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The deep-sea lander is an important equipment for in-situ detection and monitoring. It is of great significance to understand the benthic boundary layer’s physical, chemical, and ecological environment. A 6000-meter double decelerating lander was created to meet the deployment requirements of underwater detection and monitoring, allowing for long-term in-situ monitoring of several benthic boundary layer components. Protection of the installed ocean bottom seismometer (OBS) is required due to the lander’s and OBS’s different impact resistances. The double decelerating unit enables the OBS to avoid colliding with the seabed when the lander lands and then collides with the seabed at a slow speed rather than the speed at which the lander falls, which is intended to safeguard OBS from damage. To ensure a safe deployment, the lander’s static analysis and simulation were performed using ANSYS, and the motion characteristics of the application process were derived. Numerous data have been obtained after the lander’s successful application in the South China Sea. The lander provides an investigation approach for marine science and geochemistry, complementing a technical approach to marine environmental investigations.
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   1 Introduction

 There is an increasing requirement for the deep-sea exploration technology and equipment due to the scientific study at the hadal zone, which has a depth rating of 6000 to 11000 meters (Jamieson et al., 2009). The Benthic lander, an autonomous, unmanned marine exploration device, has been widely used since the early last century due to its simple structure, operation, and low cost (Hardy et al., 2013). It lands freely on the sea floor without any cable attached (Person et al., 2006). The lander may install specialized monitoring equipment to conduct long-term in-situ deep-sea observations and carry exploration-related payloads (Wu et al., 2011). In addition, deep-sea landers can conduct in-situ tests with on-board instruments.

 The benthic lander is an unpowered autonomous landing device. The substantial ballasts are attached to the underside of the lander when it is deployed, and due to the increased gravity, the lander sinks to the ocean floor. An acoustic order is issued to open the acoustic releaser when the lander is retrieved, causing the ballasts to separate from the lander. The lander then uses buoyancy to float to the water’s surface (Yu et al., 2017). After that, the lander is found by GPS or radio beacon (Yu et al., 2022).

 The development of benthic landers originated in the 1970s, and the FVR and MANOP landers developed by the US are the earliest benthic landers in the world (Berelson et al., 1987; Rowe et al., 1997). As the challenges in deployment and data collecting, early lander uses were uncommon. The “BOLAS” benthic lander, created by the Netherlands Institute of Oceanography, was often used to track how much oxygen seabed sediments consumed (Tahey et al., 1996; Witbaard et al., 2000; Duineveld et al., 2001). In the 21st century, with the development of low-power electronic devices and batteries, the development and application of landers have grown rapidly. At the beginning of the 21st century, the UK designed the BENBO lander to study benthic organisms on the surface of deep-sea sediments (Black et al., 2001). The Netherlands Institute of Oceanography successfully created “ALBEX,” a multipurpose in situ observation benthic lander based on “BOLAS,” and several applications have been made (Lavaleye et al., 2009; Oevelen et al., 2009). The working depth of landers developed in recent years has reached 6000 to 11000 m, such as “HADEEP” (Jamieson et al., 2009), “Tianya” (Chen et al., 2017), and so on. “HADEEP”, a lander for photographing and capturing creatures in the hadal zone, was jointly developed by the UK and Japan (Jamieson et al., 2009). The “HADEEP” has been deployed and successfully recovered in areas such as Mariana Trench, Japan Trench, and Tonga Trench; simultaneously, many new species have been discovered during the application (Hardy et al., 2013; Turchik et al., 2015). In 2017, the “Tianya” abyss lander was developed successfully (Chen et al., 2017). To ensure a successful recovery, buoyant material was used to provide buoyancy for the “Tianya” (Chen et al., 2020). All of the aforementioned landers have triangle- or quadrilateral-shaped frames, and their bottom legs are all attached with circular footpads. Their thinness makes the round foot pads prone to settling in the silt, making floating the frame more challenging (Yu et al., 2022). The lander’s deployment cannot be guaranteed due to the triangular or quadrilateral frame, making the lander readily capsize while bottoming out. Additionally, it is challenging to safeguard the equipment on board the landers. OBS is the most often exposed equipment (Ocean Bottom Seismometer), which requires additional protection. Traditional OBS is protected by buffer springs when the OBS collides with the seabed (Podolskiy et al., 2021; Schlindwein et al., 2022). When coupled with the lander, the OBS is often put at the bottom of the lander without any additional buffers. OBS can only rely on its strength to endure impact when the lander lands, which can easily cause OBS damage. Landers and buildings that safeguard other gadgets must thus be developed further.

