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The study of deep-sea fauna is one of the essential themes of marine scientific research. For all that, the biology of deep animals remains largely unknown, such as their behaviors, metabolic characteristics, and mechanisms of adaptation to the deep-sea environment. Obtaining samples in good condition is an essential prerequisite for these investigations. The isobaric samplers were created to keep the organisms as much as possible in the in-situ environment during recovery. This report reviews the history and the application of isobaric samplers for deep-sea animals established by researchers worldwide over the past hundred years. Also, the crucial technologies of isobaric samplers are analyzed and summarized, including pressure compensation, insulation, sealing, etc. Finally, prospects for the future development of isobaric sampling technologies from the aspects of high fidelity, function integration, and real-time communication and integration operation. This review can provide a reference for future design and optimization of fidelity samplers for deep-sea animals.
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1 Introduction

The deep-sea habitats are characterized by low temperature, high pressure, darkness, and oligotrophy. Despite the harsh environment, the deep sea is still the most biodiverse region on earth (Thurber et al., 2014; Gooday et al., 2020). The systematic study of biological resources and biodiversity of deep-sea ecosystems is of great scientific importance for mankind to reveal the origin of life and the unique environmental adaptation mechanisms of deep-sea organisms (Sandulli et al., 2021). The investigation of deep-sea habitats began in the late 19th century. In the last hundred years, the development of deep-sea exploration techniques and many exciting discoveries have stimulated worldwide interest in the deep-sea ecosystem (Ramirez-Llodra et al., 2010). Up to the present, our understanding of deep-sea ecosystems is still very limited compared to the complex studies conducted on shallow-sea ecosystems (Jamieson, 2018), which is mainly due to the deficiencies in observation and sampling techniques (Jamieson et al., 2009).

There are currently two methods for conducting experiments on deep-sea bio physiology, i. e., laboratory and in-situ methods. Laboratory research entails capturing, recovering and maintaining the macro-organisms. The in-situ method deploys scientific instruments to the seafloor to directly observe organisms and measure some physiological parameters. The fact is that both methods have unavoidable limitations, and we cannot claim that either method is superior. Limitations of the laboratory method include the apparent effects in the process of capturing; increased temperature and reduced pressure during recovery (Garel et al., 2019); the influence of artificial light on the animals accustomed to dark environments; restriction of organisms to a container after capture, and the abnormal movement during recovery (e.g., stochastic swaying and vibration) etc. (Smith and Brown, 1983). The in-situ method has less impact on the creatures but still does not avoid the effects of the capture process and artificial light sources. The disadvantage of the in-situ method is that the availability and complexity of observations and experiments are severely restricted (Smith and Baldwin, 1997).

Nevertheless, both methods have a wide range of applications. In-situ methods such as baited cameras are deployed on a lander to reach the seafloor, where a camera records photos or videos of the activity of organisms attracted by the baits (e.g., Cappo et al., 2006; Phillips et al., 2019; Giddens et al., 2021; Jamieson et al., 2021). Towed cameras are mounted on the cables of research vessels to observe organisms at large geographic scales (e.g., Jones et al., 2009; Lembke et al., 2017; Purser et al., 2018). Seafloor Observatories (e.g., White et al., 2003; Favali and Beranzoli, 2009; Aguzzi et al., 2011; Aguzzi et al., 2015) can be deployed on the seafloor for an extended period for continuous observations. Their purpose is to provide scientists with valuable opportunities to study multiple interrelated processes on long-time scales and to conduct comparative studies of processes in different regions (Clark et al., 2016).

Here, we focus on the equipment used to capture and recover organisms. In the past, people have used tools including trawls (e.g. Fanelli et al., 2018; Bosley et al., 2020; De Mendonça and Metaxas, 2021), longlines (e.g. Crespo et al., 2018; Pinho et al., 2020; Prohaska et al., 2021), sledges (Lins and Brandt, 2020; Jóźwiak et al., 2020; Linse and Anderson, 2021), and grabs (e.g. Mortensen et al., 2000; Murton et al., 2012; Przeslawski et al., 2018) to collect animals from the deep sea. Unfortunately, these sampling methods usually cause mechanical damage to organisms and cannot recover organisms while keeping in-situ pressure and temperature. With the development of materials science and submersible technology, some innovative, flexible tools can be used to capture animals on the seafloor with the assistance of submersibles without any mechanical damage. However, these apparatuses still do not take adequate measures to maintain the ambient pressure and temperature during recovery (Teoh et al., 2018; Vogt et al., 2018). However, many animals in deep sea could be easily affected by depressurization, such as loss of muscle coordination, abnormal gene expression, destruction of some protein structures, and impairment of enzyme functions (Somero, 1992). The piezophilic megafauna tends to be irreversibly damaged (Fang et al., 2010). Chen et al. (2021) evaluated the response of isobaric and unpressurized samples of deep-sea mussels and their symbionts to depressurization stresses. The results show that depressurization leads to intense DNA fragmentation. This phenomenon was also observed in tubeworms recovered at atmosphere pressure (Dixon et al., 2002). Yan et al. (2022) confirmed the extensive transcriptomic variations in response to pressure during unpressurized sampling. These studies suggest the necessity of pressurized sampling in deep-sea biology studies. It is necessary to take specific measures to isolate the sample container’s environment from the external environment during recovery. Isobaric samplers are built for this purpose.

