is operated by indirect force. The arm cannot be halted partway through the deployment or retrieval. This is intrinsic to the Yoshimura Origami [29].



Additionally, due to the complexity of the locker system, while the design succeeds in its objective of rigidity, it severely limits the flexibility of the robotic extension. As such, the current design will not be able to achieve more complex configurations. Thirdly, the folded footprint will be twice as large, which may not be desirable for field robots in aquaculture applications.



With the main focus of our current endeavors being to realize the HAUCS framework, the paper structure is as follows. In Section 2, we review the HAUCS concept and previous development efforts. Section 3 presents our current sensor, platform development, and field experimental results. We discuss our effort to develop a versatile robotic extension in Section 4 and Section 5 and conclude in Section 6.





2. Overview of the HAUCS Framework


The overarching goal of HAUCS is to relieve human operators from the most labor-intensive, time-consuming, and expensive tasks in aquaculture farming operations through a group of cooperative robotic sensing and actuator platforms. With support from the National Institute of Food and Agriculture (NIFA), USDA, through the Ubiquitous Collaborative Robots (NRI-2.0) program, the project was launched in the Spring of 2019.



HAUCS is a framework that aims to achieve collaborative monitoring and decision-making on aquaculture farms of varying scales. The HAUCS framework consists of three basic modules: aero-amphibious robotic sensing platforms integrated with underwater sensors, land-based infrastructure, and backend modeling and processing infrastructure, particularly an ML-based water quality prediction model. Each HAUCS autonomous unmanned platform (AUP) consists of an unmanned robotic vehicle and submerged underwater sensors. Data from the underwater sensors attached to the AUP, such as DO and temperature sensors, will be sent to the farm control center via a radio link during sensing operations. Sensor data from all the ponds on the farm and the associated weather data will be used to train an ML-based prediction model. The model prediction can, in turn, guide other instruments to mitigate an emergency situation (e.g., turning on a fixed aerator or instructing human operators to move mobile emergency aeration equipment into place in a pond). The overall concept of operations is illustrated in Figure 3 [30].



The agility of the HAUCS platform supports a level of precision that is unobtainable by the truck-based monitoring systems. The HAUCS platform expands the sampling capabilities by allowing the farmers to sample multiple points within a pond. In contrast, truck-based monitoring is limited to a single-point sampling near the edge of the pond. Various novel sensing schemes can be investigated to optimize spatial and temporal regions being studied by utilizing the platform’s mobility. One potential sampling scheme sees the platform enter a new pond where the platform will hover for approximately 30 s so the DO sensor can record an accurate reading. The platform will then move through the pond toward a neighboring pond, the sensor maintaining its submergence below the water surface to collect a stream of water quality data (Figure 4). Through sampling routes such as this, it acquires significantly more data samples and captures the spatial variability of water quality in any given pond.



This highly scalable framework will convert aquaculture farm operations to an “Internet of Aquaculture.” In particular, the DO sensing platform will transition from a truck-based manual measurement practice to an intelligent, automated scheme relying on aerial drones integrated with underwater sensors. Compared with the state-of-the-art solutions, the advantages of HAUCS include:




	
Improved scalability—compared with the sensor buoys, HAUCS design can be easily adapted to farms of varying scales.



	
Broad spatial coverage—capable of realizing novel sensing patterns to cover different areas on a large pond, hence providing more accurate reporting of pond conditions.



	
Mitigated biofouling—avoiding sensors in bio-productive water.



	
Supporting novel sensing schemes to cover extended spatial regions and generate more robust readings than the traditional truck-based data acquisition.








A stop-gap truck-based automated sensor system was developed for three reasons: (1) to provide an automated DO data acquisition system compatible with the current monitoring practice on the farm that will transition seamlessly to the drone-based platform; (2) to evaluate the infrastructure need for future deployment of HAUCS platforms on the farm, and (3) to collect high-quality data to support prediction model development. This prototype sensor system consists of a mobile data acquisition system (DAQ) and a central server. The mobile DAQ was installed on the farm sensing truck, side by side with the DO sensor used in the farm operation at the Logan Hollow Fish Farm (Figure 5a). The central server was located inside the farm manager’s office.