 Based on this, this study offers a self-developed 6000-meter twin decelerating lander for deep-sea environmental monitoring to suit the scientific research and technical demands in deep-sea exploration. In particular, the twofold decelerating structure ensures that the OBS progressively hits the seafloor after the lander lands rather than colliding with it. To ensure a safe deployment, the static analysis and simulation of the equipment were completed using ANSYS, and the motion characteristics of the equipment application process were determined. Finally, this paper introduces the application of landers in the South China Sea, and a series of data has been collected. The lander provides an investigation approach for marine science and geochemistry, complementing a technical approach to marine environmental investigations. In particular, the developed lander provides a viable means for simultaneous in-situ monitoring and deployment of OBS.

 
  2 The 6000-meter double decelerating lander

 The 6000-meter twin decelerating lander was created to guarantee the effective deployment of numerous seabed monitoring devices. Compared to the conventional lander, the new apparatus can decelerate, protecting the important sensors doubly. The physical equipment and its primary technical parameters are provided in  Table 1 , and its overall technological level is at an advanced worldwide rank.

  Table 1 | Technical indexes of 6000-meter double decelerating lander. 

 

  2.1 Equipment configuration

 The schematic and physical diagram of the new lander is presented in  Figure 1 . It comprises a deep-sea landing platform and a marine multi-parameter monitoring unit. A lander frame, a buoyant body, eight glass floats, a ballast, two acoustic releasers, an iridium beacon, a flash beacon, and an Ultra-Short Baseline (USBL) make up the deep-sea lander platform. The marine multi-parameter monitoring unit consists of a CTD, a Hydrophone, a lamp, a camera, an attitude indicator, and a battery tank, as shown in  Figure 2A .

  

 Figure 1 | The 6000-meter Double Decelerating Lander. 

 

  

 Figure 2 | Parts of the lander. (A) Marine multi-parameter monitoring unit; (B) Body frame of the lander; (C) Structure of release unit. 

 

 The new lander’s construction and instrument configuration are optimized based on the conventional lander. The lander’s frame is constructed from titanium alloy. The communication instrument layer, monitoring instrument layer, buoyancy layer, OBS installation layer, and ballast installation layer are stacked sequentially from top to bottom of the lander, as seen in  Figure 2B . The combination of a buoyancy component and a glass floating ball to create a deep-sea floating unit is used for the new lander in order to improve the lander architecture, heighten the equipment floating center, and lengthen the distance between the barycenter and the buoyancy center. Considering hydrodynamic conditions and the lander frame, the Buoyancy component, made of a hollow glass microsphere with a density of 0.6 g/cm3, is designed as a ring. Each glass float weighs 17.2 kg in the air and can provide 26 kg of buoyancy in water.

 
  2.2 Release unit and recovery method

 According to  Figure 2C , the release unit comprises an acoustic releaser, a connecting mechanism, ballast, and other components. The major purpose of the release unit is to convert the tool into a gravity-based apparatus so that the lander may rapidly descend to the ocean floor. The ballast is consistently released in response to an auditory signal, enabling the lander to ascend swiftly to the water’s surface.

 Two acoustic releasers in parallel coupling to release ballast are designed to improve the success rate of recovery. The acoustic releaser is mounted at the top of the frame without obstruction, allowing stable reception of control signals from the sea surface. The releaser has a 2.5 t effective load capacity. A ballast system is fitted at the frame’s base. The ballast is intended to make handling and installation easier and lessen the lander’s tendency to sink in the silt. The integrated ballast’s design also makes it easier to retrieve the lander without any bumps from the sediments.

 The cable is attached to the ballast hooks at the two legs through the connecting bar, which is controlled by two releasers, according to the connection technique for the ballast. When the acoustic release is secured, the cable is tightened; however, when any of the acoustic releases are unlocked, the connecting rod detaches, and the cable slackens. The fixed locations at the frame’s legs allow for the rotation of the hooks around them. The hook holds the ballast in place when the cable is tight; when the cable is free, the hook will open, and the ballast will be discarded.

