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Abstract: The ecosystem of the abyss is one of the fields that humans hardly know. The ultra-high
hydrostatic pressure makes it very difficult to obtain abyssal organisms. Samples are often severely
broken during recovery due to changes in environmental pressure, temperature, and other factors.
Currently, there are no macro-organism samplers suitable for the abyss. The development of
a pressure-maintaining sampler for the abyss is a prerequisite for abyssal ecosystem research.
This paper mainly proposed a pressure-maintaining trapping instrument (PMTI) designed to work at
a depth above 10,000 m. Unlike typical deep-sea equipment, this instrument is lightweight (about
65 kg in water). The instrument adopts a new structure, using a hollow piston as the sampling space
and sealing the mechanism with O-rings at both ends of the piston, thus avoiding sealing methods
such as ball valves and greatly reducing the weight of the equipment. The structure and working
process of the instrument are described in detail in this paper. Meanwhile, in this paper, the movement
resistance of the piston (mainly the resistance of the O-ring) is analyzed using a dynamic explicit
method in Abaqus. The factors affecting the friction of the O-rings are analyzed via the method of
orthogonal tests and ANOVA. In addition, high-pressure tests were conducted on key parts of the
instrument, and the results showed that the instrument works well at 100 MPa.

Keywords: hadal trench; macro-organisms; pressure maintaining; superelastic material; explicit
dynamics method

1. Introduction

The deep sea covers more than 50% of the Earth and is both a treasure trove of biodiversity and a
source of important ecosystem services [1]. Although the abyss has become a subject of intense studies
in recent years, our knowledge of the diversity of benthic organisms, especially at the molecular level,
is far from complete [2]. The abyss is characterized by high pressure, darkness, low temperatures,
and nutrient deficiencies. However, observations in recent years have shown that the hadal trench is
not a desert of life. In contrast, the hadal trench is a unique ecosystem with considerable material inputs,
rich biodiversity, and active benthic activity [3,4]. In recent decades, many countries have conducted
biological and geological surveys in the abyssal areas and have obtained some macro-organism samples,
including fish, bipeds, etc. [5].
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It is very difficult to obtain live samples for laboratory studies. This is because, during the recovery
of samples from the seafloor, the animals are severely damaged due to changes in external pressure
and temperature. In recent decades, lots of instruments have been developed to capture animals
at deep sea and bring them to the surface alive and maintaining the in-situ pressure. Most of the
high-pressure instruments were developed to capture microbes in the deep sea due to engineering
constraints. A few instruments have been developed to capture macro-organisms. One of the biggest
problems is the sealing method. Most of deep-sea pressure-maintaining sampling equipment uses very
heavy parts such as ball valves, which causes difficulties in the sampling work. Yayonos constructed
a trap (pressure-retaining amphipod traps, PRAT) for bipeds in the deep sea. The amphipods were
collected at a depth of 5700 m and kept alive on board for nine days. The PRAT was equipped with
an accumulator with gas to prevent pressure loss during the recovery process [6]. Jeffrey C. Drazen
developed a hyperbaric oxygen trap-booster instrument to capture and sustain living deep-sea
organisms. The system captures the animals outside, guides the animal inside, and closes the door
behind the animal. The weight of the instrument is approximately 680 kg. Two layers of 2.5 cm thick
open cell foam provide insulation for the barrel. The system is equipped with a hydraulic accumulator,
which is filled with nitrogen gas. In addition, a pressure relief valve provides additional safety to the
system [7]. B. Shilito and G. Hamel developed the PERISCOPE system. The system has more advanced
features such as active compensation of pressure, the suction of organisms, etc. The difference is that
the system finishes its job with ROV (Remote Operated Vehicle) assistance. Moreover, the system
succeeded in capturing live animals in the deep sea above 2000 m [8].

However, most current devices are costly and heavy. Some equipment also requires ROV assistance
to work. There are few instruments for capturing large organisms in the hadal trench (depths over
6000 m) [9–16]. We have built a pressure-maintaining trapping instrument (PMTI) specifically designed
to capture macro-organisms in the hadal trench. The advantages of the PMTI are that (1) the instrument
can operate at a depth above 10,000 m. (2) The PMTI weighs much less (about 65 kg underwater) than
most of the equipment with the same function.