As shown in Figure 5b, the sensor control system is an Arduino Mega integrated with Atlas Scientific™ temperature and DO shields to simplify the integration of the sensor with the backend controller. In addition to the sensor shields, a GPS shield was used to identify the pond being sampled. For communication, a Dragino LoRa [31] shield was used to stream DO and temperature sensor data to the server in the farm manager’s office. The LoRa antenna was mounted on a pole at the back of the truck (Figure 5a).



The system was deployed on Logan Hollow Farm between September and October 2019. Logan Hollow Fish Farm is located in southwest Illinois in the bottomland of the Mississippi River. This is a comparatively small farm with 70 ponds. For DO monitoring, the farm employed two technicians to drive the trucks and sample each pond during the night. A total of 15 days of data were collected using the automated system on the farm during this period. The systems were again deployed at another collaborating farm-Flowers Fish Farm, in the summer of 2021 to collect additional data.



These datasets are critical to improving the prediction model. The model development effort will be presented in future work. More importantly, these deployments helped us gain our farm collaborators’ trust.



As evidence of the success of the system deployment in reducing the barriers to the acceptance of robotic technology by the fish farmers, Mr. Pete Reiff, Logan Hollow’s Owner/Operator, requested the HBOI sensing system to be installed on the second truck of his farm [32]. One immediate tangible benefit that the farm can gain from the automated system is to allow the farm to collect high-quality DO data consistently. The current paper-based operation is crude and fraught with potential decision-making problems (e.g., transcription issues of the data collected), as shown in Figure 6.




3. Development and Field Demonstration of Drone-Based HAUCS Sensing Payload


3.1. Development of Drone-Based HAUCS Sensing


For this effort, a low-cost Swellpro Splashdrone 3+ was adopted for payload integration (https://www.swellpro.com/waterproof-splash-drone.html, accessed on 11 March 2021). Splashdrone™ is a waterproof drone that is surface buoyant. The Splashdrone 3+ employs the conventional quadcopter design, sports an axis diameter of 450 mm, a flight time of 20–23 min, a weight of 2 kg, and a max payload capacity of 1 kg. Such payload capability is ideal for HAUCS platforms. Another important consideration is that this drone can operate in heavy rain with winds up to 18 mph and gusts of up to 31 mph. In addition, the vendor will provide API to support the integration of external logic with the drone in the near future. The programming capability will be desirable for the future implementation of environmental adaptive path planning algorithms [33]. However, one important insight the team arrived at in designing for the project is that instead of being locked into specific platform designs, the HAUCS sensing payload should be platform-neutral. Therefore, while the new sensing payload targets an aerial drone, it can be easily adapted to other platforms, such as unmanned surface vehicles (USVs) or ground vehicles.



The sensing system has two subsystems: a payload module containing the sensors and microcontroller to support data acquisition and transmission to the topside module and a topside module that interfaces with the platform (aerial drone in this case) forward data to the control center via a long-range communication link. The two modules are connected with a winch that will be released to allow the sensors to go underwater during the sensing operations (Figure 7).



The topside is the gateway between the sensing module and the control center. The topside engages the winch to release and retrieve the sensing module during the sensing operation. The engagement can be triggered by signals from the sensing platform (which is the current implementation) or by GPS-driven waypoint programming (i.e., positioned over a pond and at proper altitude). To perform these tasks, the topside module contains a micro-controller, a GPS unit, and a servo that controls the winch (Figure 8a). A LoRA link is adopted to support the communication between the sensing platform and the control center [30]. However, other options may also be considered. For example, the SIYI 2.4 G Datalink can support video links up to 15 km range, albeit at increased weight and power than LoRA links [34]. To support the LoRA link, the ESP32 LoRA controller is ideal due to its rich connectivity options: LoRA, WiFi, and Bluetooth [35]. The payload module handles the sensor data acquisitions and quality control (QC). Temperature and DO sensors are included in the module. Here, the controller is an ESP32S [36], which consumes less power than ESP32 LoRA while supporting multiple analog to digital converter (ADC) channels and WiFi links. The communications between the topside and the sensing modules are achieved using the ESP-NOW link [37]. ESP-NOW is a connectionless communication protocol developed by Espressif to support short packet transmission (up to 250 bytes) between ESP32 boards. This protocol enables multiple devices to talk to each other using the 2.4GHz RF circuits on the ESP32x boards without the WiFi protocol. Therefore, this protocol is ideal for linking topside and sensing modules. The lightweight ESP-NOW link helps eliminate the need for a physical electrical connection between topside and sensing modules and simplifies the winch system. As a result, the winch essentially consists of a servo that controls the release and retrial of the sensing module using a metal chain (Figure 9).