In this review, we first introduce the typical isobaric samplers established for deep-sea animals. Secondly, we analyze the critical technologies of isobaric sampling, including pressure compensation, sealing, insulation, etc. Finally, we summarize the difficulties of isobaric sampling technology and prospect its future development.



2 Development and application of isobaric sampler

The working procedure of deep-sea macro organisms’ samplers could be divided into the following four stages:

	1. The sampler is deployed from the scientific research ship to the depths.

	2. Capture organisms at depths.

	3. Close the entrance of animals and seal the pressure vessel.

	4. Ascent to the surface, retaining the in-situ pressure.



There are many ways to classify these samplers, for example, in terms of deployment methods, whether lowered by a cable on the ship, carried by a submersible, or deployed as a free-fall vehicle. The deployment methods determine the choices of energy supply, communication, control and recovery technologies, etc. From another perspective, how does a sampler capture animal? Is it by a pump, a hook, or baited trap? The capture method depends on the target species, which determines the structural design of the sampler. In this section, we introduce the typical isobaric samplers in the timeline of the establishment time.

Macdonald and Gilchrist (1969) proposed the first deep-sea animal pressure-retaining sampler (here, we call it the recovery apparatus) (Figure 1). The sampler was built to obtain plankton by filtration at different depths and recover them to the sea surface with constant pressure. The recovery apparatus was connected to the experiment apparatus, and plankton was transferred into the experiment vessel with low-pressure fluctuations. With the optical and polarographic components equipped on the experimental apparatus, the scientist are allowed to study the respiration, activity and survival of plankton. The weight of the recovery apparatus is 180kg, consisting of a stainless-steel pressure vessel (inner diameter, 5.08cm, length, 55.8cm), a global valve (diameter, 2.54cm), a hydraulic accumulator, a depth recorder and pressure transducer. The recovery apparatus is connected to the coring wire on the ship and deployed to the specified depth. The ball valve closed on the seabed by a messenger-actuated device triggering an extension spring coupled to the valve spindle. In November 1968, the prototype of the recovery apparatus was field tested at depths of 1400m and 2000m. The recovered pressures were equal to or greater than (possibly due to temperature rising) the pressure at the sampling depth in all four trials.




Figure 1 | Schematic diagram of the recovery apparatus (1: Globe valve;2: recovery pressure vessel;3: frame;4: plug;5: depth recorder;6: hydraulic accumulator;7: pressure transducer housing) (adapted from Macdonald and Gilchrist, 1969).



Brown (1975) established a pressure fish trap to capture deep-sea fish. The pressure vessel of the sampler was made of polyethylene (inner diameter, 30cm, length, 2m) (Figure 2). A trap door that closed inside was used to seal the pressure vessel. The sampler is deployed to the seabed as a free vehicle, the upper plate is connected to a float on the sea surface, and the lower plate is connected to a disposable ballast. The trigger mechanism of the trap door is an elastic cord with a bait at the end. Once the cord is subjected to a pull of more than 1kg, a pull of 15kg is generated on the cord to pull the fish in, and the door closes. Due to limitations of the material, the pressure fish trap was equipped with a pressure-release valve with a set pressure of 6 atm (0.6 MPa). The sampler successfully obtained pressure-retained live fish samples at a depth of 1200m.




Figure 2 | Photos of pressure fish trap. (A) Fish trap with grenadier or rattail about 60cm long caught in trap at depth of 1200m. (B) Pressure fish trap, internal door bottom, lower end plate. (C) Pressure fish trap, upper end plate with access port and air vent valve.) (adapted from Brown, 1975).



(Yayanos, 1977; Yayanos, 1978; Yayanos, 2009) reported a novel sampler PRAT (pressure-retaining amphipod trap) (Figure 3). The device weighs 21.8kg in air and 16.4kg in water. The system was also deployed as a free vehicle. The disposable ballast is connected to the bottom of a release device, and the top of the release device is connected to the sampling piston through an extension spring. The sampling piston keeps the passage open under the gravity of the ballast. A timer event triggers the release device. After the disposable ballast is released, the sampling piston blocks the passage and the O-rings at both ends of the piston seal the vessel. There are two windows for observation on the side wall. A piston gas accumulator and a “water jacket” insulation sleeve are used to reduce pressure and temperature changes. Different from traditional pressure vessels, the pressure retaining chamber of PRAT is a 24.1×24.1×8.26cm square vessel made of titanium alloy. In June 1977, PRAT was deployed four times at a depth of 5741 to 6049m, and the pressure retaining rate was between 66.3% to 95%. In November 1980, PRAT obtained a living sample of amphipods in the Mariana Trench at a depth of 10900m, with a recovery pressure of 102.6MPa, which was the first time in the world to obtain a living animal in the Mariana Trench.