This paper presents the structure of the PMTI and investigates the resistance of the piston to move.
The factors affecting the piston movement were evaluated using orthogonal tests and ANOVA, and the
results of the calculations were validated by the experiment. In addition, we performed a high-pressure
test (over 100 MPa) and held the pressure for 12 h on some crucial parts of PMTI. To verify the
feasibility of the explicit dynamic analysis, the resistance is tested in a laboratory. Experiment results
are consistent with the analysis results.

2. Material and Methods

2.1. Structure of the PMTI

Figure 1 shows the PMTI prototype.
In Figure 1, (a) is the oil-filled compensation DC motor. It consists of a motor, a motor chamber, and a

pressure compensator, which keeps the internal pressure equal to external pressure, thus eliminating
rotational resistance due to differential pressure. The material of the cabin is aluminum 6061. (b) is a
gearbox. The gearbox housing is filled with oil to slow down corrosion by seawater. (c) is a screw
made of stainless steel 316. The drive screw fits the reducer through the keyway, and it connects
to the drive nut (not shown) via a trapezoidal thread. The diameter of the screw is 18 mm and the
length is 420 mm. (d) is a guide cylinder to limit nut rotation. It is made of aluminum alloy. (e) is
a pressure-retaining cylinder with a thick wall. Considering the strength and corrosion resistance
of the material, it is made of precipitation-hardened stainless steel 17-4PH. The apparent weight of
the cylinder is 15.5 kg, the inner diameter is 80 mm, the outer diameter is 125 mm, and the length is
341 mm. There are holes in the wall of the cylinder for connecting the accumulator (g) and the pressure
sensor, temperature sensor, etc. The wall of the cylinder has been thickened at the aperture. (f) is a
hollow piston used to capture organisms. It is made of precipitation-hardened stainless steel 17-4PH.
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The hollow part of the piston is used for capture, and the sidewall is used to withstand the pressure.
The apparent weight of the piston is 3.2 kg. The pistons have a hollow section width of 55 mm and a
length of 240 mm. (g) is an accumulator to compensate for pressure loss during the recovery process.
It is made of titanium alloy TC4. (h) is the circuit board chamber. The circuit board chamber contains a
pressure compensator and a circuit board fixing board. It is made of aluminum 6061.
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2.2. Work Process

Figure 2 shows the work process of the PMTI.
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Before putting the equipment on the sea floor, we put bait in the hollow part of the piston. After the
device descends to the seabed with the lander, the controller will send a start signal to the motor.
Then, the piston is pushed out of the pressure-retaining cylinder. Nearby, creatures will be attracted
to the piston by the bait. After a period of time, the controller sends a reverse signal to the motor,
and the piston is pulled into the sampling cylinder. At this point, the creature has been trapped in the
piston. During the recovery process, the accumulator compensates for pressure losses due to changes
in outside temperature and pressure.

2.3. Control System

The PMTI control system is shown in Figure 3. The data collected by the temperature and pressure
sensors are amplified, AD-converted (analogue-to-digital converted), and transferred to the main
controller STM32F750, which is then stored on the data memory W25Q256. The water leak detection
function of the control system is implemented by the LM358 chip. The relay control is implemented
via ULN2803A.J. Mar. Sci. Eng. 2020, 8, x FOR PEER REVIEW 5 of 17 
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Figure 3. Control system of PMTI.

The battery is equipped with a voltage of 48 V, which is then stepped down to supply 5.5 V and
3 V to the control system. Forty-eight volts of power is supplied directly to the DC motor. The motor
communicates with the control system via RS485, and all the components of the PMTI control system
board are high voltage resistant. The PCBs (Printed Circuit Board) have been passed through a high
voltage test.

3. Analysis of the Piston Movement Resistance

3.1. The Resistance of O-Ring

It is necessary to study at which point the maximum resistance appears when the piston moves in
the cylinder. During the pushing-out process, the resistance comes mainly from the friction between
two O-rings and the inner wall of the cylinder. During the pull-in process, the resistance includes the
axial friction of the inner O-ring and resistance due to radial compression of the outer O-ring when it
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goes into the cylinder. Therefore, the maximum resistance of the piston movement appears during the
pull-in process.

In order to study the resistance of the pull-in process, we established a finite element model
to analyze.

