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Obtaining in-situ lunar soil samples is fundamental to studying the characteristics
of lunar surface resources. A circular cutting sampling method is proposed, and its
sampling characteristics are explored by theoretical analysis and numerical simu-
lation. The results indicate that the traditional vertical cutting sampling will cause
serious damage to the sequence structure and physical properties of samples. Cir-
cular inner blade cutting sampling can avoid the disorder of particle sequence, but
the design of the inner blade will force the particles to move to the coring barrel,
causing sample disturbance. Compared with vertical and inner-blade cutting meth-
od, circular outer blade cutting sampling reduces sample disturbance by 61% and
47.5%, respectively, making it the optimal sampling method. These research findings
can provide theoretical and technical support for superficial sampling in deep space.
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Introduction

The lunar surface is the most directly exposed object to space [1], and under the long-
term bombardment of cosmic rays and micrometeorites, the lunar surface has formed a layer of
finely fragmented deposits, lunar superficial soil [2, 3], which contains rich mineral, water ice,
volatile resources [4, 5], providing crucial support for sustainable human development. In addi-
tion, the particle composition and sedimentary structure characteristics of lunar soil also record
the evolutionary history of lunar materials and the processes of space weathering [6-8], making
it significant to obtain in-situ samples of lunar soil. Currently, lunar sampling is the only way
to obtain lunar superficial soil. Since the 20™ century, the former Soviet Union, the USA, and
China have successively conducted lunar sampling missions and returned samples to Earth
[9-11]. These countries’ sampling devices can be categorized into penetrative and non-pene-
trative sampling methods based on their approach. Non-penetrative sampling methods include
shoveling, gripping, raking, and excavation. Due to the significant destruction caused by these
methods, the structural characteristics of the samples obtained have been completely destroyed
[12]. Penetrative sampling is currently the mainstream method, which can be further divided
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into dynamic drilling and static pressing based on sampling depth [13, 14]. Static pressing is
the primary method for shallow sampling, using a thin-walled cylindrical corer to vertically
penetrate lunar soil. However, during the sampling process, the sample is subjected to friction-
al forces from the cylinder boundary, resulting in dislocation of the sequence structure of the
sample. Additionally, due to the minimal cohesion between particles, it makes it challenging to
successfully extract lunar soil.

In conclusion, the in-situ information carried by lunar soil is of significant impor-
tance for interpreting the characteristics of lunar resource and lunar evolution history. However,
there are still technical issues with undisturbed sampling in the lunar superficial soil [15-17].
This paper proposes a circular cutting sampling method, elaborating on its mechanical design
key points. It compares the destructive characteristics of vertical and circular cutting sampling
through theoretical derivation and discrete element simulation and demonstrates the superiority
of the circular cutting sampling method.

Scheme introduction
Introduction of circular cutting scheme

The circular cutting sampler consists of three parts: Dowel steel, extension handle and
Coring institution, fig. 1. The Coring institution is composed of six parts, including retaining
plate, breaker, outer cylinder and inner core. When sampling, press down Coring institution
through extension handle and then rotate inner core for circular cutting sampling. The breaker
is designed as a semi-cone with a diameter of 4 cm and an angle of 30°, which can ensure that
the lunar soil on the coring surface is not disturbed during the penetration of the coring device.

Dowel steel
Extension
handle
Coupling
institution

Figure 1. Circular cutting scheme design

Experimental scherme

Discrete element method is used to simulate the vertical and circular cutting sampling
process. In order to reflect the sedimentary sequence of the lunar soil [18], establishing layers
of coarse particles with a diameter of 0.15 mm and fine particles with a diameter of 0.15 mm.
Ultimately, lunar soil simulant with the density of 1431~1558.2 kg/m® was obtained, which
closely approximates the true density of lunar soil obtained by Olhoeft GR (1500 £50 kg/m?)
[19]. Therefore, this model can reflect the mechanical properties of lunar soil. Additionally, to
conserve computational resources, the radius of the corer was reduced to 5 mm with a penetra-
tion depth of 3 mm. other computational parameters are detailed in tab. 1.
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Table 1. Model calculation parameters

Particle’s elastic

Q . 3
Grain density 2300 kg/m modulus

10.5 GPa Particle poisson’s ratio 0.25

Corer’s elastic

. 5 . s

Corer density 4.5 kg/m modulus 118.6 GPa Corer poisson’s ratio 0.33

Gravity 1.618 m/s? Penetration speed 0.75 mm Penetration depth 3 mm
per second

Angular speed | 45° per second Corer diameter 8 mm Domain diameter 10 mm

Result discussion
Vertical cutting sampling feature

Vertical cutting sampling (VCS) was simulated according to the parameters in
tab. 1, and the results are shown in fig. 2. From the figure, it can be observed that as the corer
performed vertical cutting, particles inside the core tube were disturbed. The particles near
the cylinder wall are affected by the friction force, £, and move vertically downward linear-
ly. This resulted in fine particles embedding into the coarse particle layer, with displacement
decreasing gradually away from the inner wall. Because the coring blades is right triangular
configuration with the hypotenuse facing outward, outer particles undergo parabolic motion
under the pressures of blade edge pressure, F,, and F, during the VCS. Additionally, as ver-
tical cutting progresses, the average velocity of inner particles fluctuates and rises, fig. 2(b),
particularly when the corer enters the coarse particle layer. This shows that the deeper the
vertical cutting, the more severe the disturbance of the sample. According to the calculation
results, the total average speed of the sample particles during the VCS is 0.108 mm per sec-
ond. During the cutting process, the density of particles inside the cylinder increased from
1415.35-1492.12 kg/m?, with an increase of 5.4%. Thus, under the effect of vertical cutting,
the upper fine particles will be embedded in the lower coarse-grained layer, the particle struc-
ture sequence will be seriously destroyed, and the physical parameters of the sample will also
change greatly.
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Figure 2. Simulation results of vertical cutting;
(a) process of VCS and (b) average particle velocity

