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Abstract: Returning extraterrestrial samples to Earth for analysis is crucial for planetary geological
research and resource utilization. However, during their return journey, these samples undergo
significant environmental changes, such as varying pressure, temperature, impact, and vibration.
Hence, a dependable sealing technique that preserves sample integrity without requiring high-
powered tools is necessary. This article aims to develop an automatic sealing system for collecting
extraterrestrial samples, conducting parametric design and mechanical analysis on two types of
proposed sealing structures with minimal sealing force as the benchmark. Additionally, the system
will undergo validation through sealing and leakage detection experiments. An automated sealing
system, capable of storing samples in multiple sampling tubes, is assembled for the extraterrestrial
sampling device.

Keywords: extraterrestrial sample; planetary sample storage; sealing design; coring mechanism;
automatic sealing mechanism; terrestrial robot

1. Introduction

Extraterrestrial samples hold vital insights into planetary evolution and may contain
volatile substances like water, ice, and organic matter. Thus, ensuring their return is highly
localized and uncontaminated has become the critical determinant of success or failure in
extraterrestrial sampling missions.

Various sealing configurations are available for extraterrestrial sample containers,
including O-type rubber seals, knife-edge seals, brazed seals, explosion-welded seals, and
shape-memory alloy seals. Rubber-ring seal structures are formed by extruding rubber to
create the seal. For example, the Soviet Union’s lunar probes Luna 16 [1–3], Luna 20 [4], and
Luna 24 [5], as well as Japan’s asteroid probe Hayabusa I [6,7], employed a single O-type
rubber seal and double Viton O-ring seals. The sampling and sealing methods employed
by Luna-16, Luna-20, and Luna-24 are essentially identical. The sealing container is a
cylindrical structure located inside the return capsule, with its opening direction aligned
with the direction of the capsule door. The rubber ring is installed on the cover of the
sealing container. During sealing, the return capsule cover is closed, and the rubber ring is
compressed by the barrel of the sample sealing container to achieve sealing. The double
Viton O-rings of Hayabusa I are also positioned on the inner lib, with sealing achieved
through compression.

The knife-edge seal is formed by inserting a knife-edge blade into the soft metal,
thereby creating a vacuum seal through the deformation of the soft metal. This sealing
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structure, widely employed in sample containers during the Apollo mission [8,9], involves
inserting a stainless-steel blade into an indium–silver alloy to form the seal. Similarly,
the sealing technique employed in Hayabusa II [10,11] achieves sealing by pressing the
inner edge of an aluminum alloy container against the curved lid made of pure aluminum.
The automatic sealing device in the Change 5 [12–14] probe adopts knife-edge sealing as
the primary sealing method and O-ring sealing as the secondary method, an approach
known as redundant sealing. The Apollo Lunar Sample Return Container (ALSRC) [9]
employed in the Apollo missions also utilized a redundant sealing structure comprising
two rubber-ring seals and a knife-edge seal.

Brazing sealing is kind of sealing approaches created by melting brazing material
between multiple metal surfaces using a heating device, establishing a bond between them.
Following the seal failure induced by lunar dust in the Apollo mission’s lunar sample return
container, NASA suggested a molten metal seal as a solution. In this method, indium alloy
is heated until molten, enabling it to blend with lunar dust and form a monolithic structure
with the knife-edge design once the alloy cools down. Additionally, NASA proposed a
special double-wall brazed seal container for Mars sample collection [15,16], consisting of
upper and lower lid bodies containing brazing material and an inner and outer cylinder.
The internal lib and barrel are brazed together using induction coil heating. Younse [17,18],
Bao [19], Backes [20], and Wang [21] have also independently proposed similar brazed seal
structures. Explosively welded joints are achieved by explosively accelerating one plate
to impact a second plate, and NASA designed a double-walled can with a geometry very
similar to the one proposed for the Mars Sample Return Mission [22,23]. Zhang et al. [24]
proposed an improvement program for cylindrical vessels with explosion-welded seals. The
proposed sealing mechanism can be utilized to perform autonomous sampling missions in
extraterrestrial environments. Currently, Honeybee have developed sample manipulation
systems and sealing mechanisms for Mars sample return missions, which provide reference
recommendations for the Mars 2020 program [25].