3.2. Basic Assumptions

Many factors affect the motion resistance between the O-ring and the inner wall of the cylinder,
including the compression rate of the O-ring, the friction coefficient between the O-ring and the
cylinder wall, the material of the O-ring, and the relative movement speed.

The following assumptions are made: (1) the influence of temperature changes on the properties
of rubber materials is not considered. (2) The volume of the rubber material is constant, and it is
regarded as a superelastic body. (3) The piston and the outer cylinder are regarded as rigid bodies,
and only the deformation of the O-ring is considered [17].

3.3. Orthogonal Test

This study is a four-factor, four-level study. The orthogonal test design can uniformly cover
all test factors and levels while avoiding the distortion of test results. A full-scale test required too
many tests. Therefore, the following orthogonal test (shown in Table 1) is designed (including four test
error groups: group 17, group 18, group 19, and group 20).

Table 1. Orthogonal test table.

No. Factor 1 Factor 2 Factor 3 Factor 4

1 1 1 1 1
2 2 2 2 1
3 3 3 3 1
4 4 4 4 1
5 4 3 2 2
6 3 2 1 2
7 2 1 4 2
8 1 4 3 2
9 1 3 4 3

10 2 4 1 3
11 3 1 2 3
12 4 2 3 3
13 4 1 3 4
14 3 4 4 4
15 2 3 1 4
16 1 2 2 4
17 2 2 4 4
18 2 4 3 4
19 4 4 2 4
20 4 4 1 4

The hardness of commonly used rubber O-rings is between 70 and 85, so we have set 70, 75, 80,
and 85 four groups. According to industry standards for O-ring design, the compression ratio of
O-rings used for dynamic seals under high pressure should be greater than 15% and less than 25%.
Because of the high working pressure of O-rings in this study, we set 18%, 19.5%, 21%, and 22.5%
four groups. This device is designed to trap deep-sea macro-organisms, and when the organisms
enter the piston, we should pull the piston into the cylinder very slowly to prevent the creature from
escaping. Thus, we set the speed as 1 mm/s, 2 mm/s, 3 mm/s, and 4 mm/s. The friction coefficient is 0.1,
0.15, 0.2, and 0.25.
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3.4. Constitutive Model of Superelastic Materials

The main material of the O-ring is rubber. Rubber is a superelastic material and a highly nonlinear
composite material. Aiming at its geometrically nonlinear behavior under large deformation, this paper
uses the two-parameter Mooney-Rivlin model to describe its constitutive relationship. The model is [18]

W = C10(I1 − 3) + C01(I2 − 3) (1)

The model is reliable when the strain is within 150%. For rubber materials, the relationship
between the elastic modulus E and the shear modulus G is

G =
E

2(1 + µ)
(2)

The relationship between Poisson’s ratio, elastic modulus, and material constant can be described
using Formula (3).

G = 2(C10 + C01) (3)

E = 6C10(1 +
C01

C10
) (4)

The fitting formula of rubber hardness Hr (IRHD) and elastic modulus E is

lgE = 0.0198Hr − 0.5432 (5)

The material parameters C10 and C01 of different hardness rubber materials can be obtained from
the Formulas (2)–(5) [19,20].

3.5. Finite Element Model

In order to improve the efficiency of the solution, an axisymmetric finite element model was
developed for analysis. Figure 4 shows the geometric model of the analysis. Since the maximum
resistance occurs during the pull-in process, we therefore analyze that process. In this study, the diameter
of the O-ring was 3.55 mm. Generally speaking, the frequently used O-ring diameter is 2.65 mm,
3.55 mm, and 5.3 mm. The diameter of the piston is 80 mm. According to the mechanical design
standard, the size of the O-ring used for the hydraulic dynamic sealing of the piston with this diameter
can be 3.55 mm or 5.3 mm. In order to reduce the resistance of the movement process, thereby
reducing the energy consumption, that is, reducing the weight of the battery required for the device,
we chose a 3.55 mm O-ring. The corresponding groove length is 4.2 mm and the depth is 2.7 mm.
Since this study focuses on the deformation of the O-ring, and the deformation of the cylinder and
piston is really small compared to the O-ring, we set the cylinder and piston as rigid bodies. We set up
two contact pairs: the inner wall of the cylinder to the O-ring and the groove surface to the O-ring.
Both contact pairs are hard-soft surface contact. O-rings are set to the soft surface. This is because
the stiffness of the O-ring is much smaller than that of the piston and the cylinder, and the mesh size
of the O-ring is smaller than that of the piston and the cylinder. The tangential feature of the contact
is defined as a penalty friction type. The friction coefficient varies from 0.1 to 0.25. The O-ring unit
uses the CAX4RH unit. This unit is a four-node bilinear axis-symmetrical quadrilateral unit, which is
suitable for large deformation characteristics of rubber materials in this study. Regarding the boundary
conditions, we apply a completely fixed constraint to the piston and a constant velocity to the cylinder
along the positive direction of the x-axis. The approximate global dimension of the units of O-ring
is 0.05 mm. We refined the units for the areas where the groove and cylinder are in contact with the
O-rings, and we verified the independence of the model mesh.