Circular cutting sampling feature

In order to avoid the disorder of particle sequence in sampling [20], the circular cut-
ting coring is proposed. According to the different blade configurations, two types of blades are
designed: inner blade and outer blade, fig. 3.
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Outer blade Inner blade

Figure 3. Circular cutting blade structure

Circular inner blade cutting method

Simulated the circular inner blade cutting sampling (CICS) according to tab. 1, with
results shown in fig. 4. From the trajectory diagram of sampling particles, fig. 4(a), it can be
observed that during the cutting process, the particle motion can be mainly classified into two
types. The first type is a circular motion trajectory formed by particles under the action of F.
This motion causes interlayer particle displacement, but due to the small F}; its influence is lim-
ited. The second type is a complex trajectory formed by the pressure, F,, squeezing the particles
at the blade. Similarly, this trajectory only causes intralayer particle displacement. However,
due to stress concentration at the blade, it causes the most extensive disturbance to sample
particles. According to the stress decomposition diagram of the CICS in fig. 3, F), is parallel
to the tangential direction of the blade, with component, p,, perpendicular to the blade surface
and directed towards the inner side of the corer. This causes the particles in front of the blade
to be squeezed toward the inner side of the corer, fig. 4(a), and the particle trajectory mainly
forms an inward arc. Furthermore, due to squeezing, samples experience a certain degree of
heightening after sampling is completed. In addition, the calculation results show that the total
average velocity of sample particles is 0.08 mm per second, fig. 4(b). In the process of CICS,
the average particle velocity varies significantly over time without a clear trend. The particle
density also increased from 1558.02-1633.75 kg/m?, a rise of 4.8%. In conclusion, under the
CICS, the particle motion trajectory is horizontal, particle stratigraphy is preserved, but due to
the squeeze of component p,, the sample particles are disturbed.
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Figure 4. Calculation results of CICS; (a) process of CICS and (b) average particle velocity

Circular outer blade cutting method

Keeping the angular speed constant, the simulation result of circular outer blade cut-
ting sampling (COCS) is shown in fig. 5. The figure shows that the trajectory of particles is
similar to that of CICS, with the only difference being that in the process of COCS, the com-
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ponent p, of pressure, F,, to point outward of the coring barrel. Therefore, under the squeezing
action of the blade, particles primarily move towards the outer side of the coring barrel, fig.
5(a), resulting in the increase of the particle height outside the coring barrel. In contrast, the
sample inside the coring barrel is less squeezed and disturbed. Figure 5(b) shows that the to-
tal average speed of particles under process of COCS is 0.042 mm per second, with smaller
fluctuations in particle average velocity compared to that of CICS. The density varies from
1431.9-1462.7 kg/m?, with an increase of 2.1% post-cutting. Therefore, under COCS, the struc-
tural characteristics of particles can be well preserved.
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Figure 5. Calculation results of COCS; (a) process of COCS and (b) average particle velocity

Comparison of cutting methods

Taking particle density and average speed as disturbance indexes, comparing with
three coring schemes, VCS, CICS, and COCS, it can be seen that the VCS has the greatest
damage to the sample, with the total average velocity of particles being 0.108 mm per second
and the density increasing by 5.4%. However, the COCS has the least damage to the sample,
and the total average particle velocity is 0.042 mm per second, and the density increases by
2.1%. Compared with the CICS and the VCS, we find that the particle disturbance degree
decreases by 47.5% and 61%, and the fidelity of physical parameters increases by 229% and
257%, respectively. Therefore, in the sampling task of shallow lunar soil, the COCS can better
preserve the structural and physical parameter characteristics of the sample, making it the op-
timal sampling method.

Conclusion

Based on the theoretical analysis and numerical simulation, we get the following
conclusion. In the vertical cutting mode, the trajectory of sample particles is linear and par-
abolic, and the sequence of sample particles is destroyed. The total average speed of par-
ticles reaches 0.108 mm per second, and the density increases by 5.4%, which is the most
destructive to the sample. The circular inner blade cutting method can preserve the particle
sequence of the sample well. The total average speed of particles is 0.08 mm per second, and
the density increases by 4.8%. The sample experiences a heightening phenomenon, which
is destructive to the sample. The circular outer blade cutting method is the optimal method
for lunar superficial soil sampling tasks, with the pressure component, p,, directed towards
outside of the coring barrel, resulting in minimal impact on the sample. Compared to vertical
cutting and circular inner blade cutting methods, particle disturbance is reduced by 61% and
47.5%, respectively.
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Nomenclature

F; — frictional force, [N] F, — pressures of blade edge pressure, [N]
p, — vertical component of Fp, [N] Py — horizontal component of Fp, [N]
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