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Ce rapport détaille la conception et le développement du banc d'essai PLM, une nouvelle structure sous-marine servant de station benthique, de relais de communication et de station de chargement pour les petits véhicules sousmarins autonomes (AUV) et les véhicules télécommandés (ROV). L'objectif principal est de faciliter les essais de systèmes de communication multimodaux pour ces véhicules, afin d'améliorer leurs capacités et leur autonomie. L'approche de la conception intègre des méthodologies basées sur les besoins et les caractéristiques des composants, en se concentrant sur des solutions de fixation pour divers composants tout en adhérant aux contraintes de l'ingénierie sousmarine. Le stage a abouti à la création d'un modèle 3D complet de la plateforme, intégrant toutes les solutions conçues et démontrant leur viabilité structurelle par des essais virtuels et mathématiques. Certaines parties de la plate-forme ont été fabriquées, et les autres sont prêtes à être produites prochainement. L'adaptabilité de la conception permet d'envisager des modifications futures. La thèse conclut que la plate-forme est prête pour la fabrication, l'assemblage, les essais et le déploiement à grande échelle, contribuant ainsi de manière significative à la réussite du projet global UNDINA.

Introduction

The ocean is one of the largest physical frontiers on planet Earth. Though the use of the ocean by humankind as a resource has existed for millennia, it is only recently that we have started to be thoroughly active under the surface of these large expanses that cover roughly 70% of our planet's surface. These areas are largely unexplored, with only 24.9% having been mapped with highresolution technology [START_REF]How much of the ocean has been explored[END_REF]. The development of subsea infrastructure and the management of subsea resources are still facing enormous technical difficulties. Developing the ocean as a resource in an efficient and sustainable way is one of the century's most vast and complex challenges.

The use of unmanned vehicles in underwater mediums is one of the spearheads of the marine technology domain, allowing physical intervention in hostile environments in which humans cannot interfere in person. The Oceangate disaster in early 2023, resulting in the death of 5 people, is an example that shows that even with modern technology, adventuring people in the ocean depths is an extremely dangerous engineering feat. Keeping humans alive in these extreme conditions requires expansive and expensive resources and technology to manage multiple extreme physical factors. Underwater Remotely Operated Vehicles (ROV) and Autonomous Underwater Vehicles (AUV) are technological solutions that avoid the risk of human injury and loss of life when performing underwater missions by removing the human payload altogether. Moreover, in the case of AUV productivity can be substantially increased as several AUVs can be controlled by one human operator.

The use of unmanned robots does however not solve every problem related to the ocean environment. The physical properties of the ocean represent another obstacle, in particular for communications. Using tethers to remotely operate these vehicles is a partial solution, as it limits the operation range and hinders the maneuverability of the vehicles, among other problems. The waterair interface is a highly reflective surface, and the ocean contains a high density of suspended particles: this prevents the use of large-bandwidth traditional optical communication and positioning systems like GPS and 4G, as light pierces the surface of the ocean with difficulty and only travels for a few tens of meters once it has. Though acoustic positioning and communication is largely used in subsea technology for its extensive range, the communication bandwidth provided by these solutions is not nearly enough to transmit dense data like live video footage or complex controlling of vehicles. Inductive communication is also a limited solution when it comes to underwater communication, as the range is extremely low, though it does provide electrical charging capabilities which can extend the duration of underwater missions.

The UNDINA project aims to combine optical, acoustic, and inductive modes of communication to fuse their advantages into a single system. This project is currently developed by a group of international members, from universities to private corporations. The aim of the project is to create a hardware and software system that will allow tetherless AUV and ROV to operate with maximum range and efficiency, using an underwater station as a multimodal communication relay point, charging hub and benthic station. This underwater rig could theoretically enable a swarm of AUV and supervisor ROV to operate constantly, dramatically increasing the productivity from traditional tethered ROV. This report presents the design of this underwater structure, the PLM instrument rig, which will serve as testing infrastructure for the UNDINA project at a 90m depth in the Trondheim fjord. TBS is originally an oceanography lab, having been turned into a marine biology laboratory, housing the marine biology research team of NTNU. AURLab have developed an accord with the Marine Biology Department, which allows them to use TBS as a base of operations due to its proximity to the fjord, in exchange for the occasional use of their vehicles by the Marine Biology department for their own missions. At TBS, AURLab's assets include globally offices, containers and storage space, a control room for vehicle operation and infrastructure management, and a large array of different unmanned vehicles.

AURLab has access to NTNU's workshops, in particular the Marine Technology's workshop which includes a large amount of machinery, engineers and technicians which can be solicitated for manufacturing jobs. The workshop has been moved for three years to a temporary location due to the construction of a new Marine Technology Laboratory and workshop. The Marine Teknikk Institute at Tyholt is also a key location for the AURLab, as it is their official center of operations. Some of AURLab's engineers and researchers work mostly at the Tyholt center. [START_REF][END_REF] This project took place almost exclusively at TBS, though occasional trips were made to these other two locations when needed.

Figure 2: Key locations used by AURLab

AURLab uses Gunnerus, NTNU's research vessel, for large scale operations in the Trondheim Fjord. This large vessel has a payload crane and storage areas and platforms that allow the lab to perform large scale missions and transport people, large machinery, and payloads for subsea deployment. The lab also frequently uses Flyer, a speedboat that can carry a few people and smaller machinery for missions on a reduced scale. 

2) UNDINA

UNderwater robotics with multi-moDal communIcation and Network-Aided positioning system (UNDINA) is a collaboration project with the aim of developing multimodal underwater communication to increase the useability of small AUV and wireless ROV in autonomous subsea missions. Using multimodal communication and positioning system would allow for a variety of solutions with different ranges and bandwidths for better adaptability and mission opportunities to subsea environments.

The project agreement contains universities, research laboratories and private corporations from multiple countries, all with the goal of combining their resources and technology for the development of this technology. Three main AUV models will be tested during the UNDINA project, and the aim is to make the system operable for all types of small AUV with the necessary capabilities. all AUV that will be tested with the UNDINA project [START_REF] Vasilijevic | UNDINA Presentation[END_REF] The project described in this report is the design of the infrastructure that will be tested in the UNDINA project. Multiple projects have already taken place in the context of the UNDINA project, and this project is part of many that will take place simultaneously to achieve the goals set forward. 

3) Project Element Overview a) Location

The instrument rig designed in this project will serve as an extension of the Pig-Loop Modem (PLM), an underwater structure part of AURLab's OceanLab that is situated 400m away from TBS, and about 90m deep.

Figure 9: Sea map showing where the PLM site is located [START_REF] Sudmann Sebastian | Design and Prototyping of a Universal Docking Station for Small Underwater Vehicles[END_REF] This underwater station is connected to the shore by a cable and is made up of an AUV/ROV landing pad, the PLM, and the Subsea Docking Platform (SDP) instrument rig. The station is used for missions and experiments, and the new rig will add the elements necessary for the UNDINA project to test its prototypes in the field. The PLM itself will behave as a testing area for wireless ROV and AUV to conduct experiments and execute docking protocols on the PLM instrument rig.

The PLM instrument rig's life cycle is however not limited to the UNDINA project. The aim is for the instrument rig to become a mobile AUV station, that will perform relatively autonomously once deposited on the seabed and allowing swarms of AUV to conduct missions anywhere the rig is put down. This would be an outcome of the UNDINA project's success.

b) Components i) Frame

The frame for the PLM Instrument Rig has been manufactured previously to the rest of the rig's design. It is made of AISI 316 annealed steel, a heavy but highly weldable stainless steel which can resist the extreme conditions that it will encounter, as well as allow extensions and modifications to be made. The PLM Instrument Rig's frame is the result of a previous Master's Thesis project at NTNU's Marine Technology Department, conducted by Manuel Rodriguez. Multiple frame designs were proposed in the thesis, though the chosen design is one where the UNDINA Instrument Rig and the Docking station are condensed into a single frame. The rig's central part has rough dimensions of 1m*2m*1.6m, not including the appendices that allow it to be secured on top of the PLM structure.

ii) Instruments

The PLM instrument rig's role as a benthic station implies that it must accommodate the use of a varied amount of instruments. These instruments use different physical properties of the ocean to obtain data, and it is important to know precisely how these instruments function in order to cater to their needs in the design.

ADCP

The Acoustic Doppler Current Profiler (ADCP) is a hydroacoustic instrument used to measure water velocities in the water column. It emits pings of acoustic waves from its transducers at a given frequency, which bounces back from particles in the water. The amount of time it takes for the signal to return indicates the distance from the instrument to the particle, and the frequency change provides the speed of the particle due to the Doppler effect. This allows to accurately provide the absolute speed of water in the entire water column.

Figure 12: Nortek Signature 100 ADCP, with battery pack [START_REF]Nortek Signature 100[END_REF] Figure 13: Diagram explaining the use of the Doppler effect to calculate particle speed [START_REF]Acoustic Doppler Current Profiler (ADCP)[END_REF] An ADCP is a crucial instrument on a benthic station and will help obtain useful oceanographic data on the instrument rig.