We set up two steps. The first analysis step is the initial analysis step. In the first analysis step,
all parts remain stationary. The second analysis step is an explicit dynamics analysis step. In this step,
the cylinder moves at a constant speed along the positive direction of the x-axis. In order to make the
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displacement of each group the same, the time setting of each analysis step is different. In addition,
we set the field output and the history output and record the reaction force of the cylinder during the
movement and the contact stress between the O-ring and the inner wall of the cylinder. The Mises
stress change and the contact stress of the O-ring during the movement was also recorded.J. Mar. Sci. Eng. 2020, 8, x FOR PEER REVIEW 8 of 17 
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3.6. Results of Orthogonal Test

Figure 5 shows the results of the groups numbered 1, 6, 10, 15, and 20 in the orthogonal table. It can
be seen that the shapes and trends of the curves are similar. That is, the friction increases first, reaches
the maximum, and then decreases, and finally reaches the stabilization stage. This result is consistent
with the actual change in resistance during the piston moving into the cylinder. The resistance begins
to increase when the O-ring contacts the cylinder. When the O-ring reaches the specified compression
rate, the resistance reaches the maximum, and then the resistance begins to decrease until a fixed value,
i.e., the relative stable movement stage.
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Figure 5. Changes of resistance during movement. (The force shown is the resistance of the cylinder’s
motion in the axisymmetric model. The direction of the force is opposite to the direction of the cylinder’s
motion. Here, the force is numerically equal to the resistance that pushes the piston into the cylinder.
The purpose of this is to simplify the setting of boundary conditions.)
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To investigate the extent to which each factor affects the maximum resistance and the stable
resistance, univariate ANOVA is performed on the results of the orthogonal experiment [21]. The main
effects of each factor on the maximum resistance and the stable resistance are analyzed using SNK
(Student-Newman-Keuls) comparative analysis. The significance level of the analytical model is
α = 0.05, i.e., the results of the analysis are considered to be 95% reliable when the significance level of
each factor is less than α. The results of the analysis are shown in Tables 2 and 3 [22].

Table 2. ANOVA of maximum resistance.

Factor Average Square Significance

Material hardness 0.761 0.001
Relative speed 0.017 0.744

Coefficient of friction 0.248 0.022
Compression rate 0.373 0.008

Table 3. ANOVA of stable resistance.

Factor Average Square Significance

Material hardness 0.298 0.006
Relative speed 0.014 0.690

Coefficient of friction 0.567 0.001
Compression rate 0.059 0.192

The result of the ANOVA of the maximum resistance shows that the hardness of the material has
the greatest influence on the maximum resistance, followed by the compression rate of the O-ring,
and the friction coefficient also has a certain influence on the maximum resistance, but its significance
is less than the previous two factors. The result of the ANOVA of resistance of the stabilization phase
shows that the friction coefficient has the greatest influence on the friction in the stabilization phase,
followed by the hardness of the material. Relative motion speed has no obvious effect on the resistance
of these two motion stages. It should be noted that the premise of this study is that the relative motion
speed is very low. If the relative motion speed is high, the results may be different.

