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Abstract

Accurate prediction of excavation forces is critical for the design reliability and opera-
tional safety of Mars surface sampling systems. This study establishes an analytical mod-
eling framework to describe the excavation mechanics of Martian soil, focusing on the
formation mechanism and evolution of resistance. Soil deformation and failure processes
are qualitatively identified using particle image velocimetry (PIV) and discrete element
method (DEM) simulations. Based on limit equilibrium theory, the passive earth pressure
is derived, and the scoop is divided into seven force-bearing regions for three-dimensional
force decomposition. The analytical model is validated against multibody dynamics—dis-
crete element method (MBD-DEM) co-simulation. The results indicate that excavation re-
sistance exhibits a distinct single-peak evolution, maximizing near the maximum excava-
tion depth. Notably, the inner bottom surface and cutting edge dominate resistance during
penetration, contributing approximately 56% and 30% of the total force, respectively. The
resistance mechanism transitions after soil emergence due to the gravitational effect of
retained soil. Consequently, this framework provides a physically interpretable and quan-
titatively validated approach for force prediction, offering theoretical support for sam-
pling scoop design and optimization in future Mars missions.

Keywords: soil excavation; sampler; soil-tool interaction model; MBD-DEM co-simulation;
model adaptability analysis

1. Introduction

Mars surface sampling requires reliable prediction of excavation resistance to sup-
port the design and operation of sampling scoops. However, existing excavation force
models are often insufficient to describe the formation mechanism and evolution of re-
sistance during scoop excavation. Therefore, an analytical modeling framework that can
explicitly characterize excavation resistance based on physical principles is highly
needed.

The goal of the soil-tool interaction model is to mathematically represent the resistive
forces exerted by the soil on the tool during excavation tasks, based on soil parameters,
tool parameters, soil-tool interaction parameters, and experimental conditions. Such

Aerospace 2026, 13, 237

https://doi.org/10.3390/aerospace13030237



Aerospace 2026, 13, 237

2 of 22

models can be applied in areas such as design optimization, force prediction, simulation
control, inversion of soil physical property parameters, control strategy optimization, im-
provement of sampling efficiency, and optimization of energy reserves [1]. Different ap-
proaches have been used in the literature to estimate excavation forces and torques, in-
cluding analytical models and empirical models derived from experiments or discrete el-
ement method (DEM) simulations [2-5]. The limitations of analytical models lie in their
inability to handle heterogeneous or more complex terrain structures, as well as their lack
of accuracy in analyzing different tool geometries. Empirical models, on the other hand,
often require the physical environment and specific scenarios to be faithfully replicated
[6]. There is a lack of a unified theoretical foundation among different excavation models,
which are mostly based on empirical formulas and methods, resulting in uncertainties in
the prediction outcomes.

The excavation models can be categorized into two-dimensional cutting models and
three-dimensional (3-D) models [1,7]. For modeling cutting with a blade, commonly used
models include the Osman model [8], Gill and Vanden Berg model [9], Swick and Perum-
pral model [10], and McKyes model [11]. The 3D models take into account the influence
of the sides and the bottom —the addition of these components transforms a blade into a
bucket, introducing additional forces that must be considered. Representative 3D models
include the Hemami model [12] and the Balovnev model [13]. The Phoenix lander applied
the Balovnev model to estimate the cohesion of Martian soil in the vicinity of the lander
[14]. These models are generally distinguished based on the types of excavation forces
involved, such as frictional force, inertial force, adhesive force, cohesion force, and so on.
Blouin reviewed various models related to penetration, cutting, and excavation tasks, and
analyzed the different forces involved in the excavation process. The author pointed out
the lack of general consistency between modeling and analysis in current approaches,
which hinders the development of effective analytical models for excavation processes [1].
Under the context of lunar excavation, Wilkinson conducted a quantitative analysis of six
excavation models, investigating the effects of soil properties such as cohesion, friction,
soil-tool adhesion, and soil density. The study also examined the influence of excavation
depth, gravity, and additional forces. Different excavation models yielded varying results,
highlighting the need for in situ testing to determine soil parameters that are compatible
with the selected models [7]. Xi conducted soil cutting experiments to validate six excava-
tion models. The results showed that the Swick and Perumpral model and the McKyes
model were able to predict the horizontal and vertical excavation forces with relatively
high accuracy [15].

