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Abstract 

The encapsulation of lunar samples is a core research area in the third phase of the Chinese Lunar Exploration Pro-
gram. The seal assembly, opening and closing mechanism (OCM), and locking mechanism are the core components 
of the encapsulation device of the lunar samples, and the requirements of a tight seal, lightweight, and low power 
make the design of these core components difficult. In this study, a combined sealing assembly, OCM, and locking 
mechanism were investigated for the device. The sealing architecture consists of rubber and an Ag-In alloy, and a the-
ory was built to analyze the seal. Experiments of the electroplate Au coating on the knife-edge revealed that the her-
metic seal can be significantly improved. The driving principle for coaxial double-helical pairs was investigated 
and used to design the OCM. Moreover, a locking mechanism was created using an electric initiating explosive device 
with orifice damping. By optimizing the design, the output parameters were adjusted to meet the requirements 
of the lunar explorer. The experimental results showed that the helium leak rate of the test pieces were not more 
than 5 × 10−11 Pa·m3·s−1, the minimum power of the OCM was 0.3 W, and the total weight of the principle proto-
type was 2.9 kg. The explosive driven locking mechanism has low impact. This investigation solved the difficulties 
in achieving tight seal, light weight, and low power for the lunar explorer, and the results can also be used to explore 
other extraterrestrial objects in the future.
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1  Introduction
The study of lunar samples helps humans investigate the 
origin and evolutionary history of the moon, and it also 
contributes to understanding the evolution of the solar 
system; thus, it has profound scientific significance [1, 2]. 
To achieve the research goal of lunar samples, the lunar 
sample and return mission (SRM) must be first com-
pleted, and the encapsulation of the lunar samples is one 
of the core tasks.

The moon is the nearest celestial body to the earth and 
is the primary goal of deep-space exploration programs. 
The United States and the former Soviet Union were the 

first countries to investigate the encapsulation of lunar 
samples. The encapsulation device for lunar samples 
developed by the former Soviet Union used the seal-
ing assembly of a rubber-ring. Its opening and closing 
mechanism (OCM) is a hinge mechanism driven by an 
explosive device, and its locking unit is a simple-barbed 
structure [3]. The United States obtained lunar samples 
through the Apollo Project, in which the encapsula-
tion device was a box. The box used a sealing assembly 
of metal and rubber-rings, and the astronaut closed and 
locked the cover [4].

In a recent development, the explorers that finished 
the SRM were the Hayabusa explorer of Japan, the Osi-
ris explorer of the United States, and the  Chang’e-5 
explorer of China. The sample container of Haya-
busa-1 adopted two rubber-rings to seal its cover and 
closed using a linear mechanism driven by a motor, 
and its locking mechanism was a spring clasp [5]. 
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Subsequently, the Japan Aerospace Exploration Agency 
(JAXA) studied a seal made of pure aluminum metal, 
which was then used for the Hayabusa-2 explorer [6]. 
The Osiris explorer may have used fluorine-rings to 
seal asteroid samples [7]. Because the Osiris detector 
will return to Earth by 2023, its sealing performance 
is unknown. Since 2010, China has started research on 
encapsulation of lunar samples, and the research results 
were used for the Chang’e-5 explorer, which completed 
the lunar SRM in December 2020 [8]. The encapsula-
tion subsystem of the Chang’e-5 explorer was a self-
contained system. Its integrated mechanical unit could 
independently complete the functions of unlocking, 
opening, closing, and locking for the cover. Its hermetic 
sealing unit used a combined sealing assembly with a 
rubber-ring and a metal knife-edge [9].

Researchers are currently studying and developing 
encapsulation device for samples of extra-terrestrial 
objects. Since 2009, the United States has studied 
many sealing architectures for Mars SRMs [10–13], 
including rubber-rings, soft metals [14, 15], knife-
edges [16], metal welding [17], explosive joining [18], 
and the ongoing shape memory alloy (SMA) [19, 20]. 
Both rubber-rings and soft metal seals are manufac-
tured by extruding structures (such as knife edges) in 
rubber or soft metal. Rubber-rings can be sealed at a 
leak rate of 10−4–10−8 Pa·m3·s−1. Soft metals can be 
sealed at a leak rate of 10−8–10−11 Pa·m3·s−1. Thus far, 
the only research results applied to sample sealing for 
extraterrestrial objects are for rubber and soft metal 
seals. A metal welding seal is used to weld the low-
melting metal in the groove of the cover. The metal is 
then melted by heating and cooled to form a seal. The 
explosive joining process uses an explosively driven, 
high-velocity, angular collision of the metal to weld 
the contact surfaces and seal the cover. The leak rates 
of the metal welding and explosive joining are better 
than 10−11 Pa·m3·s−1. The SMA seal is a new concept 
for the Mars Sample Return 2020 (MSR 2020) program 
developed by the United States. The SMA seal uses the 
SMA shape memory effect to create a hermetic seal. 
The National Aeronautics and Space Administration 
(NASA) reported that the leak rate of the SMA seal was 
better than 2 × 10−11 Pa·m3·s−1. America has also stud-
ied containers for Martian atmospheric samples [21]. 
This container was sealed with Teflon, and a valve was 
used to open and close the sampling hole.