The ADCP used in this project is a Nortek Signature 100, with a depth rating of 1500m. It has a 300-400m profiling range with a 1 mm/s resolution and is able to measure at a frequency of 1Hz. The Signature 100 has a solid-state magnetometer and a solid-state accelerometer, to measure the orientation and tilt of the instrument and calibrate the instrument. The instrument weighs 37.5 kg outside of the water, and an equivalent of 13 kg in the water. [START_REF]Nortek Signature 100[END_REF] This instrument's transducers are relatively fragile and sensitive, and any collision or sediment buildup must be avoided.

The Nortek Signature 100 is connected through RJ45 ethernet and powered at 24V DC at maximum 1.5A. To use the ADCP it must be connected to a computer using the Nortek Signature Development software, which connects to the instrument's IP address through the network.

Camera and Light

The camera and light will allow for high resolution images and video footage to be taken on the rig. The camera and light used are AKVA Mini HD IP Camera and light. The camera films at HD resolution, so 720p.

They are both rated at 100bar, or just under 1000m.

The AKVA Camera and Light are connected by RJ45 ethernet and powered at 24V DC at maximum 10A. They can be accessed with a computer directly in the browser with their IP address, where a user interface allows to configure the devices and use them. The camera and light both have separate IP addresses but can be linked through the interface. The camera and light both weigh approximately 1.5kg each in the air. [START_REF]AKVA Emails to AURLab[END_REF] The camera's main function will be to monitor and record the AUV operations that will take place in the UNDINA project.

CTD

The Conductivity Temperature Depth sonde is an instrument that, as its name indicates, measures the electrical conductivity, temperature, and pressure of its subsea medium. Is measures these essential physical properties relatively locally. From the water's conductivity and temperature can be derived its salinity and concentration of dissolved solids, which is valuable information when monitoring the subsea environment. The CTD that will be used on the rig is an AML-3 RT with a 500m depth rating. It is connected through serial and powered at 24V DC at maximum 0.5A. Using AML's Sailfish software on the control PC, the instrument is configurable, and data can be accessed in real time and logged. The CTD's weight in the air is about 1.5 kg. [START_REF]AML-3 XC CTD 500m[END_REF] Its function on the rig will be to be part of the benthic station and monitor the oceanographic data at the rig.

Optical Modem

Figure 16: Hydromea's LumaX optical modem [START_REF] Luma | [END_REF] The optical modem allows for high bandwidth wireless communication underwater. It functions like a fiber optic modem, emitting and receiving light at certain frequencies to transmit information.

The range of this kind of communication is around 50m in a very clear medium but realistically at 90m depth in an estuary bay like the Trondheim Bay, the range is closer to 20m due to the high concentration of particles in the water.

The optical modem that will be used on the rig is a Hydromea Luma X, with a depth rating of 600m. It allows for up to 10 Mb/s bandwidth, which is more than enough for HD (720p) or UHD (1080p) streaming and other communications. The LumaX is connected through RJ45 ethernet and powered at 24V DC at maximum 4A. Once a single LumaX is connected to the control computer's network, the other will be connected wirelessly. The LumaX's weight in the air is about 1kg. [START_REF] Luma | [END_REF] Figure 17: Table showing the bandwidth range needed for different video resolution [START_REF]Video Bandwidth Explanation[END_REF] Having a LumaX on the rig will allow communication with wireless ROV and AUV at a 90m depth with live video footage and data, which is impossible with acoustic communication methods. This is one of the key instruments in the UNDINA project, as it will allow optical communication, one of the 3 communication methods the project aims at. The optical model will allow for rapid data unloading as well as high precision control of AUV when close to the rig.

USBL

The Ultra Short Baseline (USBL) acoustic modem is an acoustic transceiver used for underwater positioning systems. It functions by emitting and receiving acoustic pings to and from acoustic transponders, that are found on mobile assets underwater. The USBL uses the signal angle and delay to determine a 3D vector and distance to the transponder, therefore getting 3D coordinates for the transponder underwater. The USBL used in this rig will be an EvoLogics S2C R 18/34 Underwater Acoustic Modem with a 200m depth rating due to its polyoxymethylene plastic casing. In the case of future deeper operations, a titanium or aluminum cased USBL may be used, which have a rating of 2000m. Its communication range can go from 250m to 3500m depending on the power mode, with a 13.9 kbit/s acoustic bandwidth. The USBL's weight out of the water is 16kg. [START_REF]S2C R 18/34 USBL Underwater Acoustic Modem[END_REF] The USBL is connected through RJ45 ethernet and powered at 24V DC at maximum 2.75A. Using the SiNAPS software on the control PC, connection from shore on the same network is possible to configure and manage the system. In the UNDINA setup, the USBL will be connected to the EvoLogics JB.

This instrument will serve as the long-range positioning system for UNDINA operations, which will allow long-distance, low-control missions around the instrument rig. This is the acoustic communicator in the UNDINA project. When the UNDINA project is complete, the USBL, which belongs to EvoLogics, will be replaced by one owned by AURLab and will be wired directly to the Metas junction box.

iii) Junction Boxes

METAS Junction Box

The instruments on the rig have a variety of data connection methods and power necessities, due to the diversity of manufacturers and data types. To simplify cable management, centralize the power and data distribution and allow for extension and expansion of the instrument rig, a junction box is a solution.

This junction box contains power adapters, ethernet and serial switches, fuses, and computing power to allow the different elements on the rig to function simultaneously. A single umbilical cable bringing power and data connects the junction box to the control computer on shore. All the rig's elements can therefore be controlled on a single network shared with the control computer, with wired connection to each of them on the sea floor. The box also protects the instruments from short circuits and other power anomalies, extending the rig's life cycle. The junction box on the rig is made by METAS (subdivision of Imenco) specifically for this project, the PCI-160. It is rated at 150 bars, meaning that it can operate up to a little under 1500m depth. The container is made of carbon fiber, with stainless steel lids where the connectors are.

The METAS JB can receive power at 180 -425V DC when in subsea configuration, and 85-265V AC when in bench testing, which allows powering for onshore testing with a standard 230V outlet. A bench testing bulkhead-to-ethernet cable is included, to test the full setup on shore before deployment. This junction box will house the computing power for the software that will be developed in the next stage of the UNDINA project, to combine and optimize optical and acoustic communication between the rig and AUV or wireless ROV.

EvoLogics Junction Box

iv) Docking Station

The docking station is one of the most important functional element to the rig, as it allows for vehicles to charge their batteries directly on site. This allows for much longer missions and supports charge cycling when using swarms of AUV for larger scale missions. This can be particularly useful in sub-ice missions or in violent meteorological conditions where surfacing and retrieving the vehicle is more difficult. A previous docking station design is the result of a Master's thesis previously performed in the laboratory by S. Sudmann. This docking station was designed for small AUV in particular and was in part for the PLM instrument rig for the UNDINA project. This station involves a funnel-shaped mechanical guiding system that combined with the buoyancy of the AUV aids the docking process. A similar docking station design will probably be used on the next PLM instrument rig.

c) AUV and ROV

Autonomous Underwater Vehicles and Remotely Operated Vehicles are the centerpieces of this project. These vehicles have been developed since the late 1950s, and are now key assets in subsea operations like ocean exploration and mapping, underwater infrastructure construction and inspection, and more recently subsea mining. They remain today at the leading edge of ocean technology and will be essential in developing efficiently and safely the ocean as a resource for humankind. These vehicles are used as mobile sensors to obtain otherwise difficult to access images as well as physical, chemical, or biological measurements. They can also be used to retrieve samples or manipulate underwater infrastructure, with mechanical arms. This project involves AUV and wireless ROV in particular. These two types of vehicles are similar in the sense that they both navigate freely in their medium, with no physical tether needed. Tethers are imperfect communication tools as they can be subject to interference, are heavy and therefore complicate deployment, can hinder the movements of the vehicle and must be handled with care as a single break along the length of the cable may render it useless. They are however useful when operating large, energy hungry vehicles, as the tether can provide a constant source of energy.

Figure 25: An X3 BlueEye with an attached LumaX Optical Modem

These AUV and ROV have no human passengers, removing the complex engineering and extensive resources necessary to accommodate a human in these extreme environments, not to mention the risk of human injury or death. This implies that the vehicles can be built to be relatively small, opening the possibilities of more precise navigation, reduced energy consumption and facilitated deployment. Wireless Remotely Operated Vehicles allow a human operator to actively control the vehicle, which can be useful if the available AI is not capable or as efficient at achieving the mission goal. Autonomous Underwater Vehicles navigate without the need for continuous human input, and the development of machine learning algorithms and swarm intelligence have allowed them to be used increasingly as they can function nearly continuously, modulo their battery life and data capacity.

d)Previous underwater structures

The existence of previous underwater structures created by the lab is a key resource for this project, as the similarities between the instrument rig functions can be used to reduce the innovation needed as well as the time and effort to design and build the PLM instrument rig.

The Subsea Docking Plate instrument rig (SDP instrument rig) is a subsea structure acting as a benthic station at AURLab's deepest Sealab, at a 450m depth in the Trondheim fjord. This structure was initially positioned next to the Subsea Docking Plate, a piece of infrastructure allowing the testing of docking techniques of large unmanned submersibles for the AURLab.