Catanoso used the discrete element method to determine the forces and torques act-
ing on the lander’s scoop during the sample acquisition process [16]. Xi validated the ap-
plication of 3D DEM in modeling lunar soil excavation by comparing simulation outcomes
with experimental data, showing that the method effectively captures soil failure mecha-
nisms and key parameter influences, thus proving its potential for extended studies under
lunar environmental conditions [17]. Xue developed a simple apparatus to measure exca-
vation torque in regolith simulant and found that factors such as penetration angle, bulk
density, and the presence of gravels significantly affect torque, highlighting the im-
portance of monitoring torque spikes during excavation to prevent operational risks [18].
Abdeldayem developed and validated an elasto-plastic DEM model with stress-depend-
ent cohesion to simulate cohesion-frictional soil-blade interactions, demonstrating good
predictive accuracy for soil reaction forces and deformation across various blade geome-
tries, supporting its potential for digital twin development in earthmoving operations
[19]. Narayanan developed and validated a bucket design methodology for construction
equipment using both analytical models and DEM simulations, demonstrating strong cor-
relation between the two approaches and emphasizing the importance of soil properties
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and bucket geometry in optimizing excavation performance [20]. Although numerous ex-
cavation models have been developed using analytical, empirical, and DEM-based ap-
proaches, inconsistencies in physical assumptions and force formulations limit their gen-
eral applicability.

This study develops an analytical soil-tool interaction model for a Mars sampling
scoop, aiming to describe the formation mechanism and evolution characteristics of exca-
vation resistance based on physical principles. The model is constructed using limit equi-
librium theory and force decomposition, and its validity is verified through experimental
observation and numerical simulation. To support force validation, an EDEM-RecurDyn
co-simulation approach is employed, enabling quantitative evaluation of the forces acting
on different regions of the sampling scoop during excavation. Rather than relying solely
on empirical descriptions, the proposed framework provides a physically interpretable
basis for excavation force prediction and offers guidance for sampling scoop structural
optimization and soil-tool interaction model development in future Mars surface sam-
pling missions.

2. Modeling Conditions and Validation Framework
2.1. Geometric Definition of the Sampling Scoop and Test Configquration

Figure 1a presents the structural dimensions of the sampling scoop, which has an
effective volume of 145 cm?. Figure 1b illustrates the experimental configuration for the
excavation test, in which the sampling scoop is mounted at the end of a robotic arm (BO-
RUNTE 0805A, BORUNTE ROBOT CO., LTD., Dongguan, China) to execute a predefined
excavation trajectory. A soil bin filled with simulated Martian regolith is positioned be-
neath the setup to provide controlled boundary conditions for the excavation process.

(a) ©)

Shovel Transparent box

Torque
sensor

20

Robot
arm

Shovel

Test bed

@ ®

Figure 1. Overview of the sampling scoop experimental and simulation setup: (a) structural dimen-
sions of the sampling scoop; (b) experimental setup for excavation tests, including the robotic arm
and soil bin filled with simulated Mars soil; (c) transparent acrylic soil bin and half-section scoop
configuration for visualizing soil disturbance; (d) angle of repose calibration test for soil parameter
determination in DEM simulations; (e) schematic of the DEM-MBD co-simulation environment es-
tablished in EDEM (Version 2022, Altair Engineering Inc., Troy, MI, USA) and RecurDyn (Version
2023, FunctionBay, Inc., Seongnam, South Korea); (f) soil disturbance results obtained from the DEM

simulation for comparison with experimental observations.