 
  2.3 Double decelerating structure and method

 In order to protect some special sensors, such as OBS, the function of double decelerating is added to the lander. Despite being delicate, the OBS must make touch with the seafloor surface in order to function. A unique design is designed for the deployment of OBS in order to prevent harm to the OBS device when the lander reaches the bottom. The OBS is positioned on the lower portion of the lander, as depicted in  Figure 3 , and a flexible cable connects it to the bracket. The OBS is subjected to higher fluid resistance as the lander descends, as seen in  Figure 3 , which causes the cable to be tensioned and the OBS to move upward concerning the lander. After the lander lands, the OBS descends slowly by gravity. During the descent, there will be no impact to ensure that the OBS is not destroyed. In addition, the cable connecting the OBS should not be too long to minimize mutual cable entanglement, which might prohibit the releaser from releasing the ballast and prevent the OBS from clashing with other devices when going up. With the design of the limit net, the OBS will not cross the limit net, avoiding the collision between OBS and other devices.

  

 Figure 3 | The working process of the double decelerating structure. OBS moves upwards as the lander drops and collides with the seabed, and cables tighten; OBS descent gradually slows after the lander lands; The lander collides with the seabed at an acceptable speed. 

 

 
 
  3 Static analysis

 The force applied to the lander by the different instruments must not be more than the strength of the frame material to ensure the lander’s safe operation. As a result, the ANSYS performs the static analysis of the lander frame.

 The analysis follows these steps, as shown in  Figure 4 : (a) The Static Structural of the ANSYS workbench is selected. Set the material to Titanium Alloy when importing the framework model; (b) Set the connection type at each welding point of the bracket to Bonded, not allowing relative sliding or separation between surfaces or lines of the parts; (c) Tetrahedrons are selected for meshing. For automated grid refinement, set Relevance Center to Fine. Set the smoothing to a high value, consider the nodes nearby, and smooth the grid’s iterative processing. Set the Span Angle Center to Fine to fine-tune the edge mesh such that the span angle varies from 12° to 36°. Only Sizing and Contact Sizing are introduced during the scaffold analysis. The grid is formed when the configuration is complete; (d) Apply loads in the setup after meshing. Four outriggers are set as fixed points, and 5000N is applied to two lugs, respectively. According to the predicted component weight, additional forces are applied at the installation location, as illustrated in  Figure 5 ; (e) Start to solve, including Equivalent Stress, Equivalent Strain, and Maximum Strain.

  

 Figure 4 | Numerical simulation flowcharts. 

 

  

 Figure 5 | Load distribution. 

 

 The static analysis of the lander frame is shown in  Figure 6 . According to the analysis’s findings, the battery cabin’s support plate is under maximum stress of 177.49 MPa, which is significantly less than the 373 MPa yield strength of TA2 titanium alloy. The battery compartment support plate also experiences the most strain. The lander frame can only deform a maximum of 5.8 mm, which falls within the acceptable deformation limit. According to the findings of the static study, the lander frame’s design is sound and can accommodate several pieces of equipment.

  

 Figure 6 | Static analysis of lander frame. (A) Grid division; (B) Stress distribution; (C) Strain distribution; (D) Total deformation. 

 

 
  4 Simulation analysis and calculation of lander

 The lander is affected by gravity and current resistance in the water. Fluent software performs the hydrodynamic study of the lander, including examining the lander’s dive, increasing speed, and double decelerating to determine its operational condition.

  4.1 Numerical simulation scheme

 The hydrodynamic analysis of the lander is carried out by Fluent software, and the numerical simulation flowchart is shown in  Figure 4 . The steps are as follows: (a) Model establishment. The lander’s three-dimensional model is imported into ICEM, and the Repair Geometry function is used to correct the model tolerance. To ensure model fidelity, Build Topology’s tolerance is set to 0.002. The topology is chosen in Build Body. To construct the Body, select every bounding Surface, then assign the Body to the flow field. To establish the boundary conditions, choose to Create/Modify the Surface and give each bounding surface a name; (b) Meshing. To fine-tune the mesh, the Scale factor is set to 0.1 in Global Mesh Setup. The grid near the device is tight, and the grid distant from it is sparse thanks to variable mesh size choices, which can increase the accuracy and speed of calculations. Tetrahedral meshes without structures enable the model’s spatial discretization. After the mesh is created, Smooth Elements Globally does the mesh smoothing; (c) Boundary conditions setting: Import the 3D mesh file into Fluent. In the General module, select Solver Type as Pressure-Based, and set Solver Time as Steady. Set the realizable k-epsilon model as the viscous model in Models. In Materials, create a fluid medium called water-liquid. Associate the body with water-liquid under cell zone conditions. The wall boundary condition in Boundary Conditions is symmetrical, while the equipment boundary condition is the wall. Set the lander’s weight or buoyancy appropriately, activate gravity, and set the inlet boundary condition to Velocity Inlet with the Velocity Magnitude set to 0 m/s. This allows the lander to fall or float in the water freely; (d) Solver setting. The SIMPLE approach is used for the pressure-velocity coupling solution. Least Squares Cell Based, Second Order, Second Order Upwind, and Momentum processing are utilized for the spatial discretization of gradient, pressure, and momentum. The terms “Turbulent Kinetic Energy” and “Turbulent Dissipation Rate” are both Upwind First Order; (e) Example solution. When solving, the number of iteration steps is set to 10000.