Figure 25: SDP instrument rig, lifted in the air by Gunnerus crane

Figure 26: A 3D render of the SDP with a docking LAUV [START_REF]OceanLab Node 1: Subsea Facility[END_REF] The cables leading to this subsea station being damaged and rendered unusable, the SDP Instrument Rig had been moved to the shallower station at a 90m depth, resuming its benthic station function. This rig contains an ADCP, Camera, CTD, PAP system, USBL and a Metas junction box. The similarities of the SDP instrument rig with the PLM instrument rig project would prove useful in finding underwater mechanical engineering techniques and solutions during the design of this new instrument rig.

e) Deployment method

The deployment method used at the AURLab for underwater infrastructure is similar for each large payload.

-Attaching of deployment straps to the structure. These straps will remain on the structure throughout the mission duration and will be used to retrieve the structure at the mission end. The structure is placed on the laboratory's dock to await being picked up.

-Loading of the structure onto Gunnerus. The large research vessel is equipped with a powerful crane and capable crew who are used to these deployments. The structure is placed at the aft of the research vessel, on a storage platform accessible by the ship's crane. -Lowering of the structure through the water column. Gunnerus is equipped with high precision navigation systems that allow it to be stationary at certain coordinates, allowing precise deployment. The crane will lower the structure through the entire water column, at less than 1m/s vertical speed. If an additional cable from the laboratory to the sea is being added, the cable is lowered simultaneously.

-Preparation for anchoring. Gunnerus will adjust its position while being guided in real time by the ROV pilots, to avoid collision of the structure with other underwater structures and to facilitate anchoring by the ROV by fine tuning the optimal coordinates and orientation of Gunnerus.

-Anchoring. Using the ROV's robotic arms and the ROV's thrusters, the ROV can help position the structure as it is lowered onto the desired location. This will often be on top of another structure with a complementary shape, so precision is key during this operation.

-Power and data connection. Using the ROV arms and thrusters, a power and data connection can be made using specialized underwater connectors. If the cable is already connected to the structure, this step consists in securing the cable on the seabed to prevent traction on the cable from destabilizing the anchorage of the structure. The recovery method is relatively similar to deployment, with a different order in the steps.

CHAPTER 2: Methodology 1) Project Methodology:

The methodology chosen for this project is a combination of Requirement-Based Design and Feature-Driven Development.

The Requirement-Based Design method focuses on clearly defined requirements that are given before starting the design, and these requirements are a core aspect of every thought process in the design process. UNDINA is an international cooperation project, and the requirements for the rig that would act as a benthic station and a docking station had already been globally defined before my arrival for the internship. The main requirements included the list of instruments and modules that would have to be included in the rig, the placement of these modules and instruments according to an optimized performance specification, therefore restricting a lot of the placement options. The design phase was focused on hosting the different assets as well as possible, while taking into consideration many other requirements that inherently guided the design of the rig. This internship was prepared in Feature-Driven manner, due to the amount of different assets to mount together, as well as the various scales of design and development that were explored. Designing such a complex structure with interlinked mechanical, electrical and communication systems is more achievable by splitting the different elements into functional and physical groups. This also decreases the chances of halting the entire project if in the case of last-minute changes, or complications concerning instruments or materials. This kind of method is also useful for future projects, as having a modular design method enabling the module reuse in the future.

2) Design Methodology

As many parts are being designed, and at different scales of the project, an iterative method is essential to be rigorous and obtain the needed results. The method used was the appropriate one, considering my limited experience in subsea engineering, and the rapid design of many different parts with a large and diverse array of constraints for each of these parts.

Figure 31 : Diagram of the method followed for each part of the PLM Instrument Rig

This method is applicable to multi-part assemblies as well, by replacing the 3D Render of the Full Instrument Rig with the 3D Render of the Sub-Assembly. After this method has been applied to every part on the rig, each part can be manufactured and the structure can be assembled, tested, and deployed. Here is an example of the evolution of the 3D design of the optical modem mounting system with this system. Mounting the different rig elements is subject to many restrictions in this project, due to the harsh environment in which the structure will be and to the difficulties to access to the rig once it is deployed. The constraints can be put into different categories, from essential, to preferable, to optimization. Ideally all of these criteria are fulfilled, though this ranking provides a choice logic when encountering a situation where compromise has to be made between constraints.

Essential constraints:

-Structural integrity: During deployment of this rig, it will be lowered though a 90m column of water and go from 1 atm of pressure to about 10 atm in a matter of minutes. The rig may also experience collisions during deployment and will be subjected for months to underwater currents and turbulence. This is important to take into consideration when designing the instrument mounts, and they must be built to be robust and resistant to relatively high and multidirectional forces.

-Stability: The rig must be designed so that its physical configuration does not change throughout the entire duration of its missions. Some of the elements on the rig have an orientation requirement and if this direction should change during the mission, the precision of the data and communication quality could be compromised. On top of that, these problems could not easily be rectified, as retrieval and deployment of the rig uses up many resources and man-hours.

-Instrument Protection: The instruments, though made to resist high mechanical stress, sometimes have some weaker points and those must be taken into consideration during the design phase. This will help in extend the instrument's lifetime and by extension decrease the need for the rig's maintenance.

-Corrosion Resistance: As the rig will be submerged for long periods of time, even though the frame and the fastening materials will be made of stainless steel, corrosion is a factor to consider. Sea water is notorious for its intense corrosion due to its relatively high concentration in electrolytes, and measures must be taken to prevent this to protect the instruments' metal parts and the structural integrity of the rig. Two methods will be used for corrosion resistance.

-Galvanic Corrosion Avoidance: Metal-on-Metal contact must be avoided, and when unavoidable using identical metals is preferable in subsea engineering to prevent galvanic corrosion. Using plastic for the instrument mounts is an easy way to avoid this corrosion risk, and rubber between metal-to-metal contact is necessary.

-Anodic Corrosion Protection: Adding sacrificial anodes on the rig will reduce greatly the corrosion rate on the rig by degrading these anodes instead of the functional parts on the rig. These anodes have been used on the previous rig.

-Air Compression Management: Some elements of the rig have a risk of trapping air at atmospheric pressure. The rig's resting place being at 90m under the sea surface, the pressure differential between this air and the outside environment will be multiplied by more than 10 in a matter of minutes during deployment. This increases the risk of structural failure for the pieces with trapped air, which is why avoiding any trapped air is essential in the pieces design.

-Deployment Proofing: The lowering of the rig through the water column will be one of the most critical moments for the rig's structural integrity, as it will be lowered through the water column using Gunnerus' crane, most likely swinging from side to side on the way down and be prone to collisions during the connection with the rest of the PLM structure. The rig being linked to shore with a cable, its weight and potentially imperfect lowering of the rig means that there is a risk of high levels of lateral tension applied to the rig and its link to the cable. These forces and risks will have to be accounted for in the design, to prevent putting some elements of the rig in a non-functional state.

Preferable constraints:

-Function Accommodation: The rig is essentially a structure for the payload it contains, and its function is to ensure that the instruments and modules it houses can function properly. These elements must be treated individually as they all have different limitations, and providing on-demand accommodation for each of them is what will make this rig the multi-functional tool that it is meant to be. This entails a higher amount of design work, as standardizing will be made more difficult.

-Fitting: Using larger diameters for holes and fittings makes for easier mounting, and the possibility of adding rubber to contact points to reduce sliding.

-Sediment Buildup Prevention: At its resting depth, and Trondheim Bay being at the estuary of a relatively large river, a non-negligeable amount of sediment will be coming down on the rig from above. To avoid the build-up of this sediment on the rig which could impair the functions of the rig, the pieces will have to be built in a way that prevents the accumulation of falling matter to the maximum.

Optimization constraints:

-Design for Manufacturing: The pieces will need to be designed in a way that optimizes manufacturing, to save time, effort, and materials. Most parts will be made with polyethylene plates, as the plastic is resistant to cold subsea environments, and easy to cut. Designing parts using as many flat parts as possible will allow for these pieces to be made with a CNC machine in the workshop. For the pieces that are too complex to be manufactured using polyethylene plates, they can be 3D printed using PETG filament, a material that is resistant to harsh environments including subsea environments. These pieces must be designed in a way that minimizes overhangs, as the parts will be made layer by layer and each layer must be supported by the layer below. In cases where this is inevitable, the slicer software will help in creating bridges to help in building, but they should be avoided to the maximum as their success is not guaranteed.

-Modularity: As UNDINA is a project that will probably evolve over time, it is important to have in mind that upgrades and modifications may be implemented onto the rig. This rig will also surely be used for varied missions and applications. For this reason, modularity in the design will allow quick and easy replacement of key elements on the rig. Dividing the rig into different relatively independent sections and designing the instrument supports to allow repositioning if necessary is an advantage for the rig's adaptability over its lifetime.