The drone will be programmed to reach a pre-defined location over the pond and transition to hovering mode during the sensing operation. Once the drone is on location, the sensing module release will be triggered (either via a signal from the sensing platform or a pre-determined waypoint). The topside will, in turn, engage the winch to lower the payload module into the water. The payload module loses communication with the topside module when fully submerged in water. The payload module will start acquiring DO and temperature data for a pre-determined time (i.e., 20 s) and store the data onboard the controller. The topside will then retrieve the winch after the data acquisition period. Once the payload module is fully retrieved, the data stored on the payload module controller will be sent via the ESP-NOW link to the topside. The repackaged data (i.e., adding the GPS coordinates and timestamps) will be forwarded to the control center for processing.



While drones are the primary platform, the platform-neutral nature of the sensing system design ensures that the payload is compatible with other platforms such as all-terrain vehicles (ATVs) or unmanned surface vehicles (USVs).




3.2. Lab and Field Deployment


The initial test was a static test inside the System and Imaging Laboratory (SAIL) lab. During the test, the payload is mounted on the drone. However, the drone was fixed to the lab ceiling and kept idle. A trigger signal was sent from the drone transmitter to the drone during the test. The signal triggered the sensing operation: the topside module engaged the winch to release the payload; the payload then idled for 20 s to simulate the data acquisition period; the topside retrieved the payload (Figure 10). All these were done in an automated fashion. The communication links from the sensing module to the topside (through ESP-NOW) and from the topside to the control center (via LoRA) were validated.



Following the lab test, the system was further tested over the ground at the HBOI campus to validate the feasibility of the sensing operation. Here, the objective was to deploy the payload into a plastic tub with a 1.5 m diameter. Video frames that illustrate the whole process are in Figure 11.



The system was set up at our research collaborator Flowers Fish Farm in October 2021 for the initial field test of the drone-based sensing operation. With the consent of the farm owner, Ms. Kelly, and manager, Mr. Frampton, the HBOI team (Dr. Paul S. Wills) piloted the drone during the tests (Figure 12).



Since the primary goal of the experiment was to validate the functionalities of the sensing system and identify any potential issues, the tests were conducted during the daytime when the farmworkers were present. During the tests, Dr. Wills acted as the pilot to command the drone takeoff and landing, and flew the drone to the desired location in the pond for a simulated sensing operation (Figure 13a).



While the field tests validated the basic concept, one issue we identified during the tests was that since the payload was connected to the drone body with a string, it is more susceptible to ambient environmental conditions. For example, strong side wind could induce a pendulum effect on the payload, impacting the drone’s flight stability.



To address this issue, we aim to develop a deployable robotic extension that can provide better controllability and expand the functionality of the sensing payload. In this regard, we are exploring an Origami-based robotic extension. We will discuss the initial feasibility study of the Kresling Kirigami drone robotic extension design through both CAD modeling and laboratory testing. A more focused study of the Kresling Kimigami robotic extension will be presented in a future manuscript.





4. Feasibility Study of a Kresling Kirigami Robotic Extension Design


The design choice is motivated by several factors. First, the robotic extension for the HAUCS will need the flexibility of support with varying extension lengths. Secondly, the folding and unfolding should be confined to the same horizontal footprint to avoid interference with other sensors to be integrated into the drone, such as cameras and other environmental sensors. Thirdly, the actuation needs to be supported via the drone flight controller. For this reason, we investigated a Kresling buckling pattern-based design.



Furthermore, in our implementation, we opted for Kirigami instead of Origami. In addition to folding, Kirigami also involves cutting. There are more than simple semantic differences between Kirigami and Origami. For example, Li et al. adopted Kirigami enhancement to prevent wrinkling during continuous folding/unfolding and improve structure reliability [15]. Yasuda uses a similar methodology where he makes small, precise cuts and inserts small holes in areas where continual stresses may lead to creasing and deformation in the mesh [38]. Many others use Kirigami to construct self-folding structures [39,40]. For the HAUCS robotic extension, we also envision the need for continuous folding/unfolding during the sensing operations. This, therefore, motivated us to adopt a Kirigami-based design.