Based on the application of the Chinese Lunar Explo-
ration Program, the researchers investigated an encap-
sulation device and confirmed the results through 
simulation and tests.

2 � System Description
The encapsulation device for lunar samples is used to seal 
lunar samples. The hermetic sealing unit and mechanical 
unit are the cores of the encapsulation device. Figure  1 
shows the makeup of the encapsulation device.

Hermetic sealing is a key technology for sealing lunar 
samples and for preventing contamination. The sealing 
unit uses a combined sealing architecture of rubber and 
Ag-In alloy. This sealing architecture takes advantage of a 
rubber ring and a metal seal, and this seal is also easy to 
fabricate.

The locking mechanism, OCM, and structure com-
prise a mechanical unit. Because the structural part is 
well known, it is not described in this study. The opening 
mechanism functions by moving the cover away from the 
sealing architecture in a straight line and then rotating it 
open, and the closing process is the opposite. Therefore, 
we have studied a new combined mechanism driven by 
a single motor that uses a coaxial double helical pair to 
move the cover in a linear motion or rotational motion. 
The locking mechanism is a rocker arm driven by an 
explosive actuator, the key technology for which is ori-
fice damping. It locks the lid by applying a sealing force. 
These technologies make the device smaller and lighter.

The sealing and mechanism units are closely con-
nected. The sealing architecture determines the design 
of the OCM and locking mechanism. The process for the 
study is to first find the linear displacement and mini-
mum sealing force of the sealing unit and then design 
the transmission of the mechanism unit based on these 
parameters.

Figure 1  Composition of the encapsulation device
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The linear displacement of the OCM must be greater 
than the thickness of the lid because the cover can enter 
or separate from the sealing architecture in a straight 
line. The locking mechanism applies a sealing force to 
the sealing structure, and its value must be greater than 
the minimum value required. Figure 2 shows the research 
process, including the association between the sealing 
unit and mechanism.

3 � Sealing Unit
3.1 � Sealing Architecture
The outer and inner seals of the sealing architecture are 
rubber-ring and edge seals, respectively, as shown in Fig-
ure 3. A rubber-ring is a low-temperature fluorine-rubber 
that can handle a low-temperature environment on the 
lunar surface. The material used for metal sealing was an 
Ag-In alloy, and the knife-edge was a titanium alloy. Indium 
is frequently used as a hermetic sealing material because 
of its excellent mechanical properties and vacuum stabil-
ity [22]. In this study, the melting point of the Ag-In alloy 
was 170–176 ℃. This alloy adapts well to the environment 
of lunar surface. The hardness of the Ag-In alloy is approxi-
mately Shore 50; thus, the force of knife-edge pressing in 
the Ag-In alloy is reasonable.

Figure 3 shows that the cover of the lunar sample con-
tainer can only enter or separate from the sealing archi-
tecture in a linear motion along the axis of the container. 
The cover is first lifted by the OCM and rotated counter-
clockwise for opening, rotated clockwise, and then falls 
into the sealing architecture for closing. Finally, the locking 

mechanism applies a sealing force on the knife-edge and 
locks the lid.

According to the design of the sealing unit, the output 
displacement of the linear motion of the OCM was 41 ± 1 
mm and the output angle was 120° ± 1°. Through simula-
tion, we obtained information about the sealing force and 
linear movement of the sealing unit. These parameters 
were used to design the mechanism unit.

3.2 � Sealing Force and Linear Displacement
Previous studies have shown that the depth of the knife-
edge pressed into the Ag-In alloy must be larger than the 
threshold value for effective hermetic sealing. The inside 
of the rubber-ring should maintain stress to create a seal; 
therefore, the sealing force determines the sealing perfor-
mance. During the sealing process, the compression of the 
rubber-ring, friction, and extrusion of the knife-edge press-
ing into the Ag-In alloy all work together to create a sealing 
force. We calculated the law between the sealing force and 
displacement and used it to determine the minimum sealing 
force and displacement required to make a hermetic seal.

The sealing force is divided into two parts: The first part 
is the resultant force of the extrusion force and friction of 
the rubber-ring, and the other is the force of the knife-edge 
pressing into the Ag-In alloy. The sealing process creates a 
hermetic seal with a rubber-ring first, followed by an edge 
seal. The change in sealing force consists of three stages. 
The first stage involves squeezing the rubber-ring into the 
sealing structure. The second stage involves sliding the rub-
ber-ring along the axis of the container, and the third stage 
involves pressing the knife-edge into the Ag-In alloy.

