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In the design of planetary sampling devices, calculating the reaction force acting on the sampling devices is crucial. According to
related research, the influence zone caused by sampling plays an important role in calculating the reaction force. A new method
for estimating the range of the influence zone based on 3D DEM simulation is discussed in this paper. Taking lunar soil as an
example, first, via validation of physical experiments, the DEM lunar soil simulant was proven to have mechanical properties
similar to those of real lunar soil. Second, stress was selected as an indicator to identify the influence zone by computing the
match percentage via a comparison between classical soil mechanics and DEM simulation. Using the proposed calculation
method, it can be observed that the trend of change of influence zone at different sampling moments showed similar to the
change of reaction force. Calculation of the influence zone can be used to analyze the reaction force of different gravity
environments, sampling device structures, and motions.

1. Introduction

In the design of planetary sampling devices, the reaction
force acting on the sampling devices is indispensable for cal-
culating the minimum driving force of the sampling equip-
ment as a whole because the driving force directly affects
the selection of the power support equipment, power con-
sumption, external shape, and internal structure of the sam-
pling rover. Even the mass of the entire device is partially
dependent on the driving force because weight can be calcu-
lated according to the device’s shape, structure, and material.
Hence, calculation of the reaction force acting on the sam-
pling devices plays a highly important role in the design of
sampling devices.

According to related research, the influence zone caused
by sampling is crucial for the calculation of the reaction force.
In classical soil mechanics, such as the Prandtl theory, the
reaction forces are always deduced from the assumed influ-

ence zone, such as zones I/II/III shown in Figure 1(a) [1].
In physical experiments, the influence zone can also be easily
observed (Figure 1(b)).

Although the influence zone can be identified from the
hypothesis in classical soil mechanics theory, obvious disad-
vantages still exist, and the change in the mechanical proper-
ties due to the influence is ignored, taking the example of
lunar soil, which is easily influenced by sampling. When the
influence is small (as shown in Figure 2 when digging angle
smaller than 100°), the calculation results from classical the-
ory (red dashed line) agreed with the experimental results
(blue solid line). In contrast, when obvious influence exists
(as shown in Figure 2 when digging angle greater than 100°),
the theoretical results are much larger than the experimental
results, and the maximum error can increase such that the
measured data are only 20% of the theoretical results [2].

To avoid potential error, research on the influence zone is
necessary, also because it is the key reason leading to the

Hindawi
International Journal of Aerospace Engineering
Volume 2021, Article ID 6652273, 11 pages
https://doi.org/10.1155/2021/6652273

https://orcid.org/0000-0003-1535-7734
https://orcid.org/0000-0001-5810-2315
https://orcid.org/0000-0003-3565-1711
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1155/2021/6652273


change of mechanical properties of lunar soil. Traditionally,
only two methods (in situ tests and laboratory tests) can be
used to detect the change in mechanical properties during
sampling in traditional physical experiments, but the equip-
ment size for in situ tests is too large, and the results are
dependent on an empirical formula instead of accurate math-
ematical deduction. For laboratory tests, the mechanical
properties of soil immediately change once it has been
removed from its initial position. Therefore, neither of these
methods can obtain accurate data. With the development of
the discrete element modeling (DEM for short) simulation
method [3], which can reach accuracies similar to those of
the results from physical tests [4], DEM has become a power-
ful supplement to physical experiments. In DEM simulation,
it is easy to observe the interaction effect among particles in
the sampling process, and hence, it can be used to monitor
changes in mechanical properties. Few researchers had
reported an accurate calculation of the influence zone. Only
Li et al. had tried to predict the influence zone to calculate
the reaction force during the sampling process. However,
the influence zone in this research was predicted from
DEM simulation with two dimensions, and the core criterion
to identify the influence zone was the displacement for each
particle [5].

To achieve this goal, the first step is to determine the
influence zone caused by sampling in DEM simulation, and

a new method for estimating the range of the influence zone
based on 3D DEM simulation and the potential application
of the influence zone is discussed in this paper.

2. Generation of the DEM Lunar Soil Simulant

2.1. Random Generation. The first step in generating the
lunar soil simulant is the random generation in which
spheres are used to fill a fixed domain, and the diameter of
these spheres is uniformly distributed within a specified
range. In this simulation, the diameter of the radius of parti-
cle distributions from 0.25 to 0.5 cm is used. The particle size
distribution curves and their control sizes are shown in
Figure 3. This step is designed to limit the position and par-
ticle size of nonspherical particles instead of conducting a
simulation.