-Standardization: Choosing standard parts in the design of the rig will make for easier manufacturing, building and maintenance. For example, by using the same bolt diameter for every piece, only a single wrench is needed to fasten or unfasten all bolts on the rig, and one bolt reference only is needed for the maintenance inventory.

-Material Reuse: The lab having some unused resources, and project funding being a variable in a publicly funded university like NTNU, as well as with the objective of reducing the carbon footprint, utilizing unused parts and materials from the lab as an objective.

-Design Reuse: The designs will also attempt to use the existing characteristics of the instruments to reduce their complexity, as well as use previous designs when possible, to save time and use the expertise of other people on the project.

Design Validation Methods

While designing the different parts of the PLM instrument rig, the iterative workflow was followed for each designed part. This project was tackled part by part, as most elements of the rig operate independently from each other. For each part, while following the workflow, the 2D files were often printed and reviewed with P. De La Torre, an engineer at the laboratory with mechanical and subseaengineering expertise. The overall 3D structure was often reviewed and validated with A. Vasilijevic.

3) Rig Element Testing

The instruments and active modules on the rig have many different manufacturers, meaning the standardization is low for the rig's active elements. Though the Metas instrument rig allows the centralization of data and power distribution, there are roughly as many different software and connectors as there are elements to connect to the junction box. These will all have to be tested extensively to check for any problems which will be difficult to solve once the rig is in the water.

Using the bench testing power cable and ethernet link cable provided by Metas with the junction box, the Metas junction box could be tested with a computer, by verifying the connectivity with the instruments. For most of the internship, the connection cables from the junction box to the instruments had not been created yet, so the connections had to be made manually. For the control computer to be able to have access to all instruments simultaneously and in a simplified manner, the computer, junction boxes and instruments all will be configured to have fixed IP addresses on the 192.168.51 subnet. This subnet has a range of 253 usable IP addresses. Some of these addresses are used by the Metas junction box, to allow the control computer to access and configure certain elements of the junction box, like ethernet or serial switches. A fixed IP address was assigned to each instrument and element on the rig, and the bench testing process begins with configuring each instrument to have a fixed IP address of the one assigned to it.

The first step of the bench-testing is to connect directly to each instrument from the computer, using the bench-testing cables usually provided with the instruments, and changing the instrument's IP configuration to have the fixed IP address assigned. This process also allows us to determine if each instrument is functioning as expected, and if the computer can connect to each instrument through the corresponding software.

The next step is to connect to each instrument similarly though through the junction box. This allows the testing of the internal switches in the Metas junction box, the bulkheads, cables, and the capacity of the Metas junction box to effectively power up the instrument and connect it to the network.

The final step is to connect all the instruments at once on the junction box, checking that simultaneous connection to all the instruments is possible.

Once all these tests have been passed, the instruments and junction boxes are ready to be mounted onto the PLM instrument rig for deployment.

CHAPTER 3 : Results

1) Rig Element Positioning

The PLM Rig was designed with specific payloads and functions in mind, and so had to be designed in a way that accommodated all these as well as possible. In the rig's function as a benthic station, communication relay and unloading point for AUV as well as a charging station, it must contain a certain number of modules.

The rig's metallic structures had already been designed in M. Rodriguez's thesis and been manufactured before my arrival. The modules that would fill the frame can be put into three different categories, which are the instruments, the junction boxes, and the docking station. The frame had been designed to accommodate three floors to hold these modules, which would also have to be designed and manufactured. The space in the frame is relatively large compared to the number of instruments and modules that had to be placed relative to their size, and the biggest restrictions came from how each instrument had to be placed for optimal use.

Figure 36: A 3D render snapshot of Design Version 2 of the full instrument rig

The elements of the rig can be placed with little consideration of the wiring problems, as the rig is relatively small compared to the length of cable available, and there are relatively large and continuous empty spaces all around the rig to allow for wiring continuity. The wiring can also follow the frame supports and can be passed through holes drilled into the floors.

The elements were placed in the rig by order of restriction, placing firstly elements that had to be placed in a precise manner:

-The docking station will likely be designed in a similar way to the one defined in S. Sudmann's thesis, where the AUVs docks under a plate, contrary to what has been done for the SDP docking plate next to the PLM. This already constrains the docking station at the middle and bottom levels. Moreover, the rig structure has been designed to provide much more open space at the middle level, with the docking station in mind: the AUVs docking on the rig will have varied sizes and having the most space for docking means being able to assist in the missions of a more varied fleet of vehicles. The docking station can therefore be placed between the middle and top levels of the rig, taking up all the vertical space and about half of the longitudinal space for that level, including half of the top platform which will be used for integrating the inductive charger.

-The acoustic elements, being the ADCP and USBL, needed minimal material encumberment to reduce the risk of creating "shadow zones" in the data. Both acoustic instruments will be pointing upwards, where the least solid obstacles could be, to optimize their functioning range.

Figure 37 : Diagram of the USBL Functioning Range

They therefore had to be placed on the top level of the rig, with a gridded frame overhead to provide protection in a way that interferes less with the data. The ADCP is the largest instrument, but the frame allows for the instrument to be placed in the same plane as the USBL, perpendicular to the length of the instrument rig. Though these two instruments have a risk of creating acoustic interference when both are functioning, there was no need to isolate both from each other as they would never be allowed to function at the same time. The ADCP will be used to measure data in the long term and most likely be recording data in a semi-permanent manner, whereas the USBL will be used during specific missions, during which the ADCP can be turned off.

-The CTD does not need a specific placement for it to function properly, as it merely measures physical data locally. Ideally it must be placed at a depth close to that of the other instruments, as it can be used for the calibration of data accounting for temperature and depth variation in the water column, which can produce variations in sound and light transmission through water. The main problem it can encounter is the accumulation of sediments on its sensors, which is the reason for which it should be placed vertically with its sensors aimed toward the ground. To make for more space on the top level which will be cluttered with many elements already, it is placed on the middle level, at a relatively high distance from the docking station to leave maximum space for the docking AUV and minimize the risk of collision.

-The camera and light system can be placed nearly anywhere, as the objective is to be able to monitor whatever the current objective of the rig is. During the rig's stay on the PLM, the AUV will be operating on the PLM so it is preferable to orient the camera and light system in that direction. A high vantage point is preferable to be able to have as much of a "bird's-eye" view of the operations as possible. For this application, placing the system on the top platform would be ideal, at the edge of the PLM-side of the rig for a downward oriented view. If the objective is to visually analyze docking, then a placement on the underside of the top platform or topside of the middle platform would be more adapted, pointing at the docking station.

-The optical communicator, or Luma X, as it will be used as a communication relay with the optically controlled AUVs, must not be optically encumbered. The operating range of this relay being around 15m at this depth, it must be placed in a way that the optical communication cannot be lost in the shadow of the rig. For this reason, the optical communicator can be placed on top of a rod over the rig, its distance from the rig reducing the shadow zone of the Luma X all the while being connected to the EvoLogics JB on the rig that provides the computational power for managing the AUVs though the multimodal communication.

-The junction boxes can be placed nearly anywhere on the rig, if the wiring between the boxes and the different elements of the rig allows it. The boxes being relatively bulky, in particular the Metas JB, can be placed on the bottom level of the rig, eventually allowing additionally elements to be added to the rig if needed and providing more liberty for the placement of the other elements.

-The sacrificial anodes must be positioned around the so that they protect efficiently all of the rig elements from corrosion. These anodes must be welded directly onto the rig frame, to allow the flow of electrons from the corrosion happening to them to charge the rig frame and provide more anodic corrosion protection. Considering the size of the rig, four sacrificial anodes should suffice. Positioning them on all four vertical faces of the rig and alternating the level of the frame will englobe efficiently the whole rig.

Center of Mass Adjustment

The rig's elements' precise placement has also been tuned to stabilize the rig during deployment. During deployment, the lifting straps for the rig will be attached to the four corners of the top platform, on the lifting rings. Considering that all lifting straps have the same length, this means that for the rig to be perfectly horizontal while being lifted the center of gravity must be under the equidistant point of the 4 lifting points.

Figure 38 : Visualization of the center of gravity (blue) compared to the equilibrium point (red) on the top plane of the rig

The weight of every rig element was entered into the SolidWorks model, and a center of mass analysis was conducted. This analysis concluded that the center of gravity was slightly offset toward the back and left of the rig, due to the jutting extrusions of the rig frame that would be used for anchoring the rig to the PLM platform. Due to the many reasons cited above, not many elements could be moved around the rig to adjust the center of gravity. The junction boxes, being relatively heavy and having the entire bottom floor to be placed, were the rig elements that were moved to move the center of mass to be as close as the equilibrium point. By placing the Metas junction box in front of the EvoLogics junction box, the center of mass is moved even closer to the equilibrium point. It was imperative not to impede on the rig's functioning solely for a simplified deployment, so enough space was left to the right of the junction box so that the wiring would not find itself outside of the rig, which would have posed a risk for AUV operations. By moving the two junction boxes to the front and right of the bottom platform, the center of mass is 57mm away from the equilibrium point, which is more than satisfactory.

To stabilize and flatten the resting position of the rig during lifting, shortening by a few centimeters the lifting strap attached to the back-right corner of the rig will help, though the offset is negligeable.