Figure 3 | Photos of PRAT (A) detailed structure of PRAT. 1: The cable connected to the floats;2: Window;3: The piston end;4: Insulating box;5: Springs;6: Accumulator;7: The rod connected to the ballast;8: The stop of piston;9: Valve for charging of nitrogen;10 and 11: Valves connected to high-pressure seawater circulating system; 12: the trap body; (B) field test of PRAT (adapted from Yayanos, 1978; Yayanos, 2009).



Macdonald and Gilchrist (1978) reported a novel sampler for amphipods (here we call it the High-pressure Trap) (Figure 4). The High-pressure Trap is a baited benthic trap, which was established to minimize the damage caused by trapping amphipods. The High-pressure Trap includes a globe valve (diameter 2.5cm), a pressure vessel made of stainless steel (diameter over 7.5cm), an enclosing water jacket, a conical plastic window and a hydraulic accumulator. Before a cast of the trap, the pressure vessel was pressurized to a pressure equal to that of operation depth, and then the spindle of the ball valve was connected to the extensible drawbar at the end of the cable. During a deployment to the seafloor, the globe valve is closed due to tension on the cable. After arriving at the seabed, the tension on the cable disappeared, and the globe valve was opened by an extension spring coupled to the spindle of the globe valve. In the same way, when recovering, the tensile force on the cable will close the globe valve again. During the Challenger cruise in 1976, High-pressure Trap was field tested three times at a depth of 1300m and obtained some tmetonym cicada. The pressure drop does not exceed 4.3% after recovery.




Figure 4 | Schematic diagram and photo of High-pressure Trap (A): 1: Valve;2: Stop;3: Trigger;4,5: Thermal Insulation;6: Bait chamber;7: Sample chamber;8: Water jacket;9: Viewing window;10: End plate;11: Globe vlave;12: Globe valve body;13: Entrance (B) Photo of High-pressure Trap [adapted from Macdonald and Gilchrist, 1978; Macdonald, (2021)].



Phleger et al. (1979) built a hyperbaric fish trap to study the structure and function of biofilms of deep-sea fish when they are swimming (Figure 5). The pressure vessel of the sampler is made of aluminum alloy and contains a flap door for sealing. A piston accumulator was used to compensate for the pressure loss. A plexiglass window is installed on the end plate of the trapper, and a chemiluminescent element is installed inside it, so as to better observe the movement of animals in the trapper. The sampler includes a pressure relief valve with a set pressure of 2250 psi (15.5 MPa) for security. Hyperbaric fish trap reaches the seabed as a free vehicle. On the seafloor, fish were captured in two ways. One is to use a long rope to attract fish, and the hook is connected to a spring in the cabin. When the fish bites the hook, it will trigger a series of events, including the ballast releasing, the spring pulling the fish in, and the flap valve closing. The second is to coat the trapping mechanism near the entrance with chemiluminescent substances to attract fish. The hyperbaric fish trap successfully captured two fishes at 750 m and 1200 m.




Figure 5 | Cross section of hyperbaric fish trap (1:Pressure gauges; 2:Window to view fish; 3:Plexiglass; 4:Negator spring(pulls fish in- and closes door after tugging fish releases ballast); 5:Main AI tube; 6:Line between negator spring and fish hook; 7:Line to pin; 8:Large AI tube; 9:Pin; 10:Shock cords to close door; 11:Loops; 12:Taut wire inserted in small hole in end plate; 13:Baited hook; 14:Handling bracket; 15:Spring; 16:Line to baited strings and ballast weights; 17:crimps; 18:Fish-triggered release)(adapted from Phleger et al., 1979) Wilson and Smith (1985) established a hyperbaric trap-aquarium (Figure 6). The device contains an aluminum pressure vessel (inner diameter, 22.9cm, outer diameter, 26.7cm) with an adequate volume of 41.7L.






Figure 6 | Schematic diagram of hyperbaric trap-aquarium (1:Pressure gauges; 2:Window; 3:Plexiglass; 4:Negator spring(pulls fish in- and closes door after tugging fish releases ballast); 5:Main AI tube; 6:Line between negator spring and fish hook; 7:Line to pin; 8:Large AI tube; 9:Pin; 10:Shock cords to close door; 11:Loops; 12:Taut wire; 13:Baited hook; 14:Handling bracket; 15:Spring; 16:Line to baited strings and ballast weights; 17:crimps; 18:Fish-triggered release)(adapted from Phleger et al., 1979).