Numerical simulations in Abaqus and the results of ANOVA on several factors affecting friction
indicate that the compression ratio, coefficient of friction, material hardness, and speed of relative
movement differ in the significance of the effect of friction. Greater compression ratio, greater coefficient
of friction, or greater material hardness will cause the friction between the O-ring and the cylinder wall
to significantly increase. The effect of the speed of relative movement on the friction can be negligible.
In order to reduce friction, we should choose a smaller compression ratio, smaller coefficient of friction,
and smaller material hardness. On the other hand, if the compression ratio is too small, the contact
width and the contact stress between the O-ring and the cylinder wall are reduced, which may lead
to poor sealing performance. Thus, we made a compromise in the design of the compression ratio:
the design of the compression ratio is 20%. If the material hardness of the O-ring is too small, the O-ring
will be squeezed into the gap between the piston and the cylinder at high pressure, which will cause
shear damage of the O-ring. Thus, we chose a medium hardness of Hr = 80. The coefficient of friction
is mainly related to surface machining accuracy and lubrication. However, the smoother the surface is,
the higher the processing costs. Thus, we chose a relatively high surface roughness of Ra = 0.4.

Since the force we obtained in the model is from an axisymmetric model. We need to integrate the
resistance on the entire circle to obtain the total resistance of the O-rings. It can be calculated according
to Formula (6):

F f = fπd
∫

p(x)dx (6)

To calculate the motion resistance of the seal structure we designed, we need to obtain the contact
stress distribution p(x) between the O-ring and the inner wall of the cylinder. We obtained the contact
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stress distribution of the O-ring in Abaqus and fitted it as a quadratic function in Matlab. The results
are shown in Figure 6. The distribution of contact stress can be described using Formula (7):

p(x) = −4.305x2 + 7.872x + 1.488 (7)
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We integrate p(x) along the contact width to get the total contact stress of this section. Then, we can
obtain the total resistance of the O-rings according to Formula (6). The calculation result is 30.84 N.

Karaszkiewicz studied similar problems. He established a mathematical model. The model
describes the length of the contact area, the maximum contact stress, and the stress distribution as
follows [23]

b = (2ε+ 0.13)d (8)

p0 = 0.67E(2ε+ 0.13) (9)

p(x) = p0

√
1− (

2x
b
)

2
(10)

Table 4 shows the difference between the analysis results and the calculation results of the
Karaszkiewicz model (in the table, lf and sf are the results of the contact length and maximum contact
stress studied in this paper, and lk and sk represent the values of the Karaszkiewicz model).

Table 4. Comparison of analysis model and Karaszkiewicz model.

No. Compression Ratio Contact Lenth (lf/lk) Difference Maximum Stress (sf/sk) Difference

1 18% 1.7053/1.7395 −1.9% 2.57/2.46 4.8%
6 21% 1.8262/1.9525 −6.4% 2.83/2.77 2.1%
7 19.5% 1.723/1.846 −6.6% 2.68/2.59 3.5%

19 22.5% 1.912/2.059 −7.1% 4.96/4.53 9.4%

From the contact length and contact stress distribution, it can be concluded that the simulation
data overlap better with the Karaszkiewicz model calculation results when the compression rates are
less than 21%, with a difference within 7%. As the compression rate increases, the rubber hardness
increases and the simulation results deviate from the Karaszkiewicz model. This may be related to the
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superelastic nature of the O-ring. This simulation method has high confidence at compression rates of
less than 20%.

4. Experiments

4.1. High Pressure Tests

Figure 7 shows a stress test of a circuit board. The pressure chamber is filled with oil to prevent
damage to the circuit board. Circuit board data transmission is stable during the experiment.
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Figure 7. Pressure test of circuit board. (We first increase the pressure to 10% of the maximum test
pressure, then gradually increase the test pressure by 10% each time until reaching maximum test
pressure. Then, we hold the pressure for a period of time (approximately 30 min), after which, we reduce
the pressure to 87% of the maximum test pressure and continue holding pressure. If there are no
abnormalities throughout the process, the part is considered to meet the requirements for high-pressure
operation. The circuit board is connected to the DC constant voltage power supply (24 V) through the
waterproof connector. Then, the circuit board is put into the high-pressure tank filled with oil for testing,
and the container is pressurized with a pneumatic booster. It can be seen from the indication of the
pressure gauge that the highest pressure has reached 110 MPa, which is 107% of the working pressure.
The pressure test process is strictly in accordance with the standard of the high voltage test, and there is
no abnormality in the circuit board signal transmission during the test. This proves that the special
circuit board of this device can be used in a high voltage environment. Similarly, the temperature
sensor and pressure sensor of this device were tested in this way, and the test results show that these
components can work normally under high pressure.)

Figure 8 shows a pressure test of the piston and cylinder on a high-pressure test bench.