In this study, the finite element method (FEM) analysis 
was used to calculate the change law of the sealing force 
in the three stages. The element of the finite element 
model was an axial symmetry plane element, and the fil-
let of the tooltip was R0.1 mm. The Moony-Rivlin model 
describes the material model of the rubber and agrees 
well with the experimental data on the rubber material. 
The Moony-Rivlin material model is based on the follow-
ing expression:

(1)Wd = C1(I1 − 3)+ C2(I2 − 3),
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where Wd is the strain energy density. C1 and C2 are the 
dimensionless material constants fitted to the test data. 
I1 and I2 are the principal invariants of the Cauchy-Green 
deformation tensor. The model also has friction between 
the rubber ring and metal, and the friction coefficient is f. 
Table 1 lists the parameters of the rubber material.

We used an elastic-plastic model to describe the 
Ag-In alloy. The parameters of the elastic-plastic model 
presented in Table 2, which obtained by calculating the 

test results. The knife-edge material is a titanium alloy, 
described as an elastic material model. The parameters 
of the titanium alloy are listed in Table 3.

The three layers shown in Figure  4 are responsible for 
the sealing force and displacement. The top layer indicates 
the state of each stage. The second layer is the relationship 
between each sealing force and the sealing displacement, and 
the third layer indicates the association between the sealing 
force and the displacement over the entire process.

The motion of the sealing process is in a straight line, over 
a displacement of 4.7 mm, and requires a minimum force of 
3890 N. The first stage had a displacement of 2.1 mm and 
strength of 118 N. The second stage had a friction of 107 N 
and displacement of 2 mm. In the third stage, the sealing 
force was 3890 N, and the distance was approximately 0.6 
mm.

3.3 � Theory of Sealing Leak Rate
Figure  3 shows that the sealing assembly is a tandem 
mechanical seal made of a rubber-ring and an Ag-In 
alloy. The theory of sealing leak rate is built based on the 
micro porous-molecular flow theory.

According to Roth’s theory, the leak rate depends on the 
contact parameters of the sealing surface, such as average 
stress, contact width, and contact length. In this study, the 
contact parameters were calculated using FEM analysis.

The contact width of the sealing face of the rubber and 
its contact stress at different positions along the width are 

Table 1  Parameters of the Moony-Rivlin model

C1 C2 f ρrubber (g·cm−3)

1.5862 0.09504 0.25 1.19

Table 2  Parameters of the Ag-In alloy

Elastic Elastic modulus E1 (GPa) 1–3

Poisson’s ratio 0.42

Plastic Yield stress (MPa) 10–29

Table 3  Parameters of the titanium alloy

Item Elastic modulus E2 (GPa) Poisson’s ratio Density ρT (g·cm−1)

Value 110 0.3 4.7
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Figure 4  Change law of sealing force in the sealing process
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shown in Figure  5(a). The abscissa in Figure  5(a) repre-
sents the position of the contact face, and the longitudi-
nal axes represent the contact stresses. Figure 5(b) shows 
the stress distribution in the rubber-ring.

The contact width of the knife-edge and stress at dif-
ferent contact positions are displayed in Figure 6(a). The 
abscissa in Figure 6(a) is the X-axis of the contact cross-
section, and the left longitudinal axis is the Y-axis of 
the contact cross-section (the cross-section is in the XY 
plane). The right longitudinal axis represents the contact 
stress of the Ag-In alloy. Figure 6(b) shows the stress dis-
tribution in the Ag-In alloy.

Based on the hypothesis of molecular flow, Chang et al. 
[23] proposed a theory of the hermetic leak rate of a rub-
ber-ring, expressed as Eq. (2):

where Q1 is the hermetic leak rate of the rubber-ring, T is 
the temperature of air in Kelvin, and M is the molar mass 
of air. H is the height of the micro-leak, is determined by 
the roughness of the sealing face. D, W, Ks, and ΔP repre-
sent the equivalent diameter, effective width, and sealing 
coefficient. The pressure difference on both sides was ΔP. 
The average contact stress on the sealing face is σ .

The metal seal of the encapsulation device is an edge 
seal, which is a metal-metal seal. According to Roth’s 
theory, the hermetic micro-leak rate of a seal is given 
by the following equation [24, 25]:

where QS is the hermetic leak rate of a single micro-leak; 
R is the air constant; θ is the bottom angle of the cross-
section of the leakage; and h is the relative height of the 
leak, which has the following relationship with H:

(2)Q1 = 8
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Figure 5  Calculated results of the rubber-ring: (a) Contact positions 
and contact stress of the rubber-ring, (b) Stress distribution 
of the rubber-ring
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Assuming that the micro-leaks distributed on the seal-
ing face are even, the number of micro-leaks (N) can be 
expressed using Eq. (5):

The expression for the leak rate of the annular edge seal 
can be obtained using Eqs. (3)–(5), as shown in Eq. (6):

where Q2 is the hermetic leak rate of the metal seal. Dur-
ing the machining of a sealing face, the cutting tool leaves 
many circular marks on the surface, as shown in Figure 7.