The accumulator system of the hyperbaric trap-aquarium includes a nitrogen cylinder, a pressure-reducing regulator and a piston accumulator. The nitrogen cylinder can deliver nitrogen gas to the piston accumulator according to the pressure setting of the pressure relief valve. The pressure vessel was covered with nine layers of pipe-wrapping tape to slow the temperature rise. Unlike other flap-closing mechanisms, the door of this system closes from the outside. Triggered closing action by Derlin burn-wire release, the spring closes the doors at the two ends for sealing. From September 1984 to January 1985, the device was deployed 49 times at depths of 1115m to 1241m, but with only 12 complete operations. The pressure retaining rate was between 13% to 95%.

(Koyama et al., 2002; Koyama, 2010) established a pressure-stat aquarium system for isobaric recovery and maintenance of deep-sea organisms (Figure 7). The sampler consists of a spherical pressure vessel made of stainless steel (outer diameter, 36cm, inner diameter, 34cm) with three round holes in the side wall for installing windows made of acrylic resin. The device weighs 52kg in air and 44kg in water, and the practical volume is 20L. The spherical vessel withstands a maximum internal pressure of 30MPa. A pressure control valve with a set pressure of 20MPa is installed for safety. A gas-filled bladder compensator is installed inside to reduce the pressure drop. The outside of the vessel is covered with an insulating layer. The device was deployed by the ROV to a specific depth and pumped the organisms into the pressure vessel through an inhalation apparatus mounted on the ROV. Then the manipulator of the ROV pulls out the limit pin of the sealing door installed in the chamber, and the compression spring pushes the doors to the inner wall to seal the vessel. In December 2001, the pressure-stat aquarium system captured a deep-sea fish at a depth of 1171m, and the pressure retaining rate was 84%.




Figure 7 | Schematic diagram and photo of pressure-stat aquarium (A): Capture procedure of pressure-stat aquarium; (B): Pressure vessel was sealed by the sealing door; (C): Photo of pressure-stat aquarium (adapted from Koyama et al., 2002).



Drazen et al. (2005) established a hyperbaric trap respirometer for measuring the breath rate, pressure tolerance and metabolic of fish that respond to different environments (Figure 8). The device consists of a pressure vessel made of 17-4 PH stainless steel (inner diameter, 30.5cm, length, 122cm), thermal insulation (2 layers of 2.5cm thick high-strength foam), and a pre-charged piston accumulator. At the same time, a light-emitting diode, a circulation pump and a camera were installed in the chamber. This device has a total weight of approximately 680kg and is deployed as a free vehicle. The external hook is connected to a high-strength elastic cord coupled with a coil spring when working on the seabed. A fish bite will trigger a sequence of events. First, the coil spring rotates to release the limitation of the flap valve, and the spring slowly pulls the fish into the vessel and closes the flap valve. A hydraulic damper is used to prevent mechanical damage to organisms. The sampler was deployed 7 times at depths of 1430-1500 m, with pressure retaining rates between 93% and 95%.




Figure 8 | Schematic diagram of hyperbaric trap respirometer (1: Pin to hold the release shackle/hook assembly; 2: Retraction line connected to hook; 3: Door; 4: Door linkage system; 5: Door latch; 6: Hydraulic dampening piston; 7: Line to door release plate; 8: Tubing to draw water to pump; 9: Extension springs; 10: Camera with integrated LED lighting; 11: Wheels for coiled constant force springs; 12: Oxygen probe; 13: Water circulation pump; 14: Release trigger for door.)(adapted from Drazen et al., 2005).



Shillito et al. (2008) proposed a sampler device PERISCOPE, which is mounted on a submersible (Figure 9). The manipulator on the submersible holds the sampling tube, which is connected to a suction instrument to capture animals. After organisms are sucked into the sampling tube, the submersible places the sampling tube into the pressurized recovery device (PRD). Different from the traditional gas accumulator, the PRD system adopts the high-pressure liquid pressure compensation technology, which can adjust the pressure in real time. In August 2006, PERISCOPE carried out 8 deployments in hydrothermal areas and successfully retained pressure 6 times. The maximum deployment depth in this voyage is 2290m, and the pressure retaining rate is 82%-111%. In 2012, the PERISCOPE sampler took four operations at 2500m and obtained 70 worms with a pressure retaining rate between 68% and 91% (Ravaux et al., 2013).




Figure 9 | Photos of PERISCOPE (A, B): the sampling tube is placed into the pressure vessel of the PERISCOP (adapted from Shillito et al., 2008; Ravaux et al., 2013) Zaharina et al. (2020) proposed a large-scale deep-water trap whose working depth is 1000m.