The principle of the shape-memory alloy (SMA) sealing solution revolves around
manipulating the deformation of the alloy through temperature changes to achieve sealing
within a specific structure. A commercial Nitinol shape-memory alloy plug, designed by
InstaPlug, activates preformed fins when heated. These fins press into the inner wall of
the tube, forming a hermetic seal [26,27]. Wang et al. [28] proposed an SMA-based sealing
system. When subjected to controlled heating, the SMA component contracts in diameter.
The inner wall of the SMA O-ring exerts pressure on the container’s wall, resulting in a
decrease in the canister’s diameter. Consequently, the canister wall compresses against the
knife edge, enabling the insertion of the knife edge into the inner wall of the container to
create a vacuum seal. For the Mars 2020 mission, NASA utilized the convex seal structure
proposed by Redmond et al. [29,30]. The complete structure includes a seal cup, ferrule,
ferrule retainer, ferrule retaining ring, spacer, seal cup retaining ring, and tube-retention
spring finger. During sealing, the ferrule is pushed down the seal cup, traveling along the
interior ramp, which expands the seal. On the outer side of the seal cup, there is a sharp
circumferential “tooth” that presses into the interior of the sample tube as the seal cup
expands, thus forming the seal. As part of the Mars 2020 mission, the Perseverance Rover
utilizes the sampling and caching subsystem (SCS) to facilitate the collection, processing,
storage, and eventual drop-off of multiple samples [31]. Yang et al. [32] also designed a
lunar surface sampling system capable of sampling a large area on the lunar surface, which
can realize the functions of drilling, sampling, replacing and recycling sampling tubes.

In this work, an autonomous sealing system is proposed as a vital component for
the robotic mobile sampling device. This sealing system enables individual sealing for
multi-objects operating from different geological sampling areas. It consists of a rotating
mechanism of sample tubes, rotating mechanism of sealed end caps, and external bracket.
The feasibility of the proposed system is confirmed through the design and manufacturing
of a prototype, which undergoes verification in the laboratory. The influence of seal geomet-
ric configuration on seal actuation force is systematically investigated via the finite element
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analysis (FEA) method, and the validity of the results is confirmed by in-laboratory experi-
ments. The long-term leakage rate of the seal configuration is measured experimentally,
and the long-term stability of the seal structure is verified.

2. Robotic System Design
2.1. System Description

The robotic system can automate the sampling and sealing of extraterrestrial samples.
Depending on the specific mission requirements, the number and size of sample tubes
carried within the sealing mechanism can be adjusted to accommodate samples collected
from different locations and with varying volumes. It consists of a sealing mechanism, a
coring mechanism, and a mobile platform, as shown in Figure 1. The terrestrial robots
convey the entire system to the designated task location. The coring mechanism drills at
specific spots using the coring bit, while the sealing mechanism completes the sealing of
the drill samples.
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The automatic sealing mechanism on robotic system consists of the rotating mechanism
of sample tubes, rotating mechanism of end caps, and an external bracket. The rotating
mechanism of the sample tubes serves to store both sample-filled and empty tubes during
non-operational periods.

2.2. System Workflow

During operation, this mechanism rotates the sample tube into position to receive the
sample drilled by the coring mechanism. The rotating mechanism of the sample end cap
is employed to rotate the sealing end cap directly above the sample tube in preparation
for subsequent sealing. External brackets are utilized to maintain the stability of the entire
system.

The overall assembly of the sealing system is depicted in Figure 2. Complete system
weight is 326 g.

This system is based on the drilling and sampling method and is tightly integrated
with the drilling system. The workflow is depicted in Figure 3, divided into four main steps:
receiving the extraterrestrial sample, aligning the sealing end cap, executing the sealing,
and resetting. During the sealing process, the sample tube is first rotated to the lower
part of the drill pipe to receive the sample from the sampling drill pipe. Simultaneously,
the seal end-cap storage area is rotated to a specific position so that the seal end cap is
aligned directly above the seal canister. At this point, the sampling drill pipe, seal end
cap, and seal canister are all axially aligned. The drill rod is lowered, pushing the sealing
end cap into the sealing canister within the sealing end-cap storage area. As the process
continues, sealing is achieved by an interference fit between the cutter and the seal cartridge.
Subsequently, the drill tube rises, and both the seal end-cap storage area and sample tube
storage area are reset, ready for the next sampling cycle. The next sampling cycle will take
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the opposite direction of rotation from the previous cycle, which will cancel out some of
the rotation error.
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2.3. Sealing Mechanism Design
2.3.1. Rotating Mechanism of Sample Tubes