The width of the sealing face is defined as W = δcw 
because there are many circular marks on the face, where 
δc is the contact coefficient with a value of 0 ≤ δc ≤ 1. The 
modified equation shows how well the knife-edge sticks 
to the Ag-In alloy. When the knife-edge does not stick to 
the Ag-In alloy, the contact coefficient is δc = 0. A con-
tact coefficient of δc = 1 indicates that the knife-edge and 

(4)
h

H
= exp(−

σ

Ks
).

(5)N =
πD tan θ

2H
.

(6)Q2 = NQs = 1.42

√

RT

M

DH2

w
exp(−

3σ

Ks
)�P,

alloy stick together completely. The equation for the her-
metic leak rate is as follows:

Because the rubber-ring and knife-edge are tandem 
seals, the equation of the total hermetic leak rate (Q) is 
given by:

The parameters in Table  4 were employed to calcu-
late the seal of the encapsulation device and provide the 
results in Figure 8. In the figure, the abscissa axis repre-
sents the contact coefficient, the ordinate axis represents 
the hermetic leak rate. Figure 8 indicates that the contact 
coefficient significantly affected the leak rate.

(7)Q2 = 1.42

√
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δcw
exp(−

3σ
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(8)Q =
Q1Q2

Q2 + Q1
.

Figure 7  Machining-tool traces on the sealing face

Table 4  Parameters of sealing model

Item Temperature
T (K)

Air constant
R (J(kg·K)−1)

Molar mass of air
M (kg·mol−1)

Contact coefficient
δc

Sealing coefficient
Ks (Pa)

Rubber 293.2 287 0.029 0−1 9.9 × 105

Ag-In 293.2 287 0.029 0−1 7.6 × 106

Item Sealing width
W (m)

Height of the micro-
leak
H (m)

Equivalent diameter
D (m)

Pressure difference
∆P (Pa)

Contact stress
σ  (Pa)

Rubber 1.5 × 10−3 8 × 10−7 m 1.65 × 10−1 1 × 105 1.7 × 106

Ag-In 8.9 × 10−4 8 × 10−7 m 1.2 × 10−1 1 × 105 3.95 × 107

Figure 8  Calculated results of leak rate
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The slope angle of micro-channels on more than 90% 
of rough-metal surfaces is 1°−4°, according to a study 
by Roth [26, 27]. Roth’s theory assumes that the cross-
section of the micro-leaks is an isosceles triangle with 
a base angle of 4°. As shown in Figure  9, the cutting 
traces on the sealing face are similar to the traces with 
the cross-section of an isosceles triangle.

The peak fillets of the cutting traces experience the 
most contact under contact pressure. θ is the slope 
angle of the micro-channels, which equals 4°, and r is 
the fillet radius of the peak point of the traces. From 
Figure  9, it can be seen that the expression for the 
limiting value of δlim is given by Eq. (9), where Ra is 
the roughness value, δp is correction factor related to 
contact pressure. It is estimated that the δlim equals to 
0.04. According to Figure  8 and the value of δlim, the 
theoretical minimum value of the hermetic leak rate 
is 8.8×10−10 Pa·m3·s−1 when the sealing surface is not 
treated. When the hermetic leak rate reaches 5×10−11 
Pa·m3·s−1, the contact coefficient (δc) must be greater 
than 0.7.

These tests proved the validity of the theory. Without 
Au coating, the test values of the hermetic leak rate were 
greater than 10−9 Pa·m3·s−1. Based on the above analysis, 
increasing the contact coefficient of the sealing face can 
decrease the leak rate. Therefore, we proposed electro-
plating the sealing face with Au as a solution. The prin-
ciple is that the contact coefficient of the sealing face is 
increased by filling the cutting traces with the Au coat-
ing. Table  5 shows that the helium leak rate of the test 
pieces can be as low as 5×10−11 Pa·m3·s−1 when there is 
an Au coating on the surface of the knife-edge for cutting 

(9)δlim ≈
rθ2

Ra
δp.

depths greater than 0.45 mm. The test pieces with the Au 
coating is shown in Figure  10. The test results used the 
explosive actuator is far greater than the helium leak rates 
of the test pieces, as shown in Figure 11. The result is due 
to the piece has finished the vibration test in advance and 
some other reasons, which will be studied deeply in the 
research of engineering prototype.