2) Parts Designs

The rig elements must be mounted and secured in a way that answers each element's individual constraints, as well as the global constraints that the rig's environment will bring. This entails that many different designs must be made to accommodate the rig's multiple functions.

In this section, to facilitate visual description, directions will be described as seen below.

Figure 39 : Snapshot of 3D Render of frame with planes and directions for reference

The farther part of the top and right planes will be called the "Back" of the rig, as opposed to the "Front" of the rig closer to the camera. "Right" and "Left" will be the same orientation as for the camera in Figure 39.

a) Floors and Frame i) Floors

Though the three levels of the rig have the same dimensions, there are many factors to take into account for each floor and none of the 3 levels have the same design for the floors. These floors will be mounted onto the rig using mounting brackets that are to be welded onto the rig frame, which will take the entire weight of the floors and the instruments mounted on them.

The material chosen for these plates is polyethylene 100, as it is a plastic that is machinable and resistant to the harsh subsea environment, and the same material was used on SDP. Black polyethylene plates with a 20mm thickness were ordered and sent to the workshop to be cut in a CNC machine according to the designs.

Top Floor

The top floor of the rig is divided into two parts, as they support largely different components with very different functions. They are divided especially with modularity in mind, making it much easier to remove only half of the top floor and replace elements, do maintenance, or apply upgrades.

Figure 40 : Snapshot of the 3D render of the ADCP and USBL plate

The first half of the top floor supports the ADCP and the USBL. Their proximity is not a problem, though they are both acoustic transponders, as they will not function at the same time. They are placed as close as possible while leaving a [distance] gap to avoid contact, as they will be protected by the same grid element.

Five of the holes for mounting the platform onto the frame's brackets are aligned with the instruments, taking the maximum amount of stress from the plastic to avoid bending the plate with the instruments' weight. The two holes to the right help take some of the weight as well and prevent any bending from occurring at the junction with the other half of the top floor to make a flush top platform.

The ADCP mounting strategy is straightforward due to the mounting holes already present on the instrument, and the instrument's shape allows it to rest where its shape becomes wider. Making a hole with a diameter that allows the lower part of the ADCP to go through, and letting the ADCP rest directly on the plate, is mounting the ADCP how it was designed to be mounted. The holes are oriented so that the transponders are placed orthogonally to the rig, as the measures will be oriented, and this will simplify data reading. The four mounting holes are sufficient to secure the instrument, and this technique has been used and tested in the SDP rig.

The EvoLogics USBL that will be used in the UNDINA project as the acoustic communicator of the rig does not have any mounting holes, and another strategy will be used to mount and secure the instrument. A similar strategy to the ADCP will be used for the hole however, choosing a hole diameter larger than the lower part of the USBL but smaller than the top transponder, opening the possibility to let it rest on the top floor. As a different USBL will be mounted on the rig in the future, and the diameter of the other USBL works as well, as the USBL models owned by the laboratory have the same dimensions as EvoLogics' USBL.

These two strategies use gravity and the shape of the instruments to help secure the instruments with their weight.

The second half of the top floor supports the docking station. The final design for the docking station being still under discussion at the end of the internship, a precise design was not made for this part of the rig. This showcases the importance of modularity in this rig.

Middle Floor

The middle floor's design is relatively straightforward. Only the CTD will occupy the left side of the rig, which is to be mounted on its own support on top of the platform, and the right side will be reserved for the docking of small AUV.

Figure 41: Snapshot of the 3D render of middle plate

The holes to mount the platform onto the brackets are evenly distributed along the front and back sides of the floor, and a central mounting hole on the sides provide central support in the case of future instruments being mounted on the middle level in the future.

Bottom Floor

The bottom floor has the same dimensions as the two other floors, though has a 80mmx80mm rig frame support beam separating the floor in two equal parts. This floor houses both junction boxes, which necessitate no large holes to be made in the floor. This means that two identical half floors can be made.

Figure 42 : Snapshot of the 3D Render of one of the bottom plates

The mounting holes are distributed equally, with the same strategy as the middle floor on a smaller scale.

ii) Floor Supports

To support the different floors on the instrument rig, a strategy was adopted using brackets welded onto the frame. These brackets will take the entire weight of the floors and will be made of the same stainless steel as the instrument rig frame to avoid corrosion. This strategy makes it so that the floors' support is punctual, which maximizes the amount of drillable surface on each floor, to allow for higher adaptability for instrument placement. It also uses less stainless-steel material than a full stainless-steel lining, limiting additional weight and costs.

Figure 43 : Snapshot of the 3D Render of a bracket assembly, with transparent plate and bracket

For the assembly of these supports, each bracket will need an M10 countersunk bolt of at least 40mm threaded length with 18mm head and an M10 nut.

The floor brackets are welded so that their hole is aligned with the hole in the floors, and so that the top plane of the bracket is 20mm below the top plane of the rig's frame, which produces a flush finish between the rig frames and the floors. For the same reason, the brackets are made for countersunk bolts, for a flush design underneath each bracket. This smooth finish makes for less lateral drag, and less chance for anything to get caught between the rig frame and the floors.

The design for these supports was sent to the workshop, as they are easily machinable, and the according stainless-steel material is available at the workshop.

iii) Umbilical Cable Stress Buffer

As an umbilical cable will be linked from the Metas Junction Box to shore for power and data connectivity to the rig, this is an element to consider when designing the rig. Notably during deployment, the umbilical cord will be subject to high amounts of traction, which it can resist but which the connectors cannot [get maximum traction that the connector can resist]. This means that the umbilical cable needs to be mounted onto the frame, which can resist significantly more than the connectors. This traction force will however help stabilize the rig as it is deployed and lowered to the PLM station, in particular due to the underwater currents present in the Trondheim fjord.

Figure 44 : Snapshot of the 3D Render with the placement of the stress buffers

This simple piece can be welded on the frame on the bottom floor of the rig, on the same floor as the Metas Junction box, to take the stress of the umbilical cable. It has a 20mm thickness and a hole diameter of 40mm, to mount a securing piece for the cable. Two of these pieces will be welded in the corners of the rig, with their face aligned with the front plane.

b) Instrument mounts

The instruments have a variety of shapes and criteria for them to function optimally. Therefore, on demand design and solutions must be made for these instruments to respond to each problem.

i) Camera and Light

The camera and light's main attributes concerning mountings is that they are both identical cylinders with no built-in mounting features, and that their orientation must be easily changeable as their focus of attention may change during the rig's life cycle. Having both stainless steel casings, to prevent corrosion it is preferable to avoid metal-to-metal contact as obtaining the same stainless steel for its mountings could prove difficult. These two assembled pieces are a solution that answers these criteria. They are to be 3D printed with PETG filament and are designed to have no metal-to-metal contact points. This piece is symmetrical, so the camera and light have interchangeable positions. Tightening the fittings between the two pieces secure the tilt angle of the camera and light, and the M10 holes on the sides of the bottom piece allow the assembly to be secured in any orientation where there is space around the rig, provided holes are drilled into the plastic platforms of the rig for the orientation. With this design, pan and tilt are relatively easily adjustable between missions, and different parts of the rig and its surroundings can be under surveillance between each deployment. In the case where tilting the camera and light is not needed, solely the top part of the assembly can be bolted to the rig platforms using the lips on either side of the part. These protruding lips have dimensions of 20mm by 100m on the top plane, allowing a hole for at least an M10 bolt to be drilled in. This will remove the risk of the tilt moving or rupturing when it is not needed.

Ombilical Stress Buffers

The instrument fixation method uses the relative elasticity of the PETG plastic. By tightening the bolts on top of the fittings the diameter of the top half of the camera/light mounting piece is reduced, making for a tight hold on the instrument. The advantage of this method is that the entire assembly can be manufactured in a 3D printer, except the bolts and nuts. This is, however, the limit of this piece. PETG can be brittle, especially at lower temperatures, and the tightening of the screws can only be a few millimeters before the risk of rupture becomes too great. The adding of rubber on the inside of the support to prevent sliding would make the initial mounting of the instruments difficult, as the fit will have to be tight for this solution to work and the rubber inside would not make the task easier. The design is also relatively difficult to manufacture, for both a CNC machine and a 3D printer. For these reasons, a second design was made in case the risks and difficulties of this solution are too high.

Figure 45 (b) : Snapshot of the 3D Render of Design B of the camera and light mounting assembly

This design of the Camera and Light support uses metal bands for securing the instruments into place, the plastic parts of the piece being used only for the pan and tilt capabilities of the assembly. Rubber protection will have to be added around the metal bands, to prevent galvanic corrosion and erosion of the instrument casing. The diameter of the mounting piece for each casing is 4mm larger than the instrument casing, leaving space for 2mm of rubber between the instrument and the plastic mount.

The overall piece works similarly to the first design, though since prototyping and testing the piece was not possible, this is a more secure approach to the camera and light support.