4.1. Kresling Kirigami Prototype Design


The proposed robotic extension consists of multiple Kresling Kirigami sections. Each section consists of two plates connected with hinges (i.e., Kirigami creases). The torsional loading is realized via the plate rotating at the center axis, driven by a gear system at one end and a ball bearing at the other. The hinges then rotate in conjunction with the rotation of the main body, allowing the structure to fold and unfold. The gear and bearing will be mounted on a set of collapsible tapered rods.



A Solidworks model of this design was developed to support laboratory evaluations. In the prototype design, the full extension of one Kirigami section is 82.8 mm, and a folded section has a height of 20.2 mm. The diameter of the structure is 85 mm (Figure 14).



The central axis is a telescopic rod that can collapse in the current design. The structure is composed of multiple Kirigami sections. Each Kresling Kirigami section can collapse independently to realize a variable-length robotic extension (Figure 15a).



One key component in supporting the structure folding and unfolding is the uniquely designed hinge. This Kirigami design requires each hinge to rotate 180 degrees. An action that is not supported by traditional straight hinge pins. Instead, the devised hinge pin sports an ‘L’ shaped attachment joint (Figure 15b). This hinge design accomplishes two essential requirements. The first, as previously mentioned, is the ability to rotate 180 degrees. The second is a locker system on one side to maintain rigidity, and compression only occurs in one direction.



Another critical design consideration is to use a gear system to realize the torsional loading. The gear system can be driven by a servo, worm drive, or stepper motor (Figure 16), With this design, each Kirigami section can be actuated independently from the drone flight controller (Figure 16).




4.2. Laboratory Validations


Small-scale models were constructed and subjected to dynamic force to determine efficacy. During the CAD modeling, “mockups” were first created by utilizing the most simplistic materials, foam board, and bendable straws to provide physical proof of concept. Once CAD models were established, the components were printed on 3D printers and assembled. Figure 17 illustrates the folding of a sing-section structure and a two-section structure. Figure 17a–c illustrates the single-section structure begins in the locked position, with hinges at full extension. Through manual actuation, the structure compresses along the z-axis until it is fully folded. The same process is conducted for a two-section unit shown in Figure 17d–g.



Load tests were performed on the single unit model. The tests were conducted by adding water to various containers placed on top of the unit. This test determined that the model would suffer structural failure at 1802 g of applied weight (Table 1). The test measured structural integrity to the applied load. A green indicator value was given when the structure maintained its integrity with little to no deflection, similar to the elastic region. Yellow was given when the structure exhibited signs of deflection consistent with the plastic region. Red was given for the point of failure or fracture. Figure 18 illustrates the corresponding behavior of the structure under different loads.



Similar tests were conducted against a two-section structure. Here, two different cases were evaluated. In the first case, the top section was initially fully extended. The results are summarized in Table 2 and the actual deformations are illustrated in Figure 19. Here, the top section experienced failure at a lower loading than the bottom layer, which behaved similarly to the single-section case.



Further investigation may be needed to explain the cause fully. Still, one likely reason was the misalignment between the two sections—the parts were printed in a low-quality setting to support rapid prototyping. In the second test, the top section was half folded. As results in Table 3 and Figure 20 show, the behavior of the bottom section is similar to that of a single section as expected. However, the top section was able to withstand less loading. We did not integrate any electronic actuator into the prototype.



Upon completion of these experiments, the model was examined. While the prototype was structurally weakened from the collapse, it was not irreparably damaged. The prototype was still able to fold and unfold properly. The prototype could also withstand axial loading, although with decidedly lighter weights than previously observed.



The next step in laboratory testing will be to evaluate the actuation, in particular, comparing the effectiveness of step motor, micro servo, and worm drive to actuate the Kirigami structure through the gear system. This is a critical and necessary step before further mechanical design optimizations. Unfortunately, we are hindered by the short supply of the electronic components needed for this work. However, we intend to provide a thorough study of the Kirigami robotic extension design in a separate manuscript.