4 � Mechanical Unit
4.1 � Architecture
The mechanical units of the encapsulation device are 
the OCM, locking mechanism, and structure. Because 
the OCM and locking mechanisms are the transmission 
parts of the device, they are the core parts of the study.

The OCM possesses a motor, shell, guide notch, ping, 
screw rod, jackshaft, and output-shaft, as shown in Fig-
ure 12. As a combined mechanism, the OCM can output 
linear and rotational displacements in the segments.

Figure  13 illustrates the locking mechanism, which 
consists of an explosive actuator, locking ring, locker, 
cover, and wedge groove. The power source of the 

Figure 9  Cutting traces on the sealing face

Table 5  Test results of hermetic leak rate

Sealing force (N) 2940 3430 3920 4410 4900

Depth (mm) 0.45 0.55 0.67 0.76 0.85

Helium leak rate (Pa·m3·s−1) �> 5 × 10−11 Figure 10  Test pieces with Au coating on the sealing face

Figure 11  Tests using a helium leak detector
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locking mechanism is an explosive actuator, which can 
apply sufficient force to seal and lock the lid. To prevent 
the structure from impacting, a damping architecture 
with small orifices was used to control the speed of the 
piston by adjusting the gas flowing through the small 
orifices. The explosive actuator was composed of rub-
ber-rings, a shell, a piston, a damping chamber, a thrust 

chamber, small orifices, gunpowder, and an electric 
igniter (Figure 14). The piston divides the interior of the 
actuator into two parts: the front chamber is the damp-
ing chamber (④ in Figure 14) and the rear chamber is 
the trust chamber (⑥ in Figure 14).

4.2 � Transmission and Verification
4.2.1 � Opening and Closing Mechanism
The transmission parts of the OCM are the screw rod, 
jackshaft, and output-shaft, which are coaxial. The con-
tact surfaces of the transmission parts are coated with a 
solid molybdenum disulfide (MoS2) lubricant and thus 
have a small friction coefficient and high performance 
in vacuum [28–30]. The OCM has two helical pairs: the 
screw rod and jackshaft form a helical pair with a lead 
angle of λ1, and the jackshaft and output-shaft form a 
helical pair with a lead angle of λ2. The output-shaft 
fixes a ping that limits the freedoms of the output-shaft 
within the guide notch. Because the angle of λ1 is very 
small, the revolving screw rod drives the jackshaft and 
the output-shaft to generate a linear motion when the 
ping is in the guide notch of the linear segment. The 
ping limits the linear freedoms of the output-shaft 
within the guide notch of the rotational segment, and 
the linear movement of the jackshaft only drives the 
output shaft to rotate because λ2 is a  large value. The 
output of the output-shaft is determined by the loca-
tion of the ping at the guide notch. The transmission 
principle is illustrated in Figure 15.

The parameters of the OCM were the input, output, 
and structural parameters. The input parameters were 
the input torque and speed, and the output parameters 
were the displacement, velocity, and other parameters 
output by the OCM. The structural parameters describe 
the contours of OCM. The matrix of the input torque for 
the OCM is presented in Eq. (10):

where T is the matrix of the input torque of the mecha-

nism, defined as T =

[

TL

TR

]

 , which expresses the input 

(10)T = Γ Ψ 1,

Figure 12  Composition of the OCM

Figure 13  Composition of the locking mechanism

Figure 14  Composition of the explosive actuator

Figure 15  Transmission principle of the OCM
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torque parameters. The input torques in the linear and 
rotational segments are TL and TR, respectively. Г is the 

load matrix of the mechanism, defined as Γ =

[

G 0
G Mr

]

 , 

expressing the loads. G is the linear load on the output 
shaft and Mr is the torque load on the output shaft. Ψ1 is 

defined as Ψ 1 =

[

d2 tan(�1+ρ′)
2

1+µ tan �2
2D2(tan �2−µ)

d2 tan(�1 + ρ′)

]

 , where d2 

is the pitch diameter of the screw, λ1 is the lead angle of 
the screw rod, μ is the friction coefficient, ρ′ is the equiv-
alent friction angle, D2 is the pitch diameter of the jack-
shaft, and λ2 is the lead angle of the jackshaft.

The output matrix of the OCM is given by Eq. (11), 
which represents the displacement, velocity, and other 
parameters outputted by the OCM.

where Ξ is the matrix of the output parameters, 
expressed as Ξ =

[

y v ϕ ϕ′
]T ; y is the linear displace-

ment; v is the linear velocity; ϕ is the angle; and ϕ′ is the 
angular velocity. Ψ2 is a matrix of structural parameters, 
defined as ψ2 =

[

A A B B
]T , where A =

d2 tan �1
2  and 

B =
d2 tan �1
D2 tan �2

 . Θ is the matrix of the input parameters of 

the OCM and Θ =
[

θL ω θR ω
]

 , where θL and θR are the 
input angles of the OCM in the linear and rotational seg-
ments, respectively, and ω is the input speed of the OCM.