The piece being relatively large and 3D printed, the infill will not realistically 100% as that would consume a large amount of filament while not being particularly useful structurally. This means that there will likely be trapped air at atmospheric pressure in the piece. To prevent the risk of the piece collapsing on itself as the outside pressure increases, the infill geometry used must be a singlevolume void method, so that all the air is contained in a single volume. Using PrusaSlicer as a slicer software to create a printable file, a Gyroid infill geometry can be chosen, as it produces a single empty volume on the inside of the piece, while being structurally strong. This infill geometry has been used before in the lab for subsea pieces and is considered structurally sound, as it is one of the strongest infills for multi-directional forces. As the piece is larger than most 3D printed pieces on the SDP rig, it is preferable to create a water intake route to reduce the risk of structural failure. By simply drilling at least a small hole through the outside casing of the piece, water could be allowed into the piece during the compression phase that will occur during the deployment: with a single void volume, a single hole should theoretically be enough to relieve the entire piece from the pressure. Drilling a hole can be avoided by not covering the gyroid infill on chosen sections of the part, while avoiding having upward oriented sections being exposed to avoid sediment buildup inside the piece. The CTD needs only to be placed with its sensors pointing down to avoid sediments buildup and using plastic fastenings to avoid eroding the instrument casing. The main objectives remaining after this are structural integrity, space optimization and manufacturing optimization.

This instrument having already been mounted on the SDP rig and the mounting piece having held well, using the same idea for mounting the CTD on the PLM Instrument Rig was natural. By taking measurements on the SDP's CTD mount, it was possible to reproduce the necessary pieces in SolidWorks.

Figure 47 : Snapshot of a 3D Render of the CTD mounting subassembly

This design is especially efficient because it is built exclusively with polyethylene sheet plastic, making it easily manufacturable with a CNC machine. It also allows the use of the clamps provided with the AMD CTD, which avoids metal clamping methods which have already harmed a CTD before.

Having reproduced the design in SolidWorks, it was possible to manufacture the pieces by sending them to the workshop to be cut. To recycle some excess materials that had been used in previous projects, 20mm thick disks of polyethylene were recovered. By using 1:1 scale templates of the flat pieces needed for the CTD, the optimal material was scavenged and repurposed to use on the PLM Instrument Rig.

Figure 48 : Picture of the paper templates on recyclable polyethylene disks for different mounting pieces

The design could then be exported to a CNC manufacturing file, or DXF, for relatively automated manufacturing of the piece.

iii) Optical Modem

The optical modem needs to be perched on a pole relatively high compared to the instrument rig, to allow optical communication to be possible in the largest possible range and be able to easily change its orientation. To achieve this, a 30mm diameter hollow stainless-steel pole can be used, which is available for use in the laboratory. The modem and the pole being cylinders, and the pole having to be fixed to the square-section rig frame, sliding prevention and orientation securing are some of the key aspects to keep in mind when designing this piece. This solution enables the pole to be mounted on any part of the rig frame provided there is space for it, though in the case of the UNDINA project the assembly will be mounted vertically in a corner of the rig. The assembly can be analyzed in two parts, with the first part being the supporting of the pole on the rig frame, and the second part being the modem mounting on top of the assembly.

Figure 50 : Snapshot of the 3D Render of sub-assembly of the lower part of the optical modem assembly on rig frame

The two identical pole-to-frame parts allow the pole to be stable and stay in the vertical axis, with the lateral forces being contained by the structural integrity of these two parts. The orthogonal lateral forces and rotational forces are taken by the friction of the rubber-coated metal bands on the pole, rig frame and plastic pole support, which prevent the pole from sliding and rotating around the vertical axis, and moving from side to side with the groove in which the pole sits. This groove has an arc diameter of 34mm, allowing 2mm of rubber to be added: this increases friction and make the assembly even more stable in the face of water movement during deployment, and for the mission duration with underwater turbulence and currents. The grooves in which the metal fasteners rest prevent the pole from moving along the vertical axis if friction is not sufficient. The plastic part is 40mm wide with a pole-frame distance of 18mm, which should be sufficient to prevent the buckling of the part against the rig frame due to eventual vertical movement.

The highest amount of force that these pieces will encounter will probably be during deployment, when the rig will be swinging from side to side as it descends through the water column. The pole will act as a lever arm, and due to the drag on the top part of the assembly large amounts of traction and compression will be exerted on the metal band and plastic piece according to what direction the water is going relative to the rig. Due to the relatively large surface area between the pole support part and the rig and the tightening of the metal band, these forces should be dispersed efficiently enough that the part will not rupture. It is however recommended to have the two pole supporting parts far away from each other on the rig, minimizing the lever action of the pole on these parts.

The piece is designed so that the plastic part will only be subject to compression forces, and the metal band will take most of the traction force. It is safe to say that these pieces combined with the support of the metal band can withstand the maximum forces during deployment. These pieces can therefore be printed in 3D with PETG filament at 25% gyroid infill.

These pieces have been fileted to round out the outside edges and prevent the accumulation of sediments on the part during the rig's missions, as well as reduce vertical drag during deployment. This solution also allows the pole to be easily moved on the vertical axis when needed, as untightening the pole supports opens the possibility of adjusting the height of both pole support parts and sliding the pole along the vertical access vary the height to the optical modem.

The second part of this optical modem mounting assembly is the top sub-assembly, with the objective of being able to orient the optical model toward any 3D angle from its perching point. This assembly is divided into two parts, not including the bolts, nuts, or metal bands. These two parts are both circular pieces, with a 120mm diameter, both with 8 holes for M10 screws at 45° intervals on a 90mm concentric circle. One of the pieces has an arced groove for the optical modem, and the other for the pole, each with 2mm accorded for rubber and with 2 slots for metal bands to fasten the cylinders. Thanks to the identical circular base, these two parts can be secured by up to 8 M10 bolts in any angular configuration in their plane with a 45° resolution. Only a single pair of opposite holes need to be bolted to secure the angular configuration, though two pairs are recommended. Since this assembly is secured to the pole using metal fastening bands, the assembly can be rotated and attached at any angle around the metal pole. With these two orthogonal volumetric parameters, the optical modem can be pointed in any direction on the top plane, while being at intervals of 45° on the vertical orthogonal plane. If higher resolution is needed, one of the pieces can have 1 or 2 pairs of opposite holes begin offset by 22.5°, doubling the precision and angular possibilities for the optical modem. This solution is an efficient way to have almost complete liberty over the orientation of the optical modem, with the stability of the assembly being assured.

The fastening solution to the pole and the optical modem is identical to Solution B of the Camera and Light system, allowing easy removal of the instruments with the same tools. This fastening technique also allows rapid adjustment of the modem's height on the pole. An additional 2mm for radius has been added for rubber.

The piece was also finished with a fileting of the outside corners to avoid sediment buildup and reduce drag. Reducing drag on this piece is especially important to reduce the stress on the pole supports that will be attached to the rig frame, hence the identical circular shapes and inclusion of all 8 holes for each of the pieces.

This piece is too complex to be manufactured with a CNC machine as well and will not be subjected to much stress besides its own drag force during deployment. This piece can therefore be printed in 3D with PETG filament at 25% gyroid infill, with exposed gyroid needed to allow water into the pieces during the compression phase.

iv) USBL

The USBL's main technicalities are that it must be secured in place, its superior part must be free of any encumberment for acoustic transparency and clamping the lower part of the instrument is discouraged by the manufacturer. The instrument does not have inbuild securing holes like the ADCP, so another technique must be used.

Figure 53 : Snapshot of the 3D Render of sub-assembly of the USBL mounting system, on transparent rig

The USBL mount is inspired from the mounting technique used for the PAP on the SDP Instrument Rig, using threaded rods in a circular pattern to support a disk platform on which sits the instrument in an upright position. The vertical position of the USBL can then be modified by adjusting the height of the disk platform on the threaded rods. A hole in this platform lets the connector protrude from underneath the platform, as well as the two metal rings present on the bottom of the instrument. This way, the instrument is still wobbling through the hole through which it goes in the top instrument rig platform, and gravity helps the instrument stay in its desired position. This is however not secure enough, as the instrument still has some wiggle room inside the top platform hole, is not secured at its base and still can move on the vertical axis. A solution for this is to use the two metal loops at its base, which were designed to help mount the instrument. By securing these two loops from the underside of the disk platform, the instrument is secured into place.

Using these additional pieces, the USBL can be fixed into place, taking advantage of the mounting hoops underneath the instrument. These parts are bolted directly to the disk frame, securing the USBL at its base and not clamping or compressing any part of the instrument's body. The tightness of the fit can be adjusted using washers, and a tighter fit means a more secure and immovable instrument with this solution.

Though this solution would not necessarily work with every casing of the USBL, the overall assembly opens the possibility for many different solutions, like using metal fastenings on the top or bottom of the inferior part of the USBL. The instrument can then be attached to different threaded rods, securing the instrument in a different way.