The rotating mechanism of sample tubes is one of the operating components of the
proposed autonomous sealing system. This component has two main functions: storing the
sample tubes and driving their rotation. To realize the specific operations, the mechanical
structure of this component is mainly assembled by: (1) the sample tube bracket and
(2) rotary drive system. As shown in Figure 4, the tubes are securely fixed onto the lower
rotating bracket in a circular arrangement using screws. The lower rotating bracket is
connected to the worm gear via screws through flange bearing housing. Deep groove
ball bearings are assembled on the upper end face of the flange bearing housing and
the lower end face of the worm gear to ensure synchronization and concentricity during
rotation. Additionally, worm gear, bearing, coupling, and other transmission components
are assembled on the side of the worm gear through the bearing housing to achieve the
precise positioning and rotation of the sample tubes. The number and size of sample tubes
can be adjusted according to task requirements.
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2.3.2. Rotating Mechanism of End Caps

The rotating mechanism of end caps is another operational component of the au-
tonomous sealing system. Similar to the rotating mechanism of sample tubes, the rotating
mechanism of end caps is utilized for storing the end caps and driving their rotation. Its
overall structure is depicted in Figure 5. The sealing end caps are mounted on the upper
rotating bracket in a circumferential distribution, corresponding one-to-one with the sample
tubes directly underneath. This arrangement can be adjusted based on factors such as the
number and size of sample tubes. In this design, the upper rotating bracket is spaced at
intervals of 60◦ to accommodate the circumferential distribution of five sealing end caps,
with shaped drilling holes reserved for interaction with the drilling mechanism. Three
torsion spring-driven jaws, spaced 120◦ apart, secure each sealing end cap, with the upper
section anchored by a hollow pressure plate. This installation ensures the stability of the
sealing end caps in the non-operational state and prevents interference between compo-
nents during the sealing process. The upper rotating bracket features a large gear fixed
on its outer ring, which is driven by a pinion transmission assembly to enable the precise
rotational positioning of the end caps. Bearings are installed at both ends of the upper
rotating bracket, nested in the upper end of the center shaft, ensuring synchronization and
concentricity of the rotation of the aforementioned components to prevent an eccentric
rotation that may affect the seal. A retaining ring is mounted on the top end of the center
shaft to ensure the stability of the overall rotating mechanism. The jaws are positioned in
corresponding locations on the upper rotation bracket through studs, with the upper end
face of the jaws in contact with the lower end face of the upper rotation bracket. Torsion
springs are installed in corresponding positions of the upper rotation bracket, just below
the jaws, ensuring that the jaws are installed in the same plane.
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2.3.3. External Bracket

The whole system needs to be matched with the coring mechanism above; so it adopts
a half package design to allow space above, the bracket side plate (left and right), back plate,
and bottom plate are connected together using screws, and the center shaft is threaded onto
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the bottom plate. The bracket’s backplate is designed with rib plates to counterbalance
the influence of the mounted drive motor on overall stability. Weight reduction design is
conducted while maintaining operational stability.

3. Seal Design

In this section, two types of seal combination structures with different deformation
mechanisms are designed, including a lateral non-sliding seal and lateral sliding seal as the
classification of the mechanism.

3.1. Lateral Non-Sliding Seal

The lateral non-sliding seal structure comprises two main components: the seal cup
and the ferrule, as depicted in Figure 6. This sealing mechanism establishes a seal between
the outer knife edge of the seal cup and the inner wall of the sample tube through metal
extrusion, resulting in plastic deformation. The specific structural details are delineated in
Figure 7. During the sealing process, a vertical downward force is applied to the upper face
of the ferrule. The ferrule spacer and circlip ensure that the ferrule moves only downward.
Inside the sealing cup, there exists a ramp profile opposite the outer knife edge, sized and
shaped to allow radial outward contact with the seal cup wall. The ferrule is maintained in
the sealing position, providing continuous sealing retention force.
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3.2. Lateral Sliding Seal

The lateral sliding seal structure comprises a sealing end cap and a sample tube. The
sealing cap includes a locking end cap, a sealing ring, and a locking base, as illustrated in
Figure 8. The seal is formed through the mutual extrusion of the outer side of the sealing
ring (resembling a knife edge) and the inner wall of the sealing cylinder, resulting in plastic
deformation. During the sealing process, a vertical downward force is applied to the upper
face of the locking end cap, pressing the sealing ring into the sealing tube in excess, thereby
forming a seal.
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4. Finite Element Analysis of Sealing Performance

During extraterrestrial exploration, the demand for power consumption becomes
increasingly stringent, directly impacting probe performance and efficiency. Consequently,
in designing corresponding systems, minimizing power requirements for accomplishing
tasks is paramount. In this design, the sealing actuation power serves as the primary
criterion. The two aforementioned seal structures can be simplified into the schematic
illustrated in Figure 9. Here, the left side of the central axis depicts the sliding seal, while
the right side represents the non-sliding seal schematic. The overall seal configuration
can be achieved by rotating along the central axis. Subsequent analysis will explore the
impact of parameters labeled in Figure 9 on the seal actuation force. In addition to the
parameters indicated in Figure 9, the effect of different cross-sectional shapes of the knife-
edge configuration on the seal actuation force is considered for the non-sliding seal, as
shown in Figure 10. Testing nearly two-hundred configurations by experimental means
would consume significant time and incur high costs. Hence, utilizing the FEA method,
with its low analysis cost and short turnaround time, is preferable, enhancing both design
efficiency and cost-effectiveness.
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4.1. FEA Model
4.1.1. Lateral Non-Sliding Seal