A program was created for the transmission model, 
and the calculations were performed. A principle  pro-
totype was also tested, the results of which are listed 
in Tables  6 and 7. Figure  16(a) shows the relationship 
between the input torque (TR) and output angle ( ϕ ). The 
curves in Figure  16(b) were extended owing to some 
unmeasurable data, which correctly displayed the trend 
of the input torque (TL) with the output displacement 
(y). The output angle ( ϕ ) of the rotational segment was 
in the range of 0–120.2°, and the input torque was Tr = 
34.3–49 mN·m. The output linear displacement was y 
= 0–41.5 mm, and the input torque was TL = 19.6–59 
mN·m. The data show that the input torque was small. 

(11)Ξ = Ψ 2Θ ,

It can be seen from Table  6 that the input speed was 
15 r/min, and the input revolution was 43.5 R. Table  7 
indicates that the linear and angular displacements 
were 41.5 mm and 120.2°, and this implies that the lid’s 
opening position will not interfere with the sampler. 
Table  7 also shows that the output speeds were 0.38 

Table 6  Input parameters of the OCM

Item Calculation Experiment

Input torque for linear motion TL (mN·m) 21.5 19.6–59

Input torque for rotational motion TR (mN·m) 48.3 34.3–49

Input speed nr (r/min) 15 −

Input revolution (r) θL = 27.5
θR = 15.0

−

Table 7  Output parameters of the OCM

Items Calculation Experiment

Linear displacement y (mm) 41. 6 41.5

linear speed v (mm·s−1) 0.38 −

Output angle φ (°) 120 120.2

Time for opening or closing t (s) 169.3 170

Output angular speed φ’ (°/s) 2 −
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Figure 16  Output parameters of the OCM: (a) Output parameters 
in rotation, (b) Output parameters for linear motion
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mm·s−1 and 2°/s; thus, the opening or closing time was 
t = y/v + ϕ/ϕ′ = 41.5/0.38 + 120.2/2 = 169.3 s. The 
minimum input power was P = TminnS/9550η = (59 × 1
5  ×  2)/(9550  ×  0.6)  ≈  0.3  W, where Tmin is the mini-
mum input torque required, nr is the input speed, S is 
the safety factor, and η is the efficiency.  

4.2.2 � Locking Mechanism
The locking mechanism is a rocker arm driven by an 
explosive actuator. The rotation center of the rocker 
was a rotating joint, RA. The explosive actuator can be 
regarded as a parallel pair, called P, and the two ends 
of the explosive actuator are the rotating joints (RB 
and RC). The end of the rocker arm is a screw pair, 
termed HD, and the parallel pair (P) drives the rocker 

arm around A. The screw pair (HD) moves the locking 
mechanism along the Z axis (i.e., the direction is per-
pendicular to the X and Y planes). Figure 17 shows the 
manner in which the locking mechanism operates.

From the previous discussion, the explosive actuator 
is both a power source and a damping device; therefore, 
its dynamic model is essential for understanding the 
locking mechanism. First, a mechanical model of the 
explosive actuator was built. Eq. (12) is the propellant 
combustion equation for the explosive actuator [31].

where Ω is the percentage of the whole gun propellant 
burned and Z is the thickness of the gun propellant. λ, 
μp, and χ are the main characteristics of the shape, and 
et is the thickness of the gun propellant burned at time 
t. The burning rate of the gun propellant is expressed by 
Eq. (13):

where u0 is the burning rate coefficient and n is the pres-
sure index of the burning rate.

The gas equation of the propellant is the Noble-Abel 
state equation [32]. After differential operation, the func-
tion of the gas pressure in the damping chamber is given 
by Eq. (14):

where Pz is the pressure in the damping chamber and ωp 
is the charge weight. fp is the power and α is the covol-
ume. ρ is the density and δz is the temperature correc-
tion factor of the gas in the damping chamber. GM is the 
amount of gas flowing from the damping chamber to the 
thrust chamber. x is the displacement of the piston and 
xM is its maximum. VZ is the initial volume of the damp-
ing chamber and AZ is the action area of the piston in the 
damping chamber.