The pressure vessel is made of 304 stainless steel (inner diameter, 500mm, length, 615mm). A drum in the pressure chamber is divided into three equal parts. Two chambers had no side walls and were used to place baits. Another chamber has a third cylindrical side wall for sealing. When it closes, the motor drives the drum to rotate, and the side wall of the drum presses the inner wall of the pressure vessel to form a self-tight seal. In addition, there are 4 cylinders with compression springs designed to reduce friction when rotating, providing an initial force to compress the sealing ring. (Wang et al., 2020; Wang et al., 2022) proposed a pressure-retaining trapping instrument (PMTI) that can be applied to the full-ocean depth (Figure 10). The sampler adopts a novel sampling structure, the hollow piston, which automatically forms a seal after sampling, avoiding the design of an additional closing device. This sampler weighs 61.4kg in water, including a pressure vessel made of titanium alloy TC4 (inner diameter, 80mm, outer diameter, 124mm), a piston pressure compensator, a transmission mechanism and an in-situ pressurization mechanism. The sampler adopts a semi-active pressure compensation method. After the sampling operation, pure water (about 4.7ml) in a small piston cylinder is injected into the pressure vessel to improve the pressure retaining rate. In August 2021, it was field tested in the China Ocean Scientific Expedition voyage TS-21 and performed four deployments, two of which successfully captured 174 amphipods, and the pressure retaining rate is between 82.7%-84.5%.




Figure 10 | Schematic diagram and photo of PMTI (A): 3D model of PMTI (1: sampling motor; 2: screw mechanism; 3: pressure vessel; 4: temperature probe; 5: pressure probe; 6: sampling piston; 7: pressurizing cylinder; 8: pressurizing motor; 9: piston accumulator); (B): PMTI working at seabed) (adapted from Wang et al., 2022).



This section introduces almost all the typical isobaric samplers for macro organisms. For over one hundred years, people have kept enhancing the isobaric samplers, and we summarize their development trends as follows: (1) The application depth of isobaric samplers is getting deeper, and some of them can operate at full ocean depth. (2) The early pressure-retaining samplers could only collect samples. However, now the samplers are multifunctional, such as measuring some basic biochemical parameters and maintaining the life of organisms for experimental purposes. (3) The development of submersible technology allows us to complete refined sampling operations at specific locations. Compared with the operation of earlier samplers, submersible-equipped samplers tend to have a higher sampling success rate. At the same time, diverse technologies have been integrated and applied to deep-sea biological sampling, such as semi-active and active pressure compensation and insulation technologies, various sealing components, etc. We summarize the technologies applied in these samplers (Table 1) and expect them to be useful to designers.


Table 1 | Isobaric samplers and the key technologies.





3 Key techniques


3.1 Pressure compensation technology

The pressure in the vessel reduces during its ascent from the seabed to the surface due to many factors such as metal expansion, seal movement and leakage, etc. To improve the pressure retaining rate, we need to take a practical approach to reduce the pressure drop. Pressure compensation technologies can be divided into three types, passive, semi-active and active. Passive pressure compensation technology uses high-pressure gas to compensate for the pressure loss. Semi-active and active compensation technologies do not rely on pressurized gas entirely but some other methods to improve the pressure in the vessel. There are two ways to increase the pressure in a vessel. One is to compress the volume of the vessel (the volume of water does not change), another is to increase the volume of water in the vessel (the volume of the vessel does not change). Passive and semi-active pressure compensation techniques apply the first principle, and active compensation techniques apply the second.


3.1.1 Passive pressure compensation technology

Passive pressure compensation technology is widely used in the deep-sea pressure-retaining sampler. It is usually achieved by an accumulator filled with high-pressure gas (usually nitrogen). The main principle of this technology is to use the different compression ratios of gas and seawater. When the pressure in the sample chamber decreases, gas volume expansion will be much more significant than that of liquid since the volumetric compression ratio of gas is thousands of times that of liquid. In this way, it can compensate for pressure loss partially. Generally speaking, the pre-charge pressure of the accumulator should be lower than the pressure at the sampling location. Otherwise, the accumulator will lose its function. As a result, the gas accumulator is not sufficient to fully compensate for the pressure loss.

Accumulators can be divided into piston accumulators, diaphragm accumulators and bladder accumulators. Piston accumulator has the advantages of high flow rates, wide application temperature range and high-pressure tolerance (Hiis et al., 2019). The working principle of the latter two types of accumulators is similar and has the advantage of a short response time (usually no more than 25ms). Most of the samplers adopted the bladder accumulator and the piston accumulator. When the depth exceeds 3500m, piston accumulators are more commonly used (Figure 11).




Figure 11 | working process of a piston accumulator applied in isobaric sampling [(1): pre-charge state; (2): high pressure seawater gets into the accumulator and compresses the gas; (3): the high-pressure gas pushes some of the seawater return to the pressure vessel].