The disk can be made from a flat polyethylene material and is small enough to recycle the same disks used for the CTD pieces. By exporting the piece into a DXF manufacturing file and sending a recyclable disk to the workshop, after having tested the material size with paper templates, the disk can be manufactured easily in the workshop. The securing parts under this disk can be easily 3D printed using PETG filament at 25% gyroid infill, with an exposed gyroid for compression management.

c) Junction Box Mounts

The junction boxes do not need to interact directly with their environment, so they have much less restrictions than the instruments.

i) EvoLogics Junction Box Mount

The EvoLogics junction box mounting technique is inspired by the solution used on the SDP instrument rig for both junction boxes. The arc supports can be made from flat polyethylene and are relatively small so can similarly to the CTD support parts and USBL support parts cut from the recycled polyethylene disks. A DXF file and the material suffices for the workshop to manufacture these parts.

ii) Metas Junction Box Mount

The Metas junction box was delivered to the laboratory with its mounting system, which allows it to be secured onto a flat platform using 3D printed supports and lifting straps as a clamp. No design work was needed for these supports, and they were just reproduced in SolidWorks with real-life measurements. The protective grid's purpose is to protect the ADCP and USBL's acoustic instrument parts, as they are exposed on the top of the rig and some of the most fragile parts on the rig. To minimize the material interference of this protection in the acoustic data, this protection is made up of a polyethylene grid, with cut out shapes that will overall provide a protection from large objects like other deployed structures on the PLM structure or functioning underwater vehicles.

Figure 56 : Snapshot of the 3D Render of the protective grid sub-assembly on the rig

These cut-out shapes are designed to have no overhang on the acoustic instruments in the top plane. This is especially important for the ADCP, which is an instrument and whose data will be altered by physical obstacles. The USLB simply needs to establish an acoustic connection with the acoustic transponders on the AUV and remote ROV for it to function. The hole for the USBL has however been designed to allow the instrument to be removed from the top of the rig without having to remove the protective grid, to facilitate maintenance or replacement of the module.

The grid is held in place with the same technique used on the SDP instrument rig, using polyethylene poles and grid fasteners. These grid fasteners secure the grid in all 3 axes with a minimal amount of material added to the structure, minimizing drag and weight.

3) Final Render

Creating a global render of the entire instrument rig was one of the first steps of the project, to determine the optimal positioning of the rig's elements. During the project as the different mounting solutions were designed, the complete rig render became increasingly precise, containing the exact renders of each part, instrument and the nuts and bolts necessary to mount all the parts together. This final 3D render is the support needed for the manufacturing and mounting of the rig in the coming months, that will lead to its testing and deployment for the UNDINA project. This render is an assembly of all the sub-assemblies of the instrument mounting solutions, which can each be consulted individually, the same way that each individual part can be consulted. This arborescent construction of the final render allows the people working on this rig in the future to precisely assess what needs to be done to obtain the physical rig that has been designed. In the case of a change in objectives, or if a new solution is suggested on a certain part of the rig, this render is automatically updated. Modifying the final render with this virtual result, the project should now be exclusively a manufacturing, mounting, testing and deployment job.

Having a full 3D render of the instrument rig also opens the possibility of running simulations thanks to the plug-ins provided by SolidWorks. One of the notable simulations possible is run by the Flow Simulator add-in, allowing to calculate the pressures and flow shape of water during deployment, one of the most critical moments for the rig's structural integrity.

Figure 60 : Snapshot of the 3D visualization of relative pressure values on the instrument rig with upward water movement at 2m/s (left) and lateral water movement at 5m/s (right)

The first simulation, running with an upward flow of water at a relatively aggressive speed 2 m/s, shows that the maximum relative pressure present on the rig due to the water flow is 2184 Pa on the underside of the rig. This area seems to be the only surface which such high exerted forces. Let us calculate the average force that each support bracket must support on the left half of the bottom floor, using an overestimated average pressure of 1700 Pa, knowing that the surface of the platform is about 0.74 m² according to the SolidWorks measurement tool. As Pa are equivalent to N/m², the total force applied by the water onto the underside of the plate is the multiplying product of these two values, so 1 258 N. This means that for a total of 6 plate supports, each one must resist a force of about 210 N, or the weight equivalent of about 21.4 kg with g = 9.8. These forces are well within the functioning range of the brackets which can be tested with these weight values. They will be welded with multiple cm² each of 316 stainless steel, and the yielding tensile strength of 316 stainless steel is 206 MPa [17]. The polyethylene platforms should not be permanently bent nor break either, with a yielding tensile strength of 23 MPa [START_REF]Polyethylene Properties[END_REF].

The second simulation, running with an aggressive lateral flow of water at a speed of 5 m/s, shows that the maximum relative pressure on the rig surface is 11720 Pa or N/m², on the optical modem's rod. Let us assimilate the optical modem assembly to a 60 mm radius disk with its center at the end of a 1400 mm rod, with a punctual leverage point at the middle point of the rod at 700 mm. We can consider that the pressure on the entire disk is the same as on the rod, as they are in the same plane orthogonal to the water's flow. The disk's area is 0.011 m² with this simplification, meaning that the force exerted on the disk is approximately 132.5N, which with the leverage multiplier of 1 means that a 132.5 N force traction is exerted on the bottom pole support. Even with the rod protruding twice as much as the support length of the pole, this value would be doubled to around 265 N, which amounts to an equivalent of about 27 kg with g=9.8 which is more than manageable for the metal clamping system, that have breaking figures that can reach more than a metric ton. For the compression force on the upper pole support, we can consider that the rod is a 30mm x 30mm square profile rod, and that this piece endures the full pressure of the rod's pressure due to the water movement, though this exaggerates the pressure values. This would make the rod's surface in this plane 0.042 m², amounting to about 492N, added to the 132.5 N due to the disk this would amount to 624.5 N of compression force, which is the equivalent to about 63.7kg with g=9.8. These are within the plastic part's capabilities, and nevertheless this calculation is made using extremely aggressive simplifications: a 3D printed object with 25% infill has a tensile yielding strength of more than 17 MPa [START_REF] Srinivasa | Effect on infill density on mechanical properties of PETG part fabricated by fused deposition modelling[END_REF], so there should not be any failure of the parts. The rod's cylindrical profile, as well as the real-life distribution of pressure on the assembly's profile would greatly decrease the force values.

With these two simulations, we have verified that the most fragile and exposed parts of the rig will be structurally sound in the face of extreme water movement.

4) Physical Results

At the end of the internship, not all designs had been manufactured and there still was a way to go before the PLM Instrument Rig could be tested in the water and deployed to the PLM Station, though some significant progress had been made and was underway.

Physical status of the instrument rig at the end of the internship:

-Frame: The frame of the instrument rig was still at the workshop, awaiting the delivery of 316 stainless steel material to manufacture the platform supports and stress buffers, and weld them to the frame. In the next weeks after the end of the internship, the frame should be complete.

-Parts: The flat polyethylene parts had been manufactured. The platforms had been cut from the large polyethylene sheets as instructed, though there were a few millimeters of corrections to make for a perfect fit. It was also discovered that the middle plate would likely need a support bar along its middle to prevent bending in case additional instruments were to be added to the rig on the middle platform. This support bar is compatible with the support design of the frame and will be added thanks to the support brackets that are to be welded to the frame. The flat parts for the instrument mounts had also been manufactured from the recyclable polyethylene disks. Additional holes in other planes were to be added to the parts in the coming weeks, and after the delivery of the nuts and bolts necessary the mounting parts can be made.

The 3D printer still has some difficulty printing useable parts, as the PETG filament requires very precise parameter tuning for nozzle temperature, printing bed temperature and axis calibration among others. These settings are model-specific and depend on the environment of the printer, as well as the features of the part being printed. The parts will probably be printed in PLA filament at first for prototyping and will be tested while the PETG settings are found.

-Instruments: The instruments and rig elements were all at TBS, being tested through with the junction boxes. Once testing complete, they would likely be shipped to the workshop, to be fixed to their mountings and mounted onto the rig using the machinery and tools available there.

-Junction Box Connections: The connections between the Metas junction box and the instruments still had some difficulty, as some of the instruments would not connect reliably to the assigned network. Troubleshooting was underway with Metas, and in the coming weeks the junction box would likely be sent back to Metas a second time for repairs and tuning. The control interface software for the junction box provided by Metas was not working as expected, and some configuration work had to be done by the supplier.

CHAPTER 4 : Discussion and Conclusion

1) Discussion

Method

The method chosen for this project is overall oriented toward a virtual model view, which can pose some limitations. Though this method allows for rapid design of multiple pieces, and high precision in the creation of each part and their assembly, it does not easily indicate real-life limitations. Some simulation is possible in SolidWorks thanks to different add-ins, like flow simulation and stress simulation, though they do not provide as much information as physical prototyping. This is particularly the case concerning the manufacturing process, which is less precise than the geometry of these 3D renders and can produce offsets. Though this was considered during the design of the PLM instrument rig, and this method of designing was adapted to the time constraints implied by the format of the internship, there will likely be complications in the transition from the 3D render to a physical rig. The Metas junction box being sent back to the supplier after the ethernet switch failed, and the manufacturing offset of the rig frame that was not considered in the frame's 3D model, are but examples that show that relying too much on virtual models can waste time when things do not go exactly as planned. Some failures might occur during the testing of the rig, and new problems may surface which will imply the redesigning of certain pieces. In such a complex project, there are bound to be uncertainties, and this could have been taken more into account in the method of this internship.