J. Mar. Sci. Eng. 2020, 8, 596 11 of 16

J. Mar. Sci. Eng. 2020, 8, x FOR PEER REVIEW 12 of 17 

 

voltage test, and there is no abnormality in the circuit board signal transmission during the test. This 
proves that the special circuit board of this device can be used in a high voltage environment. 
Similarly, the temperature sensor and pressure sensor of this device were tested in this way, and the 
test results show that these components can work normally under high pressure.) 

Figure 8 shows a pressure test of the piston and cylinder on a high-pressure test bench. 

 

Figure 8. Pressure test of cylinder and piston. (In this test, we place the piston that has O-rings on 
both ends into the cylinder and fill the cylinder with water. This is then pressurized using a pneumatic 
booster. The maximum test pressure is 1.2 times the working pressure of the cylinder and piston, i.e., 
120 MPa, and then, the pressure is held at 100 MPa for 12 h. No leaks or pressure drops were found 
in the device during the test. The test results show that the strength of the cylinder and piston meets 
the requirements.) 

4.2. Frictional Force Measurement Test 

We designed the piston and the cylinder according to the dimensions we had chosen and tested 
the friction force. Figure 9 shows the mechanical model of the friction test. The motor drives the piston 
to reciprocate in the sampling cylinder through the screw drive mechanism. The DC motor is 
connected to 48 V DC constant voltage power supply. The motor starts after receiving a start signal 
from the upper computer, and the lower computer records the current data of the motor during the 
rotation process. Once the piston reaches its maximum stroke, the motor reverses to pull in the piston. 
The current and voltage data are used to obtain the actual power of the motor. The output torque of 
the motor (T) can be obtained by referring to the power-torque curve of the motor used in the test 
(supplied by the motor manufacturer). The frictional force during the movement of the O-ring can be 
obtained using Formula (11). In this test we consider the axial force of the screw to be equal to the 
friction between the O-ring and the inner wall of the cylinder. Figure 10 shows the frictional test in 
laboratory. 

2 /F T Lπη=   (11) 

  

Figure 8. Pressure test of cylinder and piston. (In this test, we place the piston that has O-rings on
both ends into the cylinder and fill the cylinder with water. This is then pressurized using a pneumatic
booster. The maximum test pressure is 1.2 times the working pressure of the cylinder and piston,
i.e., 120 MPa, and then, the pressure is held at 100 MPa for 12 h. No leaks or pressure drops were found
in the device during the test. The test results show that the strength of the cylinder and piston meets
the requirements.)

4.2. Frictional Force Measurement Test

We designed the piston and the cylinder according to the dimensions we had chosen and tested
the friction force. Figure 9 shows the mechanical model of the friction test. The motor drives the
piston to reciprocate in the sampling cylinder through the screw drive mechanism. The DC motor is
connected to 48 V DC constant voltage power supply. The motor starts after receiving a start signal
from the upper computer, and the lower computer records the current data of the motor during the
rotation process. Once the piston reaches its maximum stroke, the motor reverses to pull in the piston.
The current and voltage data are used to obtain the actual power of the motor. The output torque of
the motor (T) can be obtained by referring to the power-torque curve of the motor used in the test
(supplied by the motor manufacturer). The frictional force during the movement of the O-ring can
be obtained using Formula (11). In this test we consider the axial force of the screw to be equal to
the friction between the O-ring and the inner wall of the cylinder. Figure 10 shows the frictional test
in laboratory.

F = 2πηT/L (11)
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Figure 10. Friction test. (The motors we used in our tests are the same motors that PMTI is equipped
with. The motor model is MAX 30, manufactured by MAXON. The piston was pushed out and pulled
in five times during the test. In addition, the screw pitch (L) in this test is 8 mm, and the translating
efficiency η is 0.85.).

The following curve is derived from the experimental results. The results of the resistance of the
piston push-out process and pull-in process are shown in Figures 11 and 12.

The results show that during the initial stage of the push-out process, the piston is in contact with
the two seals of the barrel and the resistance is approximately 68 N. After a short period of smooth
operation, the first seal is no longer in contact with the cylinder, and the resistance reduced to about
35 N, which is consistent with the actual situation.