In general, the accumulator has the advantages of simple structure, lightweight and high efficiency, and it is a suitable choice for pressure compensation components used in isobaric sampling devices. However, there are still some problems in the design and evaluation of accumulators when applied in the deep sea. Firstly, safety is an important issue. With the application depth increases, the interior of the accumulator is filled with high-pressure gas, which is dangerous to operators. Secondly, as the operation depth increases, the compressibility of the gas decreases due to the existence of Van der Waals forces, which leads to a decrease in the volumetric efficiency of the accumulator, and an accumulator with a larger volume is required when the water depth increases. The ideal gas state equation is difficult to satisfy the requirements of application situations with higher pressures, although the equation has high accuracy below 30MPa. Many researchers have established the real gas state equations through theoretical derivation or experiments, but they still cannot accurately describe the gas’s properties under high or ultra-high pressure (Span et al., 2000; Mir Rajabi, 2006; Wang et al., 2020). Moreover, despite the simple structure of the accumulator, it is quite difficult to establish a mathematical model for quantitative analysis because this multi-phase system involves mechanics, thermodynamics, pneumatics and hydraulics, etc. Some researchers have established mathematical models to help us optimize the accumulator (Giliomee, 2007; Alatalo et al., 2018).

In addition, to adapt to the deep-sea application situation, many new structures have been designed, such as spring-loaded (Figure 12A) or weight-loaded (Figure 12B) accumulators, in anticipation of using force from spring deformation or gravity of heavy objects to replace high-pressure gas. Some accumulators use two pistons of different sizes to reduce the pressure in the spring chamber, but the volumetric efficiency is lower (Mir Rajabi, 2006) (Figure 12C). These new structures avoid the use of high-pressure gas and significantly improve the safety of deep-sea accumulators. However, they have not yet been used in deep-sea isobaric sampling.




Figure 12 | New structures of accumulators (A): Spring loaded accumulator; (B): Improved spring-loaded accumulator; (C) weight-loaded accumulator.





3.1.2 Semi-active pressure compensation technology

Based on the gas accumulator, semi-active pressure compensation uses some measures to improve the pressure retaining rate. For instance, the designer of PMTI equipped a submarine pressurizing pump connected to the pressure vessel via a capillary, mainly considering the effect of seal movement on the pressure drop. The seal can move axially within a specific range in the groove generally. When the sampler is recovered, the seal will be pushed towards the low-pressure side of the groove due to the reduction of external pressure, which increases the volume of the vessel and causes the pressure drop. The submarine pressurizing pump is an electric plunger pump used to establish the initial pressure difference between the vessel and seawater at the sea bed. Besides, it increases the initial contact pressure of the sealing ring and pushes the sealing ring to the low-pressure side of the groove as much as possible. After the sampler is closed on the seabed, the submarine pressurizing pump injects a specific volume of pure water into the vessel (Figure 13). Table 2 compares the pressure retaining performance of PMTI when passive and semi-active technology was adopted. Experiment results show that semi-active compensation method can significantly improve the pressure retaining rate even when water depth exceeds 6000m (Wang et al., 2022).




Figure 13 | The pressurizing device of PMTI.




Table 2 | Pressure retaining data of hyperbaric chamber of PMTI (data from Wang et al., 2022).





3.1.3 Active pressure compensation technology

Active pressure compensation technology adopts the liquid compensation method, and there are currently two practical application examples. The first is the PRD compensation device used in the PERISCOP sampling system (Figure 14), which includes a pressure vessel to store the sample, a double-valve mechanical pressure regulator, a reference container, and a reservoir container (with a pressure higher than that of the sampling depth). The reference container is closed at the sampling depth, and recorded the in-situ pressure. As the sampler ascends, the pressure regulator compares the pressure in the sample cell and the reference container. Once the pressure in the sample vessel is reduced, the pressure regulator will turn on the passage between the pressure vessel and the high-pressure seawater vessel and repressure the sample vessel until it is equal to the pressure in the reference vessel again.




Figure 14 | PRD of PERISCOP (Adapted from Shillito et al., 2008).



Another active pressure compensation device is applied to a deep-sea water serial sampler (Figure 15). The pressure compensation device of this sampler is based on an electric reciprocating plunger pump. The plunger pump, equipped with two one-way valves, is used for the inlet of seawater and the pressurizing channel, respectively. Pressure sensors are used to record the pressure of the sampling depth and the pressure value in the sample vessel for the control system to read and compare in real-time. When the pressure drop exceeds 0.5MPa, the booster pump injects water into the pressure vessel. The compensation device proved to have a satisfactory performance within 40MPa.




Figure 15 | Active pressure compensation device (Adapted from Wang, 2020).



In general, passive pressure compensation technology is still the most widely applied technology, with a simple structure, low cost, and acceptable pressure-compensation performance. However, because of the use of high-pressure gas, the safety of passive pressure-holding technology is always a hidden problem during offshore operations. In addition, the volumetric efficiency of the gas accumulator decreases significantly as the operating depth increases. Currently, semi-active and active pressure compensation technologies are still not commonly used, primarily because the application of these technologies increases the system’s complexity and is more expensive. However, semi-active and active techniques are much safer, and we can precisely control the pressure of the sample by adopting these techniques.