It should be noticed that this size distribution does not
coincide with the real lunar soil size distribution, because
there will be an extreme increase of the computing time
and capability for simulation if using real size distribution
which is too small. Considering about the target of simula-
tion is to figure out the mechanical performance for lunar
soil, if the simulated macroperformance is consistent with
the physical experiments (which will be described in Section
2.4), we still believe that this particle distribution was
acceptable.
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Figure 1: Influence zone: Prandtl theory (a) and the experiment (b).
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Figure 2: Error caused by ignoring the change of the mechanical properties in the influence zone.
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2.2. Particle Replacement. The second step is to replace the
spherical particles generated from random generation with
nonspherical particles. Considering the computational effi-
cacy, the rigid spherical cluster is selected, and no overlap
occurs among the spherical elements to avoid the potential
problems of particle mass and density, as shown in
Figure 4, 6-element cluster were selected here. The particle
shape in this work is defined from the main features of real
lunar soil particles, and specifically, an ellipsoidal approxi-
mation method is applied in which the long, intermediate,
and short axes of a fitted ellipsoid are defined as a, b, and c,
respectively [5, 6]. Based on the measurements of real lunar
soil particles from the Apollo 16 mission, the ratios of the
three axes can be obtained and are listed in Table 1 [6, 7].

2.3. Sedimentation. As shown in Figure 5, after replacement,
obvious voids are present among particles, and hence, the
final step in establishing the lunar soil simulant is to sediment
these particles in the lunar gravity environment (g = −163

cm/s2). During sedimentation, the contact force among par-
ticles gradually reaches equilibrium status and generates the
initial earth pressure. To ensure accuracy, the following sim-
ulation or calculation must be conducted after equilibrium
status is attained to prevent the external forces acting on
every particle from changing. Hence, observing whether the
forces acting on each particle are stable is an effective way
to assess whether the sedimentation is completed. After sta-
tistics of the force of all particles during the whole process
of sedimentation, it is found that the force trend of each par-
ticle is roughly the same, and the difference is only a slight
fluctuation in the magnitude of the force, taking the particle
of No. 300 as an example, as shown in Figure 5. At the begin-
ning of sedimentation, a large void is present around this par-
ticle, and the external forces are small. After a period of
downward motion, the particle starts to contact other parti-
cles, and the forces begin to change dramatically. As the sim-
ulation continues, the forces become steady to complete the
sedimentation and reach the equilibrium status.

2.4. Validation. An actual lunar soil simulant FJS-1 devel-
oped in Japan was used to validate whether the simplified
model proposed in this work can obtain similar mechanical
properties. First, as listed in Table 2, the microscopic param-
eters were used in DEM to generate the 6-element particles.
The static mechanical properties were validated as listed in
Table 3, and it can be concluded that the properties of the
DEM simulant are similar to those of FJS-1, except for parti-
cle size (which is limited by the calculation capacity of the
workstation) and cohesion (which is ignored in the DEM in
this work).
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Considering the validation of the dynamic mechanical
behavior, direct shear tests and penetration experiments were
carried out. The DEM simulations of direct shear tests were
conducted with the number of 2000 particles placed in the
domain with the size of 20 × 20 × 50mm, and the experimen-
tal data of direct shear tests of FJS-1 were collected [9]. As

shown in Figure 6(a), the comparison showed that the
DEM simulation results were in good agreement with the
measured result. And the penetration experiment was per-
formed using a flat plat, of which the size of the cross-
section is 30 × 5mm, and the diameter of the container is
100mm (Figure 6(b)). A total of 8000 particles was placed

Table 1: Calculation of radius and center coordinates for each element.