 
  4.2 Analysis of lander diving and rising

 When the lander is launched, it will be moved horizontally by ocean currents. The lander’s landing speed should be as quick as possible to guarantee a minimal horizontal displacement and that the lander’s landing position matches the preset location. On the other side, if the speed is too high, the lander damages itself as it rests on the seafloor and hits bottom. In order to ensure the safety of the lander, according to Li et al. (2013), the landing speed at 0.8 ~ 1.2 m/s is recommended.

 Rough accounting of the various components of the lander, as shown in  Table 2 .

  Table 2 | Lander weight and buoyancy estimation. 

 

 Furthermore, a ballast of 305.34 kg in the water is installed when the lander is deployed. According to this formula

  

 Where, F = force; Cd  = fluid resistance coefficient; ρ= density of water; v = speed; S = the cross-sectional area of the lander. After calculation can be obtained:

  

  

 Import the meshed model into FLUENT as illustrated in  Figure 7 . The lander’s overall weight is set to 150 kg for the simulation of its fall, which is the weight remaining after deducting its buoyancy, and its upward buoyancy is set to 155 kg for floating. According to the simulation results, the lander’s constant diving speed and rising speed in the water are both about 1 m/s, and the results are shown in  Figure 8 .

  

 Figure 7 | Simulation grid division. 

 

  

 Figure 8 | Simulation results of lander diving and rising speed. (A) Diving speed; (B) Rising speed. 

 

 The lander can travel at a maximum speed of 0.982 m/s when it strikes the bottom and 0.997 m/s when it reaches the water’s surface. For around 102 minutes, the lander descends to a water depth of 6000 m. For approximately 100 minutes, the lander rises to the sea’s surface. The simulation and calculation outcomes are nearly identical.

 
  4.3 Simulation of double decelerating

 The sensing instrument of OBS is all installed in a glass ball placed in a plastic shell. Therefore, the impact resistance of OBS is weak. On the other hand, in addition to the internal sensor balance, OBS must be in close touch with the seabed to correctly transform ground motion impulses into electrical signals and collect them. The gathered signal could be inaccurate if there is inadequate coupling between OBS and the seafloor. As a result, OBS cannot move too slowly when it touches the seafloor, or the coupling between OBS and the seafloor would be weak. OBS’s deployment experience indicates that a speed of 0.5 to 0.8 m/s can guarantee a good connection between the device and the seafloor.

 The traditional OBS deployment method is to fix the ball on the steel frame, and there will be a buffer spring between the OBS and the steel frame, as demonstrated in  Figure 9 . When the OBS is deployed, throw the steel-framed OBS into the water, where it will fall under gravity at a speed of 1 to 1.5 m/s. When an OBS with a steel frame strikes the seafloor, the steel frame’s speed decreases to 0 m/s from its diving speed. As it moves and compresses the spring, the OBS will continue to shield itself from harm. Although the descending speed of 1 to 1.5 m/s may guarantee that the lander’s landing spot is near the predetermined area, it will also result in OBS damage, mainly if the landing site’s sediment is complex or the landing site is rock.

  

 Figure 9 | Traditional OBS structure (accessed http://oil.igg.cas.cn/gb2019/hddzy/hddzyobs/, 2019). 

 

 When the OBS is mounted on the lander, the steel structure beneath it is no longer attached. The OBS is susceptible to damage when it collides with the seafloor directly without any protection. The lander’s fall speed, which can assure a safe landing, is roughly 1 m/s, according to the findings of section 4.2. However, OBS might sustain damage if it strikes the seafloor at a speed of 1 m/s since the material’s strength differs from the lander’s. Therefore, to achieve the safe deployment of OBS, the lander is designed with the unit of decelerating landing, as described in Section 2.3.