3.2 Insulation

According to the World Ocean Atlas published by NOAA in the United States, the ocean’s temperature below 2500m is about 2°C-4°C, and it slowly rises to around 30°C on the surface. (https://data.nodc.noaa.gov/woa/WOA18/DATA/temperature/). It is necessary to take appropriate measures to maintain the temperature of the sample if the sampler stays on the surface for several hours. Here we divide the thermal insulation technologies of deep-sea samplers into passive and active thermal insulation.


3.2.1 Passive insulation

There are two methods for passive insulation. The first is to cover the vessel with thermal insulation layers. The second is to install an adiabatic sleeve out of the pressure vessel to form an annular insulation vacuum. Sometimes designers fill this space with water to provide a “water jacket.” Most of the samplers mentioned adopted passive insulation techniques. Thermal insulation materials used in deep-sea samplers usually have low thermal conductivity, anti-aging, high-pressure, low water absorption, and corrosion resistance and are lightweight. Commonly used insulation materials include polyurethane, polyvinyl chloride (PVC), polypropylene glass bead composite polyurethane (GSPU), Aerogel, etc. In addition, spraying insulation materials such as ZrO2/CaO, ZrO2-8% Y2O3 epoxy resin, etc., inside and outside the pressure vessel can reduce the radiant heat exchange (Di Girolamo et al., 2010). In some samplers, an insulation sleeve is installed outside the pressure vessel, and the annular space in between is filled with water or other refrigerants. For instance, liquid ammonia is filled in the annular space between the insulation barrel and the sample chamber (Zhu et al., 2011). The evaporation of liquid ammonia absorbs heat to keep the sample at a low temperature.

However, the effect of passive insulation is affected by many factors, such as the time staying on the surface, individual differences in materials, etc. and sometimes it does not achieve satisfactory results. For instance, the cod-end sampling system using a closed PVC tube for insulation. When it was recovered to the deck, the temperature increased to 11°C (the temperature of sampling depth is about 5°C and of tropical layer at surface is about 28°C) (Wild et al., 1985).The PERISCOPE system utilizes an insulation box made of syntactic foam to keep the samples cool. The temperature increased about 6°C after a 40min’ recovery operation (the temperature of surface water is about 25°C) (Shillito et al., 2008). However, it still is the most widely used insulation technology for deep-ocean samplers because of its simple structure and low cost.



3.2.2 Active insulation

Active insulation automatically adjusts the temperature in the sample chamber, which can keep the temperature within the desired range. Thermoelectric cooling technology is an active thermal insulation technology mainly applied to marine organisms. Wu et al. (2022) proposed an insulated organism sampler containing a pressure-adaptive thermoelectric cooler module and an automatic temperature control system (Figure 16). The cold end of the chilling semiconductor plate directly transmits the cold energy to the water in the sample chamber, while the heat at the hot end is dissipated by convection with seawater during the recovery process. All chilling semiconductor plates are encapsulated in a hose filled with insulating oil, and the pressure of the insulating oil is equal to the external environment pressure because of the elastic deformation of the hose. The device has been tested 4 times at a depth of 1000m-6000m, and the temperature change did not exceed 1°C. In addition, the PTCS system for gas hydrate established by Kawasaki et al. (2006) also applied thermoelectric cooling technology. Sun et al. (2015) proposed a novel gas hydrate sampler by injecting liquid nitrogen into a freezing chamber, and experiments proved that using liquid nitrogen as a freezing medium can improve thermal insulation performance.




Figure 16 | Active insulation sampler [(A) Schematic diagram of the sampler; (B) Photo ofthe sampler]



Passive insulation technology can satisfy most deep-sea sampling requirements. However, for some special sampling situations, such as hydrothermal ports and deep-sea cold springs, passive insulation may cause excessive temperature changes. In principle, if the sampler stays on the surface for too long, the temperature of the sample will rise to the ambient temperature, which is disastrous for most deep-sea organisms. The advantage of active insulation lies in the temperature inside the sample chamber can be controlled at the in-situ temperature as long as there is a sufficient power supply.




3.3 Sealing

A reliable seal is a prerequisite for obtaining pressure-retaining samples. The sealing structures used for deep-sea animal pressure-retaining samplers can be divided into the following categories: ball valve, door sealing, and piston sealing.

Ball valves are widely used in industry and are a highly reliable sealing element. The spool of the ball valve is a sphere with a through hole, which is the passage for animals. When applied to deep-sea sampling, the disadvantage of the ball valve is its complex structure and heavy weight. The sealing principle of the ball valve determines its inherent geometric properties. The minimum diameter ratio of the ball and the through hole should be greater than 1.42. For example, an inlet with a diameter of 50mm requires a diameter of a sphere greater than 71mm. As the design pressure increases, the seat size will be significantly increased, which leads to the heavy weight of the ball valve. However, in depth is not very deep, and the large through-holes are not required. Using a ball valve is still an efficient and reliable sealing method. Recovery Apparatus, High-pressure trap, PERISCOP adopted ball valves.