5. Conclusions


A significant expense in most pond aquaculture farm operations is the labor and vehicle fuel cost related to the DO sensing practice. The overarching goal of the HAUCS framework is a transformative robotic solution for aquaculture farms of varying scales to achieve collaborative monitoring and decision-making. Once fully developed, the HAUCS sensing platform can overcome the shortcomings in many existing aquaculture farm monitoring solutions such as the static pond buoy type sensors. These sensors may face the challenges of being susceptible to biofouling, high deployment costs, and maintenance difficulty.



An essential aspect of our work is the experience we gained on how to move forward in any field of robotic development in an industry that is generally risk-averse regarding new technology due to the high cost for initial adopters and the low profit margins such as the aquaculture farms. As we realized from early on, one of the most critical components of the HAUCS project is the close engagement with the farms and buying-in from the farmers. In this regard, the team achieved great success, demonstrated by the support from our collaborative farms throughout the development and testing of HAUCS infrastructure and platforms. Our success in this aspect can benefit many similar field robotic projects.



One of the crucial achievements in technology development is the HAUCS AUP—the mobile environmental sensing system. The successful deployment of the prototype system on an operational fish farm validated the effectiveness of the design and will be the foundation to build upon for future efforts. It is worth noting that our work is the first known attempt at drone-based mobile DO monitoring system for the aquaculture farm setting. The HAUCS system is a transformative technology that can revolutionize how pond aquaculture farms operate. In addition to significant savings in labor and time through the automation of the DO monitoring of the ponds on the farm, HAUCS can provide unprecedented insight into the spatial variations of each pond that none of the existing state-of-the-art techniques are capable of. At the same time, the HAUCS system avoids many drawbacks that plague these techniques, such as biofouling and maintenance difficulties.



While the initial motivation for developing the Kirigami-based robotic extension is to improve the drone’s stability during the sensing operation, this extension can significantly enhance the AUP’s functionalities, such as supporting/stabilizing underwater cameras or sonars or collecting water samples. These capabilities will help expand the HAUCS framework’s applicability to support other environmental monitoring efforts, such as surveillance of coastal zone harmful algae bloom (HAB) [41]. While this development is still in the early stages, the laboratory tests of the mechanical models verified that the design is sound.



It is worth noting that while the primary objective is to support drone-based sensing, one unique aspect of the system is that it is platform-neutral. As a result, the system can be easily adapted to other platforms, such as unmanned surface vehicles (USV).



Going forward, one main focus of the project will be the operational deployment of the HAUCS framework. Here, multiple HAUCS platforms will be deployed on our collaborative farms to conduct farm environmental monitoring to complement the current DO sensing practices during farm operations. In addition to improving the reliability and reducing the power consumption of the sensor payload, one critical component to support such deployment is implementing the hybrid path planning algorithm [33] in the HAUCS framework.



The initial modeling of the Kirigami-based robotic extension validated the basic design concept. With further development, the Kirigami-based extension will be able to perform the desired HAUCS tasks. It can be adapted for more advanced operations (e.g., attaching a gripper or tube for physical collection). Going forward, several topics need to be further explored. Different drive options to actuate the Kirigami structure (i.e., servo, worm drive, and step motor) will be investigated through laboratory experiments to test the integration with the drone flight controller while avoiding a significant weight increase. The mechanical design will be further improved to reduce the volume of the structure in the compressed form. Following the same trajectory of our payload development, we aim to integrate the robotic extension with the drone and field test in the implementation on the collaborative farm.




6. Patents


Bing Ouyang, Paul Wills, Casey Den Ouden and Lucas Lopes, “Platform-Independent Mobile Environmental Sensing System,” US Patent Application 63/311,937, 02/18/2022.



This invention was made with government support under Contract No. 2019-67022-29204, awarded by the National Institute of Food and Agriculture/United States Department of Agriculture.
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Figure 1. (a) The high resource efficiency of fish compared with other farmed proteins [6]; (b) aquaculture production in 2017 among the G20 countries. China (66.14 Mts) and the US (0.47 Mts) are highlighted in red [9]. 






Figure 1. (a) The high resource efficiency of fish compared with other farmed proteins [6]; (b) aquaculture production in 2017 among the G20 countries. China (66.14 Mts) and the US (0.47 Mts) are highlighted in red [9].