The static general module in ABAQUS is selected to simulate and analyze the sealing
process. The specific parameters chosen for the knife edge are listed in Table 1. The overall
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seal configuration can be achieved by rotating along the central axis. Consequently, in the
FEA model, only the seal structure interface is constructed to reduce the computational
scale. The constructed axisymmetric FEA model includes the seal cup, the ferrule, and a
segment of the sample tube (length 16 mm). The ferrule spacer and circlip, which minimally
affect the sealing actuation force, are excluded during model creation. A simplified model
for simulating and analyzing the sealing process is depicted in Figure 11a.

Table 1. Specific parameters selected for the knife edge.

Names Symbols Values

Knife-edge angle θ 45/60/75
Knife-edge radius r 0.025/0.05/0.1/0.2

Interference fit t 0.2/0.3/0.4

Different shapes of the knife edge / Symmetrical/non-symmetrical
I/non-symmetrical II
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4.1.2. Lateral Sliding Seal

Due to the low loading speed of its seal actuating force, the static general module in
ABAQUS is selected to simulate and analyze the sealing process. The specific parameters
chosen for the sealing ring are listed in Table 2. The overall seal configuration can be
achieved by rotating along the central axis. Consequently, in the FEA model, only the seal
structure interface is constructed to reduce the computational scale. The locking end cap
and locking base, which minimally affect the sealing actuation force, are excluded during
model creation. The sample tube is partially retained, with its length preserved at twice the
displacement distance of the sealing ring. A simplified model for simulating and analyzing
the sealing process is depicted in Figure 11b.

Table 2. Specific parameters selected for the sealing ring.

Names Symbols Values

Angle of the bottom face θ1 30/45/60
Angle of the top face θ2 θ1 − 10/θ1 − 20/θ1 − 30

Interference fit t 0.2/0.3/0.4/0.5
Tip radius r 0.1/0.25/0.5/0.75
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4.2. Material Properties’ Parameters
4.2.1. Lateral Non-Sliding Seal

In the design of the lateral non-sliding seal structure, both the seal cup and sample
tube are fabricated from TC4 titanium alloy, while the ferrule is designated as a rigid body.
The material performance parameters are outlined in Table 3.

Table 3. Basic mechanical property parameters of materials.

Materials Yield Strength/MPa Modulus of
Elasticity/MPa Poisson’s Ratio

Titanium alloy TC4 830 114,000 0.33
Stainless steel 304L 317 227,156 0.33
Stainless steel 316L 205 197,328 0.33

Aluminum alloy
6061Al 55 75,857 0.33

PEEK 450G 97 3500 0.4

4.2.2. Lateral Sliding Seal

In the design of the lateral sliding seal structure, the sealing ring is made of PEEK
450G and the sample tube is made of 6061 aluminum alloy. The material performance
parameters are shown in Table 3.

4.3. Boundary Conditions, Connections, and Load
4.3.1. Lateral Non-Sliding Seal

In the simulation, the bottom of the sample tube is fixed to prevent displacement in
all global directions (R = theta = Z = 0), while the ferrule moves downward by −4 mm
along the Z direction, as depicted in Figure 12a. The outer face of the ferrule is set to be in
surface-to-surface contact with the inner wall of the seal cup, with a coefficient of friction
set to 0.25 [29]. The outer face of the knife edge is set to be in surface-to-surface contact
with the inner wall of the sample tube, with no friction. The sample tube spout is connected
to the sealing cup at the contact position by a “tie” constraint.
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Figure 12. Boundary conditions, connections, and load. (a) lateral non-sliding seal, (b) lateral
sliding seal.