Docking Station

The docking station on the rig will likely be redesigned according to the needs of the other Masters students working on the docking process of the AUV. This could probably include the use of Aruco tags in the back of the docking station, which will prompt the need for the design of new pieces for the inclusion of their support. This area was left untouched for this reason, and it is preferrable to wait for more progress to be made in that domain before designing and manufacturing more pieces. A new version of S. Sudmann's docking funnel will likely be made for this application. This existing design will probably be field-tested by being fixed on the SDP instrument rig before a permanent testing design is made for the PLM instrument rig. The development and implementation of the multimodal communicators on the different AUV that will be tested during the UNDINA project was still underway during the design of this instrument rig. The aim while creating the rig was to provide docking and multimodal communication capabilities to all types of small AUV, though not knowing exactly how these functions would be implemented on the vehicles that would be tested provided an information void that made adapting the rig to AUV shape and configuration difficult.

Information Transfer

The fact that finishing the manufacturing of this instrument rig was not possible in the amount of time provided for this internship means that the information, data and files accumulated during the project must be transferred in the most seamless way possible. With this report, and the arborescent structure of the designs made, the information should be given over efficiently. The manufacturing team is aware that at the end of the internship, a successor will take the lead of the design of the PLM instrument rig, and the building process should continue as anticipated.

2) Conclusion

This report has presented an iterative design process that resulted in the creation of a complex arborescent system of assemblies, sub-assemblies, and parts to facilitate modification and promote design modularity and adaptability. During this internship, many design files were created for the AURLab that will ensure the production of a PLM instrument rig that meets the initial criteria for using this structure as an efficient test facility for the UNDINA project.

The center of mass and flow simulations performed thanks to the creation of a complete and weighed 3D rendering of the rig show that using this rig design should not pose any problems, as the rig is theoretically balanced and structurally sound. This report and the work behind will hopefully help AURLab to fully contribute to the UNDINA project in its goal of implementing optical, acoustic, and inductive communication and recharging for a small AUV fleet.

If this instrumentation platform reaches its performance goals, it would allow for the rapid and efficient development of AUVs capable of longer and more complex missions than previously possible. Hopefully this work will play its part in advancing underwater technology for an efficient and sustainable use of the ocean.
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CHAPTER 1 :

 1 Background Review 1) NTNU's AURLab Autonomous Underwater Robotics Lab (AURLab) is a subdivision of the Marine Technology department at Norwegian University of Science and Technology (NTNU), specializing in the management, development, and use of underwater and surface robotic assets. The daily operations of the AURLab occur in majority at the Trondheim Biological Station (TBS).
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 1 Figure 1: Image of Trondheim Biological Station (NTNU) [2]

Figure 3 :

 3 Figure 3 : (left) Gunnerus, NTNU's research vessel Figure 4: (right) Flyer, AURLab's speedboat, being lifted by the TBS crane for inspection

Figure 5 :

 5 Figure 5: (left) Side view image of the Sperre Fighter 100k working class ROV Figure 6: (right) Image of a Light AUV (LAUV) ready for deployment with its relay setup These vehicles also allow other departments of NTNU, notably the Department of Cybernetics and Department of Marine Biology, to obtain data for their own research. The working class ROV is also used to manipulate underwater infrastructure built by AURLab in the Trondheim fjord.
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 7 Figure 7: (Left to right) Notilo Plus' SEASAM, BlueEye Robotics' BlueEye X3, EvoLogics' Poggy,all AUV that will be tested with the UNDINA project[START_REF] Vasilijevic | UNDINA Presentation[END_REF] 

Figure 8 :

 8 Figure 8: Timeline of the UNDINA project. The report is about the PLM Instrument Rig Design and Manufacturing.
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 10 Figure 10: (left) Picture of the PLM instrument rig frame at TBS Figure 11: (right) 3D render of the an early version of the PLM instrument rig frame on top of the PLM[START_REF] Jorge | DINA module integration on underwater vehicles for improved under ice capabilities and autonomy[END_REF] 
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 14 Figure 14: Picture of the AKVA Mini HD IP Camera

Figure 15 :

 15 Figure 15: AML-3 RTS CTD, small version of the AML-3 RT CTD [10]
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 18 Figure 18: (left) Diagram showing the functioning method of a USBL system[START_REF]S2C R 18/34 USBL Underwater Acoustic Modem[END_REF] Figure19:(right) Picture of EvoLogics' S2C R 18/34 USBL[START_REF]S2C R 18/34 USBL Underwater Acoustic Modem[END_REF] 

Figure 20 :

 20 Figure 20: Metas junction box on its first delivery day to TBS Figure 21: Interior design of the PCI-160: Power Section on the left and Interface Section on the right[START_REF]Projection Description Offer by Metas[END_REF] 

Figure 22 :

 22 Figure 22: Picture of Evologics junction box Figure 23 : Diagram of the use of the EvoLogics junction box for multimodal communication The EvoLogics junction box is an intermediary junction box between the METAS Junction Box and the optical modem and USBL.

Figure 24 :

 24 Figure24: Picture of a BlueEye with an induction puck approaching prototype of docking station[START_REF] Sudmann Sebastian | Design and Prototyping of a Universal Docking Station for Small Underwater Vehicles[END_REF] 

Figure 27 :

 27 Figure 27: Lifting of the SDP Instrument Rig by Gunnerus' crane -Travel to the deployment location. The AURLab's underwater infrastructure is typically deployed at one of its two underwater sealabs in the Tronhdeim fjord, at 90m and 450m depth respectively. The 450m deep sealab is about 3km away from the TBS dock, and the 90m deep sealab is 400 meters away from the TBS dock. -Deployment of the working class ROV. AURLab uses the Sperre Fighter 100k working class ROV to help deploy underwater infrastructure on its sealabs. It is piloted by specialized ROV pilots, who are engineers at the AURLab. The ROV can accompany the structure all the way to the bottom of the water column and can manipulate the structure with its robotic arms if needed.

Figure 28 :

 28 Figure 28 : Deployment of the Sperre Fighter 100k by Gunnerus deployment crane -Lifting of the structure from the storage platform and lowering it into the water. The structure is lifted from the aft of Gunnerus and lowered into the water until it is submerged, as the waves and initial submerging are a critical point for the structure's integrity.

Figure 29 :

 29 Figure 29 : SDP Instrument Rig at held at water surface by Gunnerus crane

Figure 30 :

 30 Figure 30 : Cable manipulation by ROV in SDP Instrument Rig, with ROV pilots -Ascent of the ROV and the crane cable and recovery. The ROV is lifted back onto Gunnerus and the crane cable reeled back in.
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 32 Figure 32 : Evolution (left to right) of the optical model top mounting system
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 33 Figure 33 : Bench-Testing setup for connection from Control Computer to the Camera through the Metas JBHowever, as instruments were seen to be functioning, Metas delivered some of the final cables that would be used on the rig, with direct wired connection from the Metas junction box to the instruments. This allowed a bench testing setup that would reproduce exactly the wiring that the rig elements would have in their final position on the rig. Combined with the junction box control interface delivered by Metas, thorough testing of the connections and the instruments could take place.
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 34 Figure 34 : (left) The Metas junction box bench-testing setup with instruments Figure 35 : (right) The Metas junction box control interface
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 45 Figure 45 (a): Snapshot of the 3D Render of Design A of the camera and light mounting assembly
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 46 Figure 46 : Picture of a 3D printed piece with exposed gyroid infill
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 49 Figure 49 : Snapshot of the 3D Render of sub-assembly of the optical modem support
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 51 Figure 51 : Snapshot of the 3D Render of sub-assembly of the top part of the optical modem
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 52 Figure 52 : Simplified 3D Representation of possible pointing angles for the optical modem from a single point with 45° resolution (left) and 22.5° resolution (right)
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 54 Figure 54 : Snapshot of the 3D Render of sub-assembly of the EvoLogics junction box mounting system
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 55 Figure 55 : Snapshot of the 3D render of the Metas junction box subassembly
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 57 Figure 57 : Snapshot of the 3D Render of the protective grid mounting system

Figure 58 :

 58 Figure 58 : Snapshot of the 3D Render of the complete PLM instrument rig

Figure 59 :

 59 Figure 59 : Diagram showing the links between the project files The diagram above shows that by modifying the individual 3D part drawings or the sub-assemblies in which they exist, the final model can be updated. Only the Part Manufacturing files, like DXF or STL files for CNC machining and 3D printing respectively, must be re-exported if a modification is made.
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 61 Figure 61 : Picture of the PLM instrument rig frame at the end of the internship
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 62 Figure 62 : (left) Picture of the CTD and USBL mounting parts and excess recycled disks
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 63 Figure 63 : (right Picture of the manufactured middle platform in the instrument rig with visible bending and sub-optimal length
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 64 Figure 64 : Image of Aruco tags[START_REF] Sudmann Sebastian | Design and Prototyping of a Universal Docking Station for Small Underwater Vehicles[END_REF]