[image: Vehicles 04 00023 g001]







[image: Vehicles 04 00023 g002 550] 





Figure 2. (a) The typical truck-based boom senor system. (b) The “top-of-the-line” in situ buoy system from In-Situ Inc [11]. 
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Figure 3. A basic HAUCS concept of operations [30]. 
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Figure 4. Illustration of the mobile platform-based sensing [30]. 
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Figure 5. DO sensing truck with HBOI sensor head co-mounted with the original DO sensor. (a) HBOI sensors mounted side-by-side with Logan Hollow sensors. (b) In-truck control unit. 






Figure 5. DO sensing truck with HBOI sensor head co-mounted with the original DO sensor. (a) HBOI sensors mounted side-by-side with Logan Hollow sensors. (b) In-truck control unit.



[image: Vehicles 04 00023 g005]







[image: Vehicles 04 00023 g006 550] 





Figure 6. Hand-written sheets of DO data collected on the Logan Hollow farm by different farm technicians. The quality of the sheet ranges from good in (a) “good” quality DO datasheet to almost illegible in (b) “bad” quality DO datasheet. 
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Figure 7. Illustration of the platform-independent sensing system design. (a) A flow chart describes the components in the sensing system. The sensor data will be sent via the ESP ONE wireless link from the topside module. The topside will relay the data to the control center via long-range communication links such as LoRa. (b) Showing the integration of the sensing system with the Splashdrone. 
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Figure 8. Flow charts describe the topside and payload modules. (a) The flow chart illustrates the topside electronic. (b) A flow chart shows the sensing module electronic. 
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Figure 9. Winch to release/retrieve the sensing module. 
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Figure 10. Lab test for the payload release and retrieve. 
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Figure 11. Field validation of the sensing operation. 
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Figure 12. (a) Photos were taken during the preparation of the field test at Flowers Fish Farm. From left to right: Ms. Kelly Flowers, the Flowers Fish Farm owner. Mr. Mike Frampton, Farm Manager, and Dr. Paul Wills. (b) The Splashdrone integrated with the sensing system during the flight at Flowers Fish Farm in Dexter, MO. 
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Figure 13. (a) Frames from the video clip taken during the field test to validate the functionality of the drone-based sensing system. The frames illustrate the drone taking off, deploying payload, retrieving the payload, and flying back to base. (b) Photo shows the sensor data acquired during the test received at a laptop equipped with a LoRA module at the control center. 
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Figure 14. The three images from left to right show the folding of a single Kirigami section. 
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Figure 15. (a) The CAD models of a single section and two-section Kresling Kirigami incorporate gear-driven actuation. (b) The ‘L’ shaped hinges support 180-degree rotation. 
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Figure 16. Three different actuation options to drive the utilizing: (a) a step motor, (b) micro servo, and (c) a linear actuator. 
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Figure 17. Revolute body frame in expansionsequence, in both single unit (a–c) and double-stacked arrangements (d–g). 
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Figure 18. Weight of load applied to the revolute structure and resulting structural deformations. The photos in the top row show the actual load and those in the bottom row show the responses to the structure deformations. 
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Figure 19. Weight of load applied to a fully extended two-section structure. 






Figure 19. Weight of load applied to a fully extended two-section structure.



[image: Vehicles 04 00023 g019]







[image: Vehicles 04 00023 g020 550] 





Figure 20. Weight of load applied to a two-section structure with the top section half folded initially. 
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Table 1. Results of load failure test of a single-section structure. Structure support denotes any deformations suffered during loading: green means little to no deformation, yellow is significant deformation, and red marks the point of failure.
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	Weight (g)
	401
	550
	700
	1512
	1605
	1727
	1802



	Structure
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Table 2. Results of load failure test of a two-section structure. The structural support is ranked the same as Table 1, with only two points of failure as there are two individual units.
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	Weight (g)
	401
	701
	1000
	1251
	1654
	1800
	1900
	2050



	Structure 1
	
	
	
	
	
	
	
	



	Structure 2
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Table 3. Results of load failure test of a fully extended two-section structure with the top section half folded initially.
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	Weight (g)
	18
	100
	306
	506
	1350
	1852
	1900



	Structure 1
	
	
	
	
	
	
	



	Structure 2
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