To enable direct measurement of the interaction forces between the sampling scoop
and the regolith, a six-axis force/torque sensor is integrated between the sampling scoop
and the robotic arm end-effector. The sensor records three orthogonal force components
and three moment components throughout the excavation process, providing time-
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resolved force/torque data that are later used for validation of the analytical force model.
The employed sensor is XJC-6F-D80-H28-A (Shenzhen XJC Sensor Technology Co., Ltd.,
Shenzhen, China). The sensor rated output (sensitivity) is 0.5-1.0 mV/V for the force chan-
nels and 0.7-1.5 mV/V for the moment channels, with nonlinearity < 0.5% F.S. and repeat-
ability <0.1% F.S.

To investigate soil disturbance and failure mechanisms induced by the sampling
scoop, the opaque soil bin is replaced with a transparent acrylic container, as shown in
Figure 1c. In this configuration, the sampling scoop is redesigned with a half-section ge-
ometry and positioned adjacent to the transparent wall of the soil bin, allowing the soil
deformation and failure processes to be visually observed. The excavation process is rec-
orded using a high-resolution camera (Canon EOS R50, Canon Inc., Tokyo, Japan) in 4K
UHD (3840 x 2160 pixels) at up to 30 fps (29.97/25/23.98 fps). The 4K video is generated
via 6K oversampling and recorded without cropping. The captured image sequences are
analyzed frame by frame with the PIVIlab toolbox in MATLAB (Version R2020b, Math-
Works, Natick, MA, USA) to characterize the kinematic features of soil disturbance [21].
It is emphasized that these observations are introduced to qualitatively identify the failure
patterns and deformation regions associated with the excavation process, rather than to
derive quantitative force results.

2.2. Numerical Configuration for Force Validation

Discrete element method (DEM) simulations were further conducted to analyze the
distribution of excavation forces and the soil dynamic response during digging. In EDEM
2022, a soil environment consistent with the physical tests was established to ensure the
accuracy of the simulation data, as shown in Figure 1d for the angle of repose calibration
test. The parameters included particle size distribution (150-180 pum), bulk density (1.48
g/cm?3), and angle of repose (41°). To ensure a valid comparison, the simulation was per-
formed under the same operating conditions as the ground tests, maintaining identical
soil properties and a consistent excavation depth of 3 cm. In addition, the simulations and
experiments were conducted under a 1 g gravitational environment, which ensures that
the calibrated soil parameters (obtained/validated under terrestrial gravity) remain con-
sistent and reliable for model verification. Furthermore, we carried out a series of com-
parative simulation analyses under different gravity levels (including Martian gravity) to
examine the corresponding trends in excavation resistance, thereby demonstrating that
the proposed model can both (i) be validated under Earth gravity and (ii) be readily ap-
plied for analysis under Martian gravity by replacing the gravity term accordingly.

Figure 1le illustrates the schematic of the DEM-MBD co-simulation, while Figure 1f
presents the soil disturbance obtained from the simulation, which can be further com-
pared with the results in Figure 1c. As shown in Figure 2, the sampling scoop was divided
into eight parts in RecurDyn 2023, and corresponding wall files were generated for each
part. These were then coupled with the EDEM 2022 software to create the simulation en-
vironment illustrated in Figure 1le. The excavation forces acting on different parts of the
sampling scoop obtained from the simulation provide detailed reference data for the con-
struction of the soil-tool interaction model.
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Figure 2. Regional distribution of component forces acting on the sampling tool.

3. Analytical Modeling of Excavation Forces for Scoop Tool
3.1. Analysis of Excavation Process

Figure 3A shows the PIV analysis results. As illustrated in Figure 3A(a—d), the soil
disturbance and deformation increase as the tool penetrates deeper. When the tool reaches
the maximum sampling depth, the soil deformation reaches its peak. During the digging
process, the boundary between the moving soil and the stationary soil is clearly visible;
this boundary corresponds to the failure surface in passive earth pressure theory. The
EDEM 2022 analysis results shown in Figure 3B confirm this phenomenon, indicating that
the EDEM 2022 simulation accurately reproduces the same soil environment as the phys-
ical experiment.
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Figure 3. Soil bin test and DEM simulation of scoop excavation test. (A) and (B) are the visual com-
parison between test and simulation in the process of digging. (A(a—h)) The result of PIV analysis.
(B(a—h)) The result of DEM analysis. (C) illustrates the division of the excavation process into three

stages: (a) soil penetration, (b) cutting and pushing, and (c) soil scooping.