Control axis Radius Center coordinates

a = 2r
b = aR 0:751, 0:805ð Þ∗

c = aR 0:566, 0:611ð Þ

8
>><

>>:

r1 = b/4
r2 = b/4
r3 = r2/ 2r + 2r1ð Þ
r4 = r2/ 2r + 2r1ð Þ
r5 = c2/4/ 2r1 + cð Þ
r6 = c2/4/ 2r1 + cð Þ

8
>>>>>>>>>>><

>>>>>>>>>>>:

x1, y1, z1ð Þ = x, y + r1, zð Þ
x2, y2, z2ð Þ = x, y − r1, zð Þ

x3, y3, z3ð Þ = x +
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
r1 + r3ð Þ2 − r12

q
, y, z

� �

x4, y4, z4ð Þ = x −
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
r1 + r4ð Þ2 − r12

q
, y, z

� �

x5, y5, z5ð Þ = x, y, z +
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
r1 + r5ð Þ2 − r12

q� �

x6, y6, z6ð Þ = x, y, z −
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
r1 + r6ð Þ2 − r12

q� �

8
>>>>>>>>>>>>>>>>>>>><

>>>>>>>>>>>>>>>>>>>>:

∗Rða, bÞ indicates that the random value is between a and b; data from reference [6, 7].
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Figure 5: Replacement and sedimentation for lunar soil simulant.

Table 2: Microscopic parameters selected for simulation of FJS-1 in loose condition.

Parameters Value Parameters Value

Time increment (s) 2 × 10−5 Particle size (cm) 0.25-0.5

Steps 2:5 × 105 Number of elements 6

G (cm/s2) -980 (earth gravity) Normal stiffness (N/cm) 10

Number of particles 8000 Shear stiffness (N/cm) 10

ρP (cm/s2) 2.93 Particle friction angle (°) 10
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in the domain with a size of 80 × 80 × 200mm, as shown in
Figure 6(c), and the boundary size was slightly smaller to
ensure sufficient penetration depth (because the number of
particles is limited by the calculation capacity of the worksta-
tion). The validation result (Figures 6(a) and 6(d)) indicates
that this DEM simulant consisting of 6-element particles
can obtain dynamic mechanical properties similar to those
of FJS-1.

3. Calculation of the Influence Zone

3.1. Definition of the Influence Zone. In soil mechanics, stress
is an essential component of research on soil behavior, and
therefore, stress was selected to estimate the range of influ-
ence zone. In the DEM simulation, stress is calculated from
the contact forces among particles in a fixed domain, known
as a stress monitor, as shown in Equation (1) [3].

σij =
1
V

〠
Nc,V

c=1
f ci l

c
j , ð1Þ

where Nc,V is the total number of contacts in the volume V ,
f i
c is the force vector for contact c, and l j

c is the branch vector
for contact c. For the nonspherical particles in this simula-
tion, as shown in Figure 7, the branch vector must be consid-
ered the vector between the centers of the particles instead of
the centers of the elements [3].

According to Equation (1), the stress in the DEM can be
considered the average value of the contact force, and hence,
the number of contacts, which only depends on the monitor
size and particle size, is the key to obtaining accurate results.
As shown in Figure 8, a stress monitor can be defined as a
range, in which all the contact forces of every particle in this
range will be introduced into Equation (1) for stress calcula-
tion. And the calculation result can be regarded as the stress
value at the centroid position of this range. Several experi-
ments were conducted with increasing size of stress monitors
with the same central coordinate, which was the centroid of
all the DEM particles after sedimentation. Similar results
were achieved, as shown in Figure 9, unless the stress monitor
reaches the minimum suitable size (nearly equal to 4 cm),
below which the calculated stress is not stable.

To simplify the following calculation, principal stresses
are introduced from classical soil mechanics. As shown in
Figure 9, the global coordinate system contains 6 types of

stress for a random position in soil, including 3 types of nor-
mal stress (σxx, σyy, andσzz) and 3 types of shear stress
(σxy, σyz , andσxz). By rotating the coordinate system, the 6
types of stress can be replaced by 3 types of normal stress,
referred to as principal stress (σ1, σ2, σ3), where the maxi-
mum principal stress σ1 is selected as representative of the
entire stress state at this random position.

σ1 = max σxy max, σyz max, σxz max
� �

,

σxy max =
1
2 max σxx + σyy

� �
±

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
σxx − σyy
� �2 + 4σxy

2
q� �

,

σyz max =
1
2 max σyy + σzz

� �
±

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
σyy − σzz
� �2 + 4σyz2

q� �
,

σxz max =
1
2 max σxx + σzzð Þ ±

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
σxx − σzzð Þ2 + 4σxz2

q� �
:

8
>>>>>>>>>>>><

>>>>>>>>>>>>:

ð2Þ

With the accurate calculation of the stress value and its
monitor size, as shown in Figure 9, the stress of a series of
positions around the sampling devices can be calculated. To
determine the change in stress result due to the sampling
process, the stresses of the same position were also calculated
without sampling. According to the two stress calculations,
no mutation occurs for the stress change value in the DEM
simulation, and the change value of stress was directly related
to the calculation position. Therefore, a threshold value
should be defined to estimate the range of the influence zone,
as shown in Equation (3). If the stress change value of any
position is larger than the threshold value, this position
should be located in the influence zone.