 The local simulation of the OBS installation layer is performed to verify the double decelerating’s effectiveness. The simulation results show that when the lander is descending, the descent speed is 1 m/s. The OBS sphere’s bottom lines up with the bottom of the lander when it is tightly attached to the frame. The OBS collides with the seafloor as the lander sinks to the bottom, and as it does so, its velocity drops from 1 m/s to 0, creating an impact force. The OBS is attached to the lander frame in this arrangement by a flexible cable moving upward relative to it when the water uplift force acts on it. Restricted by the length of the cable and the limiting net, the OBS stabilized after an upward displacement of 160 mm, as shown in  Figure 8A  and  Figure 10 , and then diving at 1 m/s with the lander. As illustrated in  Figure 11 , OBS’s speed steadily reduces once the lander stops moving because of its gravity until it makes contact with the seafloor surface at a speed of 0.55 m/s. During the OBS deployment, there is no impact force, ensuring the safe placement of OBS balls.

  

 Figure 10 | Simulation of the double decelerating landing of the lander. 

 

  

 Figure 11 | Simulation results of OBS speed when it contacts with the seabed. 

 

 
 
  5 Field application

 Two field applications of the lander were carried out, as shown in  Figure 12 . In one of the actual applications, the lander functioned at a depth of 2,240 m for 75 hours. In a second application, the lander submerged for 45 hours at a depth of 1,790 meters. Two successful applications have proved that the characteristics and technical indicators of the lander are adequate. The lander’s acoustic communication capabilities, free landing and surfacing, and acquisition performance in deep water were evaluated in a field application. In both applications, the monitoring equipment successfully obtained deep-sea in-situ data. The application site is shown in  Figure 13 .

  

 Figure 12 | Underwater photography of lander. 

 

  

 Figure 13 | Overview of field application location and surrounding area (modified from Cui et al., 2022). 

 

 Before the sea trial, all sensors on the lander were calibrated, and the lander underwent Special detection and general testing, including compressive strength testing, sealing testing, self-testing, and electromagnetic compatibility testing. In the field application, the operation phases consist of lander inspection, equipment assembly and testing, lander deployment, underwater operations, and lander retrieval.

 Seafloor temperature, salinity, Eh, turbidity, underwater acoustic environment, and OBS data were successfully monitored in both field applications, which the corresponding data is not displayed because of confidentiality. As depicted in  Figure 14 , the attitude of the lander is steady during a dive, with little fluctuation in azimuth, pitch, and roll angles. The cylindrical chamber in the center of the lander promotes the flow of water from bottom to top (top-down when rising) and preserves the lander’s attitude stability during deployment or recovery. In Section 4.2, the diving and rising velocities of the lander are calculated to be 0.982 m/s and 0.997 m/s, respectively. As illustrated in  Figure 15 , the lander measured diving and ascending speeds of 0.925 m/s and 0.9335 m/s, respectively, commensurate with the design speed. The difference between the actual speed and the calculated speed may be due to the simple formulas used in the calculation, and the numerical settings for parameters also need to be improved.

  

 Figure 14 | Attitude change of lander during diving. 

 

  

 Figure 15 | The depth change of the lander during the diving and rising. 

 

 After two applications in the deep-sea, it shows that the lander can be used under deep-sea circumstances. The lander deployment and recovery are stable, and the in-situ monitoring task can be successfully completed, indicating that the lander design is successful.

 
  6 Conclusions

 A new double decelerating lander was successfully developed. The lander’s design meets the installation and working requirements of various instrumentation devices, especially the design of double decelerating achieve the safe deployment of OBS and other equipment that must be in contact with the seabed. Optimizing the release structure improves the success rate of decoupling release counterweight. Simulation research demonstrates that the structural strength of the lander is sufficient, and the motion parameters of the lander during deployment and recovery are determined. Two field applications were successfully carried out, and various in-situ data in the deep sea were obtained, achieving the goal of long-term in-situ monitoring. The simulation results and field applications prove that the diving speed of the developed lander meets the design and safety requirements, and can also protect the OBS device. A feasible technical means for deep-sea in-situ monitoring have been proposed, and the double decelerating lander has also expanded the technical system of marine environmental investigation.
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