The pressure change rate in the trust chamber is 
expressed by the following equation:

where Pd denotes the pressure in the thrust chamber. δd 
is the temperature correction coefficient of the gas in 
the thrust chamber. Vd is the initial volume of the thrust 

(12)
dΩ

dt
=

1

e
χ(1+ 2�Z + 3µpZ

2)
det

dt
,

(13)
det

dt
= u0P

n
Z ,

(14)

dPZ

dt
=

ωp

(

fpδz − PZ

(

1
ρ
− α

))

dΩ
dt

−
(

f δz + PZα
)

dGM
dt

+ PZAZ
dx
dt

VZ −
ωp(1−Ω)

ρ
−

(

ωpΩ − GM

)

α − AZxM
,

(15)dPd

dt
=

(

fpδzδd + Pdα
)

dGM
dt

− PdAd
dx
dt

Vd − GMα + AdxM
,

RC

D
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Figure 17  Principle scheme of locking mechanism

Table 8  Parameters of the locking mechanism

Name of parameter Value

Charge weight ωp (kg) 2 × 10−3

Burning rate coefficient of propellant u0 (m·s−1·Pa−1) 5.2 × 10−9

Thickness of propellant e (m) 8 × 10−3

Length of propellant c (m) 2 × 10−2

Burning rate index of propellant n 0.89

Density of propellant ρ (kg·m−3) 1.6 × 103

Covolume α (m3·kg−1) 1 × 10−3

Power fp (J·kg−1) 9.3 × 105

Maximum displacement of the piston xM (m) 2.1 × 10−2

Initial volume of the damping chamber VZ (m3) 1.5 × 10−6

Initial volume of the thrust chamber Vd (m3) 1.2 × 10−7

Area of the damping hole A (m2) 1 × 10−6

Action area of the piston in the damping chamber Az (m
2) 3.5 × 10−5

Action area of the piston in the thrust chamber Ad (m2) 1.1 × 10−4

Adiabatic index of gas k 1.3
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chamber and Ad is the action area of the piston in the 
thrust chamber.

The gas flows from the damping chamber into the 
thrust chamber through small orifices, and the equation 
of the gas mass is given by Eq. (16):

where A is the area of the small orifices and k is the adi-
abatic index of the gas. Eq. (17) expresses the dynamic 
equation of the piston.

 where F is the load force and m is the mass of the piston. 
The speed of the piston is vp = dx/dt; thus, the transmis-
sion model for the locking mechanism is as follows:

where FL is the output force of the locking mechanism 
and FW is the force outputted by the explosive actuator. 
LAC, LAB, and LBC are the lengths of the kinematic pairs, 

(16)
dGM

dt
=











































APZ

�

�

�

�

2k

f δz(k − 1)

�

�

PZ

Pd

�
−2
k

−

�

PZ

Pd

�
k+1
k

�

, when
PZ

Pd
<

�

k + 1

2

�

k
k−1

,

APZ

�

�

�

�

k

f δz

�

2

k + 1

�
k+1
k−1

, when
PZ

Pd
≥

�

k + 1

2

�
k

k−1

,

(17)F + PdAd − PZAZ = m
dvp

dt
,

(18)
{

FL =
LAC
LAD

FW sinΦmctan(�I + ρ′),

yL = LADΦO tan �I ,

as shown in Figure 17. The lead angle of the wedge groove 
was λI. ΦO is the angle between the AC arm and X-axis, 

expressed as ΦO = acos

(

L2AB+L2AC−(LBC+x)2

2LACLAB

)

 , 0 < ΦO ≤ 

π/2. The angle between AC and BC is Φm, defined as 
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Figure 18  Output force of the explosive actuator and locking 
mechanism
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Figure 20  Encapsulation device of the Chang’e-5
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Φm = acos

(

(LBC+yW )2+L2AC−L2AB
2(LBC+x)LAC

)

 , 0<Φm<π/2. The param-

eters of the locking mechanism are listed in Table 8.
We performed a simulation of the locking mecha-

nism. The forces outputted by the explosive actuator 
and locking mechanism are shown in Figure 18, which 
illustrates that the peak force of the explosive actuator 
was 4.8 kN, and its maximum displacement was 21 mm. 
The test results indicated that the explosive actuator 
could reach 5 kN, and the calculated results were simi-
lar to the actual values showed in Figure 19. The lock-
ing mechanism produced the highest thrust of 9.8 kN 
and a maximum displacement of 4.7 mm.

5 � Results Discuss
We studied an encapsulation device of lunar samples as 
part of the third phase of the Chinese lunar exploration 
program. The research results were used in the Chang’e-5 
explorer to complete a lunar SRM in 2020, which also 
proved the correctness and effectiveness of the research 
results. Figure 20 shows the encapsulation device of the 
Chang’e-5 explorer. The research results can be adapted 
to other sample return missions in the future.

The encapsulation device uses a combined rubber and 
metal seal. This design considers the environmental con-
cerns and ease of manufacture. The rubber-ring seal has 
the advantages of simplicity, reliability, and good adapt-
ability to the mechanical environment; however, it still 
has the property of low-temperature glass transition. The 
metal seal is better at withstanding extreme temperatures 
and performance than the rubber seal. However, metal 
seals are poorly adapted to the mechanical environment. 
Table  9 shows a comparison of the relevant character-
istics. The temperature in deep-space can be as low as 
− 120 °C; thus, a hermetic seal made of rubber is at risk 
of failing. The combined assembly of rubber and metal 
can better accommodate the lunar environment.