4.3.2. Lateral Sliding Seal

In the simulation, the bottom of the sample tube is fixed to prevent displacement in all
global directions (R = theta = Z = 0), while the sealing ring moves downward by −4 mm
along the Z direction, as depicted in Figure 12b. The outer lower face of the sealing ring
is set to be in surface-to-surface contact with the inner wall of the sample tube, with a
coefficient of friction set to 0.1 [33].
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4.4. Meshing
4.4.1. Lateral Non-Sliding Seal

The sealing model utilizes CAX4R and CAX3 elements (the CAX4R element predomi-
nates). The basic element size of the seal cup is 0.2 mm, with grid refinement applied to its
contact area with other components. Specifically, the tip of the knife edge is 0.005 mm, the
side of the knife edge ranges from 0.005 to 0.02 mm, and the convex slope on the inner wall
of the seal cup adjacent to the knife edge ranges from 0.05 to 0.1 mm. Within 1 mm above
and below the contact area between the sample tube and the knife edge, the element size is
0.05 mm, while the rest of the sample tube uses 0.2 mm elements. Figure 13a depicts the
mesh assembly. Subsequent to meshing, a quality check ensures consistent mesh normal
vectors and Jacobian values exceeding 10, ensuring the accuracy and reliability of the
calculations.

Aerospace 2024, 11, x FOR PEER REVIEW  10  of  20 
 

 

set to be in surface-to-surface contact with the inner wall of the sample tube, with a coef-

ficient of friction set to 0.1 [33]. 

4.4. Meshing 

4.4.1. Lateral Non-Sliding Seal 

The sealing model utilizes CAX4R and CAX3 elements (the CAX4R element predom-

inates). The basic element size of the seal cup is 0.2 mm, with grid refinement applied to 

its contact area with other components. Specifically, the tip of the knife edge is 0.005 mm, 

the side of the knife edge ranges from 0.005 to 0.02 mm, and the convex slope on the inner 

wall of the seal cup adjacent to the knife edge ranges from 0.05 to 0.1 mm. Within 1 mm 

above and below the contact area between the sample tube and the knife edge, the element 

size is 0.05 mm, while the rest of the sample tube uses 0.2 mm elements. Figure 13a depicts 

the mesh assembly. Subsequent to meshing, a quality check ensures consistent mesh nor-

mal vectors and Jacobian values exceeding 10, ensuring the accuracy and reliability of the 

calculations. 

(a)  (b) 

Figure 13. Meshing. (a) lateral non-sliding seal, (b) lateral sliding seal. 

4.4.2. Lateral Sliding Seal 

The sealing model employs CAX4R and CAX3 elements (the CAX4R element pre-

dominates). The element sizes are as follows: 0.02 mm for the contact part of the sealing 

ring, 0.02 mm to 0.05 mm for other parts of the tip, and 0.1 mm for the section of the sealing 

ring between the locking end cap and the locking base. The inner wall of the sample tube 

in contact with the sealing ring is meshed with elements of size 0.05 mm, while the re-

mainder of the tube uses elements of size 0.1 mm. Figure 13b illustrates the mesh assem-

bly. 

4.5. FEA Results 

4.5.1. Lateral Non-Sliding Seal 

The FEA results of the maximum actuation force for each knife edge are depicted in 

Figure 14. The FEA analysis is conducted under the same interference fit conditions. The 

three  types  of  sealing  structures,  symmetrical  and  non-symmetrical  (I/II)  knife-edge 

shapes, are calculated and compared. 

As the symmetrical knife-edge shape, the maximum seal actuation force is 11.4 KN 

(knife-edge radius = 0.2 mm, and knife-edge angle = 90°), while the minimum seal actua-

tion force is 9.3 KN (knife-edge radius = 0.025 mm, and knife-edge angle = 45°). For the 

non-symmetrical knife-edge shape, there are two configurations of cross-sectional knife-

edge I (Figure 10b) and II (Figure 10c). For non-symmetrical knife-edge shape I, the max-

imum seal actuation force is 10.4 KN (knife-edge radius = 0.2 mm, and knife-edge angle = 

75°), and the minimum seal actuation force is 8.8 KN (knife-edge radius = 0.025 mm, and 

knife-edge angle = 45°). For non-symmetrical  tip shape  II,  the maximum seal actuation 

force  is  11.9 KN  (knife-edge  radius  =  0.2 mm,  and knife-edge  angle  =  75°), while  the 
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4.4.2. Lateral Sliding Seal

The sealing model employs CAX4R and CAX3 elements (the CAX4R element predom-
inates). The element sizes are as follows: 0.02 mm for the contact part of the sealing ring,
0.02 mm to 0.05 mm for other parts of the tip, and 0.1 mm for the section of the sealing ring
between the locking end cap and the locking base. The inner wall of the sample tube in
contact with the sealing ring is meshed with elements of size 0.05 mm, while the remainder
of the tube uses elements of size 0.1 mm. Figure 13b illustrates the mesh assembly.