As shown in Figure 3A,B, the excavation process exhibits distinct stage characteris-
tics. Accordingly, Figure 3C divides the process into three stages: soil penetration, cutting
and pushing, and soil scooping.

The relationship between the forces and angles during the excavation process is an-
alyzed based on the idealized half-sectional configuration of the sampling scoop shown
in Figure 4a. The sampling scoop moves along the arc trajectory S~ A-B-C-D-E, constitut-
ing a complete excavation cycle. The segment from S (Start) to A represents the idle stroke
(or approach phase), during which the scoop is not in contact with the soil. The arc A-D
corresponds to the excavation phase, encompassing the entire process from soil entry to
soil exit. Based on the excavation mechanics, this phase is subdivided into three sub-
stages:

ho

Figure 4. Angular Division of Excavation Stages. (a) Angular division of the three excavation

stages. (b) Definition of the excavation angle in the model.

Arc A-B corresponds to the soil penetration stage, with an angular range of 0 € (6o, 01);

Arc B—C corresponds to the cutting and pushing stage, with an angular range of 0 €
(61, 62);

Arc C-D corresponds to the soil scooping stage, with an angular range of 6 € (02, 0s).
Upon completion of sampling, the scoop is lifted from point D to E (End) to return to its
initial position, thereby concluding the operation.

As shown in Figure 4a, the excavation angle 0 (0° < 6 < 180°) describes the absolute
angular displacement of the bucket relative to its starting position, representing the over-
all progress of the excavation operation. However, a transition in the physical mechanism
occurs during the process: as the bucket passes its lowest point, both the loading condi-
tions and the direction of motion relative to the gravitational field undergo a change.
Therefore, to accurately calculate the passive earth pressure, an effective mechanical angle
B, referenced to the gravitational vertical, is introduced. As illustrated in Figure 4b, a pos-
itive B (B > 0) corresponds to the soil penetration stage (6 < 90°), while a negative 8 (5 <0)
corresponds to the cutting-pushing and soil scooping stages (6 > 90°). The zero point is
defined at the lowest point of the excavation trajectory (aligned with the gravitational
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vertical). The geometric mapping relationship between the excavation angle 0 and the
effective mechanical angle § is defined as follows:

p=r/2-0 ()

3.2. Forces Acting on the Idealized Failure Wedge

Based on the initial phase of the cutting and pushing stage illustrated in Figure 5, an
analysis of the excavation resistance exerted by the soil on the sampling scoop is conducted.
The excavation resistance is primarily composed of the following components [22]:

(b)

Figure 5. Forces acting on the idealized failure wedge. (a) Global View of the Geometric Model. (b)

Close-up of Force Analysis.

The inertial force Fac resisting the acceleration of the tool;

The force F; induced by the surcharge load g;

The frictional force Fs;

The cohesion force F;

The adhesion force Fe;

The weight of the soil W within the scoop;

The shear force Fi resisting movement on the internal surfaces of the side walls of the
sampler.

With the exception of gravity, which acts vertically downwards, both the magnitude
and direction of the other components of the excavation force F vary continuously during
the digging motion. While the magnitude of these components does not directly depend
on the scoop itself, their direction changes in accordance with the orientation of the scoop;
that is, they rotate as the scoop rotates.

In this section, the two-dimensional force analysis is performed within the x-z plane
of the global coordinate system. Consequently, the horizontal x-axis in this section corre-
sponds to the global x-axis, while the vertical y-axis corresponds to the global z-axis. The
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reference values for the parameters used in the analytical model are summarized in Table
1. Furthermore, the specific force components and process parameters defining the exca-
vation resistance model are detailed in Table 2.