σc = σm − σs ≥ σt , ð3Þ

where σc is the change value of the maximum principal
stress at the same position, σm is the maximum principal
stress value during sampling, σs is the maximum principal
stress value without sampling, and σt is the threshold value
of stress change.

3.2. Calculation of the Threshold Stress Change Value. In the
classical Prandtl theory, the range of influence zone does not
change if the penetration depth, device width, and length
remain the same, as shown by the area filled by blue circles
in Figure 10. According to the definition in Equation (3),
the value of the threshold stress is the key parameter for iden-
tifying the most suitable influence zone in which the different
threshold stress change value leads to a different influence
zone in DEM simulation (areas indicated by red circles
shown in Figure 10).

According to Figure 8, the size of the influence zone is
fixed in the Prandtl theory and changes with the magnitude
of the threshold stress in the DEM simulation. Hence, the
most suitable threshold stress results in the influence zone
of the DEM simulation that is closest to that from the theo-
retical calculation. To determine the most suitable threshold
value, a parameter known as the match percentage was

Table 3: Static mechanical property validation.

Properties
Real lunar soil
(averaged) [8]

FJS-1
DEM

simulant

Bulk density (g/cm3) 0.86-1.63 1.46 1.43

ρP (g/cm3) 2.3-3.2 2.94 2.93

Particle size
distribution (mm)

0.01-2 0.01-1 2.5-5

Cohesion (kPa) 0.1-1 8 0

Internal friction angle
(°)

30-50 37.2 38.2
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defined to describe the difference between the range in the
DEM simulation and classical soil mechanics, as shown in
Equation (4).

M = VC − VD −VCð Þ
VT

× 100%, ð4Þ

whereM is the match percentage, VD indicates the volume of
the influence zone in the DEM simulation, VT indicates the
volume of influence zone in Prandtl theory, and VC indicates
the volume of the influence zone in both thr DEM simulation
and Prandtl theory.

Considering the calculating process, the volume VT of
the influence zone can be easily calculated from thr Prandtl
theory [1]. And the volume VD can be calculated by counting
the center position and radius of all selected particles and
finding the outermost layer of the particle group. It should
be noticed that the particles selected here indicated that the
particles meet the requirement of Equation (3). With the
knowledge of volume VT and volume VD, it is easy to com-
pute volume VC .

Via Equation (4), when the DEM influence zone perfectly
matches the theoretical range, where VD =VC =VT , the
match percentage M = 1. A match percentage closer to 1
indicates that the size of the DEM influence zone is closer
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Figure 6: Dynamic validation for DEM lunar soil simulant ((a) direct shear tests validation, (b) actual penetration experiment, (c) DEM
penetration experiment, and (d) comparison between the actual and DEM penetration experiments).
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to the size of the theoretical influence zone. Therefore, the
most suitable value for the threshold stress σt can be obtained
from the maximum match percentage Mmax.

We take an example from the DEM simulation in which
the penetration depth is 35mm, the device width is 5mm,
and the length is 30mm. As shown in Figure 11(a), the match
percentageM changes with the change in the threshold stress
σt . When the threshold stress is quite small, the DEM influ-
ence zone is much larger than the theoretical range
(VD ≫ VT), which leads to a rather small match percentage.
With the increase in the threshold value, the DEM range AD
decreases dramatically, leading to a significant increase in the
match percentage. When the threshold stress σt reaches the
most suitable value (approximately 150Pa), the peak value of
the match percentage Mmax is also obtained. Subsequently,
with the continual growth of the threshold stress σt , the
DEM range VD continues to decrease and becomes smaller
than the theoretical range (VD = VC <VT), and the match
percentage gradually decreases and approaches zero.