4.5. FEA Results
4.5.1. Lateral Non-Sliding Seal

The FEA results of the maximum actuation force for each knife edge are depicted
in Figure 14. The FEA analysis is conducted under the same interference fit conditions.
The three types of sealing structures, symmetrical and non-symmetrical (I/II) knife-edge
shapes, are calculated and compared.
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As the symmetrical knife-edge shape, the maximum seal actuation force is 11.4 KN
(knife-edge radius = 0.2 mm, and knife-edge angle = 90◦), while the minimum seal actuation
force is 9.3 KN (knife-edge radius = 0.025 mm, and knife-edge angle = 45◦). For the non-
symmetrical knife-edge shape, there are two configurations of cross-sectional knife-edge I
(Figure 10b) and II (Figure 10c). For non-symmetrical knife-edge shape I, the maximum seal
actuation force is 10.4 KN (knife-edge radius = 0.2 mm, and knife-edge angle = 75◦), and
the minimum seal actuation force is 8.8 KN (knife-edge radius = 0.025 mm, and knife-edge
angle = 45◦). For non-symmetrical tip shape II, the maximum seal actuation force is 11.9 KN
(knife-edge radius = 0.2 mm, and knife-edge angle = 75◦), while the minimum seal actuation
force is 8.7 KN (knife-edge radius = 0.025 mm, and knife-edge angle = 45◦).

The numerical results indicate that the maximum seal actuation force increases with
both the knife-edge angle and the knife-edge radius for all knife-edge shapes.

However, in a longitudinal comparison of the maximum seal actuation force among
different knife-edge shapes with the same knife-edge angle and radius, the symmetrical
knife-edge structure exhibits the smallest maximum sealing actuation force (knife-edge
radius = 0.1/0.2 mm), while the maximum sealing actuation force is observed for the other
two knife-edge radii (knife-edge radius = 0.05/0.025 mm). This phenomenon arises due to
the knife edge becoming thinner as the knife-edge radius decreases at low knife-edge angles
(knife-edge angle = 45◦/60◦), resulting in greater torsional plastic deformation rather than
interference plastic deformation during sealing. Consequently, the maximum seal actuation
force for the asymmetric configuration is less than that for the symmetric configuration. More-
over, even at large knife-edge angles (knife-edge angle = 75◦), the maximum seal actuation
force of the symmetric configuration remains smaller for the same knife-edge radius.

4.5.2. Lateral Non-Sliding Seal in Other Materials

Through the above FEA results, the required sealing actuation force can be determined
for the smallest knife edge. However, in this case, the sealing actuation force demand is as
high as 8.7 KN. Therefore, alternative materials are demanded instead of titanium alloy.
Considering the difficulty in manufacturing, the symmetrical configuration is chosen with
a knife-edge angle of 45◦ and a knife-edge radius of 0.1 mm to explore the relationship
between different interference fits, materials, and sealing force. The selected material
parameters are shown in Table 3.

To investigate the effects of structure materials and interference fits on the sealing
actuation force, FEAs are conducted and compared for materials including titanium alloy
TC4, stainless-steel 304L, stainless-steel 316L, aluminum alloy 6061Al, and PEEK 450G, as
illustrated in Figure 15. Interference fits of 0.2, 0.3, and 0.4 mm are applied at the initial
assembly states. Based on the numerical results, the required seal actuation force for each
structure material increases with a greater interference fit. TC4 demonstrates the highest
seal actuation force for each initial interference fit (21.6 KN at 0.4 mm), while PEEK 450G
exhibits the lowest seal actuation force. With an interference fit of 0.2 mm, only 1.34 KN of
force is needed to achieve seal actuation for PEEK 450G.
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Figure 16 illustrates the stress contours of the sealing retention position for each
material, with a symmetrical tip configuration, a knife angle of 45◦, a knife angle radius of
0.1 mm, and an interference fit of 0.2 mm.
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4.5.3. Lateral Sliding Seal

According to the above FEA results, the seal actuation force of the PEEK material is
much smaller than other materials; therefore, the seal ring is directly selected as the PEEK
material for finite element analysis. The results of the maximum actuation force for each
sealing ring are depicted in Figure 17. The FEA analysis is conducted under the same
interference fit conditions. The maximum seal actuation force is calculated and compared
for seal ring configurations with varying bottom face angles, differences in upper and lower
end face angles, and tip radii.
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For a sealing ring with a bottom face angle of 30◦, the maximum seal actuating force is
1.35 KN (tip radius = 0.75 mm, and difference in upper and lower face angles = 30◦), and the
minimum seal driving force is 0.25 KN (tip radius = 0.1 mm, and difference in upper and
lower face angles = 10◦). For a sealing ring with a bottom face angle of 45◦, the maximum
seal actuating force is 1.93 KN (tip radius = 0.75 mm, and difference in upper and lower
face angles = 30◦), and the minimum seal driving force is 0.35 KN (tip radius = 0.1 mm,
and difference in upper and lower face angles = 10◦). For a sealing ring with a bottom
face angle of 60◦, the maximum seal actuating force is 1.98 KN (tip radius = 0.75 mm, and
difference in upper and lower face angles = 30◦), and the minimum seal driving force is
0.82 KN (tip radius = 0.1 mm, and difference in upper and lower face angles = 10◦).