Door sealing can be divided into inner and outer door sealing according to the position of the door works. Flap doors are the most commonly used form of door sealing. The flap door is sealed using a plate mounted inside the sample chamber to compress the inner face-mounted seal ring of the pressure chamber. The flap valve is fixed during sampling, and the sample can enter the pressure chamber. Once the release mechanism is triggered, the flap valve flips and compresses the seal ring installed on the end face (usually driven by a spring). Pressure Fish Trap, Hyperbaric Fish Trap, and Hyperbaric Trap Respirometer use flap door. The Pressure-stat Aquarium also adopts internal door sealing. The ROV pulls out the limit pin of the doors, and the two doors inside the vessel are pushed to the end face by springs. Unlike the flap valve, this door performs an axial movement rather than a rotary one. The Deep-water Trap uses an internal rotating drum that is pressed against the inner wall of the pressure vessel by four hydraulic cylinders. As the sampler rises, the pressure difference between the inside and outside increases, and the door is pressed on the sealing ring tighter. Compared with the ball valve seal, the internal door seal has a simpler structure, and its weight is less restricted by the depth and diameter, which makes it easier to be deployed in the deep sea. Nevertheless, the pressure vessel is usually designed with a larger diameter to accommodate the internal doors.

Sealing rings installed on the piston rod press the inner wall of the chamber and thus seal the vessel. Generally, the diameter of the piston is the size of the inlet channel of organisms. The PRAT uses a piston rod with O-rings installed on each end of the rod (Figure 17A). After releasing the counterweight, the piston moves axially under the drive of the spring, and the seal ring is compressed by the inner wall of the pressure vessel to form an initial seal. The ingenious design of PRAT prevents the piston from bearing the axial force caused by the internal pressure, and all the internal pressure acts on the pressure vessel. PIMT uses a specially designed hollow piston with two sealing rings on each end, which is in a long cylindrical shape with a long rectangular slot machined in the middle to keep the sample (Figure 17B). The advantage of piston sealing is its simple structure, which can accomplish sampling and sealing with the exact drive mechanism. In addition, piston-sealing structures will significantly simplify the structure of the device.




Figure 17 | Piston sealing structure (A): sealing structure of PRAT [adapted from Yayanos, 1977)]; (B): sealing structure of PIMT [adapted from Wang et al., 2022)].



In general, as a sealing component, the ball valve is quite reliable. However, as mentioned above, its limitation is that it is cumbersome and inconvenient for offshore deployment. The door sealing structure is simpler and lighter. As the sampler rises, the door presses the seal tighter, so it is a self-tight sealing method. However, its disadvantage is the lack of seal reliability. This is because when the door is triggered, a spring presses the door against the seal on the end face of the vessel. When this seal structure is a flap door, it is driven by a torsion spring. In this case, the seal is not under uniform pressure from the door, so there may be a partial lack of initial contact stress on the sealing ring, resulting in seal failure. The piston seal is light and reliable. This is because the compression between the seal ring and the inner wall of the pressure vessel is fully capable of providing the initial contact pressure for sealing. Therefore, the piston seal is a better choice when other sampling operation requirements are satisfied.




4 Conclusion and prospects

The deep-sea macro organism fidelity samplers are indispensable investigation devices for marine biological research and biological resource development. Although countries worldwide have developed various samplers for over 100 years, it is still not enough. As marine science research goes into the deeper ocean, the requirements for organism samplers are also improving. Integration, intelligence, and diversification are the future development trends of marine sampling equipment. Specific to the deep-sea macro organism fidelity sampler, the purpose is to obtain higher-quality samples, carry out many complex physiological experiments, and obtain reliable data. Therefore, deep-sea macro-organisms sampling technology’s development prospects are discussed in the following two aspects.

(1) High fidelity, which means high pressure retaining rate and insulation rate while reducing adverse effects of human factors. It determines the scientific research value of the samples straightly. High fidelity is vital for organisms in unique environments, such as cold springs, hydrothermal fluids, hadals, etc. Therefore, accurate control of sample temperature and pressure will be a significant development direction of macro-organisms sampling equipment. As a result, active pressure compensation and insulation technology will be widely used.

(2) Function integration. It is necessary for marine organism science research to record videos and photos of living things at depth, measure the respiration rate of organisms, and even carry out some simple physiological experiments. Although there have been instruments that can realize one or several functions, they are insufficient. By integrating the fidelity sampler with these optical and electrochemical components, we can compare the physiological parameters of one or several organisms in situ and in the laboratory. One of the future development directions of deep-sea organism sampling is how to give more functions to the fidelity sampler.
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