In the pull-in phase, the initial period of resistance is around 33 N. The O-ring on the outside
of the cylinder is compressed when it enters the cylinder, at which time the resistance rises sharply.
After the O-ring is fully compressed, there are two O-ring contacts between the piston and the cylinder,
and the resistance is about 65 N.

The resistance of a single O-ring obtained from the test was 35 N (the process of the piston being
pushed out) and 33 N (the process of the piston being pulled in). The results obtained in Abaqus are
30.08 N. The error is about 13% and 9.7%. The error is within the acceptable range. It shows that the
analytical method is basically valid under the assumptions in this paper.

The experimental results are consistent with the actual situation, but the test result is always
greater than the calculated value. There are three possible reasons: (1) the generation of frictional heat
changes the nature of the rubber material and the contact state of the O-ring and the cylinder. (2) There
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is no support after the piston is pushed out, which may make the internal O-ring and the cylinder
contact asymmetric. (3) The inner wall of the cylinder has insufficient machining accuracy.J. Mar. Sci. Eng. 2020, 8, x FOR PEER REVIEW 14 of 17 
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5. Summary and Conclusions

In this paper, a new deep-sea organism trapping and pressure-maintaining recovery device is
proposed. The weight of the device is greatly reduced while ensuring high sealing reliability and a
sufficient diameter. The dynamic explicit analysis of the O-ring motion is an analysis of the large
deformation characteristics of superelastic materials such as rubber. The rubber O-ring is an important
component of marine equipment, and this technology helps marine structural designers to analyze
the O-ring’s reciprocal resistance to motion, etc. In this paper, the weights of the factors affecting the



J. Mar. Sci. Eng. 2020, 8, 596 14 of 16

O-ring are analyzed using an orthogonal test for the first time. However, in this study, the influence
of compression rate, material hardness, the relative velocity of motion, and friction coefficient on the
resistance and state of motion of the O-ring is considered, but not the influence of seawater lubrication,
frictional heat generation, and other factors. This will be taken into account in future studies. Based on
the analysis and tests in this paper, the following conclusions can be drawn:

(1) Explicit dynamic analysis of O-ring motion based on Abaqus
This study builds a finite element model of the 2D plane for analysis. The superelastic material is

described using the Mooney-Rivlin model. The resulting trend in the magnitude of resistance to the
O-ring movement corresponds to the actual moving process. The contact stresses were fitted in Matlab.
The fitting results are highly consistent with the Karaszkiewicz model when the compression rate is
not greater than 21%. The fitted curve is integrated along the circumference to obtain the total friction
on the circumference. The difference between the friction obtained from the resistance test and the
simulation results is small. This simulation has a high degree of reliability.

(2) Analysis of factors affecting O-rings based on orthogonal tests and ANOVA
Many factors affect the resistance of the piston of the PMTI, and an orthogonal test is used in

cases where there are multiple values for each factor. This is an efficient, fast, and economical method
of test design. We performed an ANOVA on the numerical analysis results. The research results
show that the compression rate and material hardness of the O-ring have the greatest influence on its
resistance to movement at low speeds.

The PMTI in this research is the first prototype of a lightweight macro-organism pressure sampler
used in the abyss. Our target species are mainly amphipods and fishes. We will improve it in the
future work. These improvements include: (1) we will set up an observation window to observe
the sample in the cylinder. (2) For different creatures (such as amphipods and fish, etc.), we will
use different baits to improve the capture efficiency (currently we use carrion as bait). In addition,
more suitable piston structures for creatures of different sizes will be designed. (3) We will establish
a longer duration of the sampling to improve the sampling success rate (currently it is about 2 h).
(4) Additional measurement functions for biological metabolic parameters such as dissolved oxygen
measurement, carbon dioxide measurement, etc. will be developed on this device, and the first
prototype of the PMTI will be tested in the Mariana Trench in the near future.
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Nomenclature

W Strain energy density of superelastic material
C10, C01 Material coefficients of rubber
I1, I2 The first and second strain tensor invariants
G The shear modulu
E The elastic modulu
µ Poisson’s ratio
Hr Rubber hardness
F f Frictional force, N
d Diameter of O-ring, mm
p(x) Contact stress distribution
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ε Compression ratio
p0 Maximum contact stress, MPa
b Contact width, mm
F Axial force of screw, N
η Transmission efficiency of screw
T Torque, Nm
L Screw pitch, mm
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