The numerical results indicate that the maximum seal actuation force increases with
both the sealing ring tip radius and the difference between upper and lower end face angles
for all sealing ring shapes.

Considering the machining difficulty and surface contact stresses, a sealing ring
structure with a bottom face angle of 45◦ and a tip radius of 0.25 mm was used to explore the
relationship between different angular differences (10◦, 20◦, and 30◦), different interference
fits (0.2 mm, 0.3 mm, 0.4 mm, and 0.5 mm), and sealing forces. The FEA results are shown
in Figure 17d.

From the above results, it is evident that the sealing actuation force of the sealing
ring increases with the interference fit. Moreover, at the same interference fit, the sealing
actuation force increases with the angular difference. The maximum sealing actuation
force occurs when the angular difference is 30◦ at an interference fit of 0.5 mm, reaching
1.19 KN. Conversely, the minimum maximum sealing actuation force occurs when the
angular difference is 10◦ at an interference fit of 0.2 mm, which is 0.39 KN.

Considering the aforementioned results, and accounting for factors such as machining
difficulty, sealing actuation force, and surface contact stress, an interference fit of 0.3 mm, a
bottom angle of 45◦, an angular difference of 20◦, and a tip radius of 0.25 mm have been
selected. The maximum sealing force is calculated to be 0.8 KN. This configuration will
serve as a reference for subsequent designs. Figure 18 shows a plot of the seal actuation
force versus sealing ring downward displacement for selected sealing ring configurations
in the FEA model, as well as a plot of the simulated state of the seal ring at a number of
specific nodes labeled in the figure.
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5. Experiment

Through the FEA results in Section 4, the lateral sliding seal structure is identified
as the optimal structure using the seal actuation force as the reference standard. In this
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section, a seal and leakage rate test rig are designed to verify the actual actuation force and
leakage rate of the selected seal structure.

5.1. Actuation Force Testing

The sealing operation of the sample tube system is executed by controlling the uniaxial
testing machine indenter to move down the necessary stroke for sealing, while recording
the force feedback during the downward pressure. The actual measured parameters of
the sample seal assembly structure are summarized in Table 4. The specific experimental
procedure is shown in Figure 19.

Table 4. Measured parameters.

Number Inner Diameter of the Sample Tube Seal Ring Outer Diameter

1 24.11 mm 24.40 mm
2 24.13 mm 24.40 mm
3 24.11 mm 24.38 mm
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The force feedback of the sealing process of the sample tube, measured by the uniaxial
testing machine, is compared with the corresponding theoretical analysis results via the
FEA. As shown in Figure 20, the force–displacement curves of the testing data and FEA
results represent the varying of the axial actuation force over the sealing process.
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The force increases with displacement at start, until reaching the peak value (maximum
actuation force). In this period, the sealing ring undergoes radial compression, which
transfers from an elastic deformation state to a plastic one. Then, the force descends with
the displacement increasing due to deformation release and redistribution in both the
sealing ring and contacted structure. Finally, the sealing structure achieves a steady state
with the trivial fluctuation in force varying with displacement. The boundary line noted in
the figure is marked as entering into a quasi-sealed state. The boundary lines colored as
light green and blue (or purple) represent the FEA and experimental results, respectively.

It can be observed that the experimental results of each group are consistent with the
theoretical analysis in the second half of the sealing process. Moreover, the displacement
nodes reaching the quasi-stable sealing plateau generally correspond to the FEA results.
However, slight discrepancies are observed in the experimental results during the first
half of the sealing process, with the error in the maximum seal actuation force remaining
within 5.8%. These differences may stem from minor inaccuracies in the processing of the
sealing ring’s outer diameter and the sealing tube’s inner diameter. Since the load during
the seal initiation phase is primarily influenced by the friction coefficient and the geometric
interference of the components, the alignment of the experimental and simulated curves
at the quasi-stable sealing plateau in the latter part of the sealing process underscores the
suitability of the chosen friction coefficient. Deviations are attributed to machining errors
in the sealing pairs or slight misalignment during assembly.