The metal seal determines the hermetic leak rate of 
the combined seal, and an increase in the contact coef-
ficient of the metal contact face can decrease the leak 
rate. The hermetic leak rate of the rubber seal approaches 
10−7 Pa·m3·s−1, whereas that of the knife-edge seal tends 
to be 10−11 Pa·m3·s−1. The curve of the combined seal 
is the same as that of the metal seal, indicating that the 

knife-edge seal is the primary seal of the encapsulation 
device. The knife-edge coated with Au improves the her-
metic seal. The principle is that Au covers the machine 
traces on the sealing face, thereby increasing the con-
tact coefficient of the sealing face. The test results indi-
cated that the seal with the Au coating can be better than 
5  ×  10−11 Pa·m3·s−1. We also found that the vibration 
degrades the seal performance seriously. The helium leak 
rate will increased significantly when the piece has fin-
ished the vibration test in advance. This result proves that 
the knife-edge seal is poorly adapted to the mechanical 
environment; thus a method for eliminating the impact 
of the vibration on the seal is a serious concern.

The sealing force is the design metric for the sealing 
assembly and is the key to creating the contact stress, 
contact width, and depth of the knife-edge, all of which 
affect the hermetic leak rate. It is obvious that the sealing 
process comprises three stages. In the first stage, the rub-
ber-ring is squeezed into the sealing structure, and the 
sealing force increases with the displacement. The high-
est sealing force in the first stage is 118 N. Subsequently, 
the sealing force decreases, which implies that the seal-
ing force after extruding the rubber-ring into the sealing 
structure is friction. In the second stage, the rubber-ring 
slid by 2 mm, and the sealing force was a sliding friction 
of 107 N. The third stage involves pressing the knife-edge 
into the Ag-In alloy, which still has the friction of the 
rubber. When the knife-edge is squeezed to a depth of 0.6 
mm, the sealing force increases to 3890 N.

The OCM and locking mechanisms satisfied the require-
ments of the sealing unit. They also achieved the engineer-
ing goals of light weight, small volume, and low power. The 
OCM opens the cover by first lifting it and then rotating 
it, while closing it is achieved by doing the opposite. The 
OCM is a coaxial double-helical pair that outputs linear 
and rotational motions using only a rotational input. This 
novel principle is consistent with the opening and closing 
processes of the lid. The linear and rotational displace-
ments of OCM were 41.5 mm and 120.2°, respectively. Its 
minimum input power was 0.3 W, and the weight of the 
OCM for the prototype was not greater than 200 g. The 
electric initiating explosive device aids in minimizing the 
mass of the locking mechanism. The orifice damping aids 
in minimizing the volume of the locking mechanism, 
increasing the output force, and eliminating impact, and 
its weight was not greater than 219 g. The output force of 
the explosive actuator was between 0.9 kN and 4.85 kN, 
and the maximum output displacement is 21 mm. The 
output force of the locking mechanism is between 1.8 kN 
and 9.8 kN with a buffer at the end of the output, and the 
maximum output displacement is 4.7 mm.

The indirect test results indicated that the locking 
mechanism must output more than 2.94 kN. With a 

Table 9  Comparisons between the rubber and metal seal

Bad Good

Performance Rubber Metal

Temperature environment Rubber Metal

Mechanical environment Metal Rubber

Reliability Metal Rubber
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doubled safety margin, the locking mechanism outputs 
more than 7.8 kN. The safety factor of the sealing force 
is Sa = 8.6/2.94 = 2.9; therefore, Sa > 2, which met the 
design margin.

In summary, the sealing unit satisfied the sealing 
requirements, and the function of its mechanical unit 
was consistent with its sealing process. The coaxial dou-
ble-helical drive and orifice damping solved the problems 
of a small volume and low power.

6 � Conclusions

(1)	 Aiming at the goal of the third phase of Chinese 
Lunar Exploration Programs, we investigated an 
encapsulation device for lunar samples. The final 
concept design of the encapsulation device satisfied 
the requirements of the explorer.

(2)	 We built a theory of the hermetic seal, which 
revealed that the contact coefficient significantly 
affects the seal. An Au coating on the surface of the 
knife-edge improved the seal observably because of 
the increased contact coefficient. The coating pro-
cess can also be used in other seals in vacuum. The 
coaxial double helical drive and orifice damping are 
the principal components of the mechanical units, 
and they make the encapsulation device work well 
and met the goals of lightweight, small volume, and 
low power. Finally, how to eliminate the impact of 
vibration on the seal is still an important research 
for the engineering prototype.
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