4. Potential Application of the Influence Zone

4.1. Analysis of Penetration in a Specific Moment. The calcu-
lation of the influence zone can help understand the stress
distribution for any specific moment in the sampling process.
As shown in Figure 12, for a penetration device such as a
thin plate (the entire influence zone can be observed in
Figure 11(b)), the influence zone distribution is nonuniform
around the penetration devices. First, for a penetration
motion, the stresses in the influence zone are the total com-
pressive stress because the magnitude of the stress is below
zero. Second, it can be concluded that the closer the location
to the penetration device, the greater the change in stress, and
the maximum stress appears at the position directly below
the penetration device. Third, the area near the short side
of the penetration device is more susceptible to influence,
as suggested by the observation that the cross-section along
the length of the influence zone is larger than that along the
width.
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Figure 7: Diagram of contact geometry for nonsphere particle (a) and sphere particle (b) [3].
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4.2. Analysis of the Penetration Process. With the proposed
calculation method, the influence zone in the entire sampling
process can also be observed. As shown in Figure 13, in
the simulation of penetration, with increasing penetration
depth, an increasing trend of the influence zone range is
noted, and the magnitudes of the changed stress are also
increased. This changing trend can be viewed as the direct
reason for the increasing reaction force during the pene-

tration process and can also be used to support the future
calculation of the changing trend for the mechanical prop-
erties of soil.

4.3. Other Potential Applications. In addition to the applica-
tion mentioned above, the influence zone calculation method
proposed in this work can also be used in potential research
as follows:
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(i) First and most importantly, we must determine a
method for calculating the trend of changing
mechanical properties of soil in the area of the influ-
ence zone because the influence zone is calculated
from the stress, which is closely related to the
mechanical properties of soil, such as bulk density,
compressive strength, and shear strength. Therefore,
it is easy to identify the changing pattern of these
properties from the known changed stress

(ii) Second, we can compare the influence zone gener-
ated from various structures of sampling devices.
This paper primarily focuses on the simple structure
of thin-plate penetration devices because a similar
classical soil mechanics method can be used to

calculate and validate the accuracy of the influence
zone. Indeed, the structures of sampling devices
used around the world are varied, and thus, it is
important and meaningful to study the difference
in the influence zones for different sampling
structures

(iii) Third, we can compare the influence zone generated
from various sampling motions. For planetary
sampling, multiple types of sampling motions are
available, especially for surface sampling, which is
free from space limitations compared with deep
sampling. The different sampling motion generates
a different influence zone, which leads to a different
reaction force and sampling efficiency
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Figure 11: Trend of change between match percentage and threshold stress (a) and the influence zone with the largest match percentage (b).
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(iv) Fourth, we can compare the influence zone gener-
ated from different gravity environments. The differ-
ent gravity environment is another important factor
that affects different soil mechanical behavior and
reaction force calculation. More importantly, the
determination of this difference is expected to help
researchers to fix the experimental data that are con-
ducted on earth to predict the result with higher
accuracy under different gravity environments

(v) Finally, we can determine the sampling reaction
force calculated from the known influence zone.
After completing the work mentioned above, the
next crucial goal is to deduce the reaction force
during the sampling process, which is also the main
target for studying the influence zone. With the
accurate calculation of the reaction force, the cost
of experiments for a new sampling structure can be
reduced, and this information can also support the
study of the internal relationship between the sam-
pling devices and samples

5. Conclusion

Reaction force calculation plays an important role in the
design of planetary sampling devices. Because soil (especially
soil from extraterrestrial planets, such as lunar soil) can be
easily influenced during the sampling process, this influence
leads to a change in the mechanical properties of soil, and
hence, the influence zone is the key to calculating the reaction
force during sampling. To obtain an accurate influence zone,
accurate DEM simulation is the primary goal. First, DEM
lunar soil was generated after three basic steps of random
generation, particle replacement, and sedimentation. Second,
according to static and dynamic validation, DEM lunar soil
was proven to have mechanical properties similar to real
lunar soil. Stress, which is crucial for soil mechanical behav-
ior, was selected as the criterion to identify the influence
zone. By calculating the match percentage in comparison
with the theoretical influence zone of the classical Prandtl
theory, the threshold stress used to determine the DEM influ-
ence zone was determined. The application of the influence
zone is wide, e.g., the stress at a specific moment or during
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Figure 12: Cross-section from different directions of the influence zone.
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Figure 13: Influence zone with different penetration depths (cross-section).
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the entire sampling process can be observed. Furthermore,
with an accurate influence zone, the change in the mechani-
cal properties of soil in the influence zone and the accurate
reaction force from various sampling structures, sampling
motions, and different gravity environments can also be
calculated in future work.
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