5.2. Leaking Rate Testing

In order to evaluate the sealing performance of the sealing structure, an external-
pressure analog leakage detection device is established based on the actual sealing envi-
ronment, as illustrated in Figure 21. The sample tube was secured within the chamber
of the external-pressure analog container, and the chamber was pressurized with gas to
create a differential pressure between the interior and exterior of the sealed container. This
adjustable differential pressure environment allows for testing the sealing effectiveness of
the container under varying pressure conditions.
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The results of the leaking rate test for the sample tube, subjected to an internal and
external pressure difference of one atmosphere for 120 h, are depicted in Figure 22. Data
were collected hourly for the first 12 h and then measured every 24 h thereafter.

The results indicate that the leakage rate of the sealing mechanism achieves a stable
state after 10 h in laboratory-level experiments. The leaking rate can be maintained in the
order of 10−7~10−6 Pa·m3/s. The fluctuation in the curve within the first ten hours might
been caused by room-temperature variation and measurement errors.
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5.3. Working Principle of Autonomous Sample-Collecting System

According to the system design scheme mentioned in Section 2, the prototype parts
are processed to complete the assembly of the prototype.

The primary function of the motor in the sample tubes rotating mechanism and sealing
end-cap rotating mechanism is to accurately position the sample tubes and sealing end caps.
This function primarily entails position control, with no requirement for speed regulation.
Both the sample tube rotating mechanism and sealing end-cap rotating mechanism are
assembled with deep-groove ball bearings, resulting in a minimal actual load on the motor.
Additionally, labor-saving gear transmission components with a 2:1 ratio are utilized.
Therefore, torque indicators for the rotating motor are unnecessary. The MKS SERVO42D
motor (Guangdong Maker Base, Guangdong, China) is selected here, and its electrical
parameters are detailed in Table 5.

Table 5. Specifications of the motor.

Model Values

Working voltage U/V 24
Maximum speed ωmax/rpm 3000

Holding torque T/N·m 0.4
Step angle θ/◦ 1.8

This mechanical system solely serves as a sealing system. To execute the entire set
of corresponding tasks, it must be integrated into the extraterrestrial mobile system and
the drilling system. The ground mobile system utilizes the Unitree Go2 robot dog to carry
the physical assembly of the entire machine system, as depicted in Figure 23. As shown in
Figure 24, the workflow of the designed prototype is that the coring bit moves upward and
the sample tube rotates to the position below the coring bit. Then, the pushing rod propels
the sample from inside the core drill bit into the sample tube. Following this, the core
drill bit ascends once more, and the sealing end cap rotates to directly above the sample
tube. Finally, the coring bit descends, pressing the sealing end cap into the sealing tube to
complete the sealing process.
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Figure 24. Workflow of automatic sealing mechanism:(a) the coring bit moves upward, (b) the sample
tube rotates to the position below the coring bit, (c) the pushing rod propels the sample from inside
the coring bit into the sample tube, (d) the core drill bit ascends once more, and the sealing end cap
rotates to directly above the sample tube, (e) the coring bit descends, pressing the sealing end cap
into the sealing tube, (f) sealed sample tube.

6. Future Study

To date, we have produced a set of automatic sealing mechanisms to verify the
feasibility of the workflow. However, the experiments conducted in this paper are based
on Earth’s environment. In the actual process of extraterrestrial sampling, the working
environment differs significantly from that on Earth, including variations in temperature,
radiation, and vacuum conditions. Therefore, it is essential to simulate the corresponding
extraterrestrial environment for further experimental verification.

Additionally, it is necessary to enhance the thermal design of the automatic sealing
mechanism to improve the reliability of the entire system in low-temperature environments.

7. Conclusions

This paper outlines a sealing system design for extraterrestrial sampling. It includes
multiple sample tubes for separate sealing operations, with feasibility confirmed through
experiments. The study explores the impact of various geometric parameters on the actuation
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force of lateral knife-edge seal structures employing two deformation mechanisms. Parametric
numerical analysis reveals that the optimal configuration for a low actuation force includes
a lateral sliding seal structure, PEEK material, a 0.25 mm tip radius, 0.3 mm interference, a
45◦ angle of the lower face, and a 20◦ difference between the upper and lower face angles. The
sealing structure is tested for long-term leakage rate, and the leakage rate is kept in the order
of 10−7~10−6 Pa·m3/s for 120 h. The sealing mechanism is relatively compact, with measured
overall dimensions of 152 mm × 180 mm × 123 mm, and a weight of 326 g. In conclusion, this
work presents a novel design exploration aimed at enabling autonomous sampling sealing for
extraterrestrial missions. Future research will focus on further examining the environmental
feasibility of this design under extraterrestrial conditions.
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