The position angle of the scoop tip is defined as:

B, =B=n/2-0 )

Once the height of the rotation axis ho is determined, the maximum excavation depth
is given by:
d =r— hO (3)

max

The instantaneous excavation depth is expressed as:

d=rcosf—h, @)

Since the sampling scoop exerts no force during the no-load approach phase (0 € (0,
60)), a step function or piecewise function is introduced into the model to define the effec-
tive depth:

d(&):max(O,rcos(ﬂ/2—6’)—h0) (5)

Based on the geometric parameters of the sampling scoop, the entry and exit points
of excavation are determined by the height of the rotation axis above the ground, ho. From
the geometric relationships, the maximum soil contact boundary angle, fsuys, can be ex-
pressed as:

.., =arccos(h,/r) (6)

Consequently, the range of the effective mechanical angle f3 is a closed interval sym-
metric with respect to the gravity vertical:

BE[~Bruys B | %

While inertial effects are often negligible in quasi-static equilibrium models, they be-
come significant under dynamic conditions where the failure wedge is accelerated to the
tool’s velocity. As the sampling scoop advances at a velocity v, the stationary soil is accel-
erated, generating a resistance force due to inertia. This is modeled as a body force acting
parallel to the failure plane. Adopting the method proposed by Swick and Perumpral [10],
the inertial effect is defined as an equivalent ‘acceleration pressure’ per unit volume. This
value is then multiplied by the corresponding geometric projection area to derive the total
equivalent inertial force Fc.

F,. =ywdv’sin B/sin(S+ p) ®)

This equation represents a semi-empirical formulation. Fundamentally, it defines the
soil inertial force as a function of tool width w, tool excavation depth d, tool velocity v, soil
specific mass y, the effective mechanical angle 8, tool geometric parameters and the failure
surface angle p. By assuming this force acts parallel to the failure surface, the formulation
modifies the static model to account for dynamic conditions.

As shown in Figure 5, the soil heap formed above surface AC can be simplified as a
cone. Fj represents the force exerted by the surcharge load q on a surface of length /; and
width wy. The calculation formulas for g and F; are given as follows:

1 1

qg=ygV,/S,= gyghqwaq Iwl, = gyghq )
1

F, =qS,=ygV, = g}/ghqwaq (10)
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Frictional Force Fs: This represents the frictional force on the failure surface, which
varies with the failure surface angle p. It can be decomposed into two components: Fi,
acting parallel to the failure surface, and Fss, acting perpendicular to the failure surface. Fs
acts as a reaction force generated by the soil wedge under a state of force equilibrium. Its
magnitude is determined by the equilibrium of other forces acting on the wedge, and it
serves as an intermediate variable that is eliminated in the final solution:

F;p :F;Sil‘l(D (11)
F, =Fcosp (12)

The cohesion force F. represents the cohesion force acting along the failure surface:

F =cwd/sinp (13)

The adhesion force Fu: represents the interaction between the soil and the curved in-
ner surface of the sampling scoop. It originates from the adhesion stress c. at the soil-tool
interface. Considering the complex geometry of the scoop’s bottom, the total force is de-
rived by integrating the differential force acting on each element.

Pe
F, = can‘ﬂ‘ rcos Bd B (14)
F =c wJ‘ﬁ“ rsin Ad 8 15
w =], (15)

Weight of the soil within the scoop, W: This represents the weight of the soil wedge.
The expression for the weight W is given by:

W:ygwer“(rcosﬁ—ho)dﬁ (16)
B, =max(B,,.~B.,) 17)
ﬁe = ﬂsur/' (18)

Firepresents the shear force between the inner surface of the sampler’s side wall and
the soil, acting on the soil-tool interface. It is composed of the adhesive and frictional
forces between the soil and the tool. The shear stress 7« (r,a), derived from the friction and
adhesion between the soil and the side wall, is expressed as:

A
r,(ra)=1 l-e ') (19)

ca,max (

where Temax is the maximum shear stress; j represents the shear displacement at an angle
« and distance r from the rotation axis; and k. is the shear deformation modulus charac-
terizing the soil-tool interaction. Their expressions are given respectively by:

Teymax =€, TOtano (20)
j=r(a-p) 1)
o=K,(rcosa—h,)pg 22)

where o denotes the horizontal normal stress, and Ko is the coefficient of earth pressure at
rest. The latter is an empirical formula derived by Jaky in 1944 based on the regression
analysis of sand sample test data [23].

The inner surface is treated as a collection of differential area elements. The differen-
tial force acting on each element is the product of the shear stress and the element’s area.

https://doi.org/10.3390/aerospace13030237
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The total force is obtained by vectorially integrating these differential forces over the sur-
face. As the sampler rotates into the soil, the shear force Fi varies with the angle. The inte-

gration yields:
F=2f" jﬂ” z., (. BY cos Bd Bedr (24)
F,=2[" jf z., (r.B)rsin fd fedr (25)
By =max(B,,.~B..,) (26)
B =min (. By ) (27)
ry =hy[cos (28)
n=r (29)
By =By +17 (30)

Radial integration is employed to delimit the radial scope of force interaction on the
sampling scoop at a given rotation angle. Here, the lower limit of radial integration, ri,
and the upper limit, ri2, correspond to the inner boundary and the physical outer boundary
of the loaded region, respectively. The upper limit ri2 is determined by the rotation radius
of the scoop, characterizing the effective area where the radially extending side wall con-
tacts the soil and generates force. Meanwhile, angular integration describes the range of
contact angles between the scoop wall and the soil; the corresponding rotation angles i
and Bi2 define the angular interval in which the side wall contributes to the force.

Passive earth pressure P: The passive earth pressure P is derived from the force equi-
librium of the idealized failure wedge as shown in Figure 5. By summing the forces in the
horizontal and vertical directions, we obtain:

Psin(f+68)=—(F,, +F,)+F, sinp+(F +F, +E)cosp 31)

cax sp

Pcos(,B+§):W+Fq+(F +E‘,)—F cosp+(Fsp+F;C+FE)sinp (32)

cay sn

Combining the above equations yields:

P:((W+Fq +F,, +Ey)sin(go+p)—(Fm +F,)cos(p+ p)+(F,. +F, )cosp)/sin(B+5+p+p) (33)

In the above equation, the failure surface angle p is an unknown variable, which is
determined by minimizing the passive earth pressure P. According to the research by
Swick and Perumpral [10], passive failure corresponds to the state where the soil wedge
resistance reaches its minimum. Therefore, the value of p that yields the minimum P
should be selected. Generally, it is taken as 7t/4 + ¢/2.

During the computation, numerical singularities arise in the passive earth pressure
expression when the geometric parameter sum approaches a flat angle, mathematically
expressed as f + 0 + @ + p—7t. This causes the sine denominator in the force formulation
to vanish, leading the predicted resistance to diverge. Physically, this geometric limit in-
dicates a violation of the conditions required for shear wedge formation. As the scoop
approaches the soil surface, the idealized soil wedge disintegrates, rendering the classical
passive pressure theory inapplicable. Therefore, a strict geometric restriction is applied,
limiting the use of the passive earth pressure formulation to the main, compression-dom-
inated excavation phase where § + 0 + ¢ + p < . To address the transition into the exit
phase, a data-driven smoothing technique is applied. The physical rationale is that once
the scoop exits the soil, the primary source of resistance shifts from the active soil cutting
process to the residual weight of the collected soil carried by the scoop. Because the exit

https://doi.org/10.3390/aerospace13030237
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phase is not the primary region of interest for evaluating excavation cutting performance,
a continuous smoothing function is utilized simply to bridge the peak theoretical re-
sistance and the final residual soil weight. This transitional treatment effectively elimi-
nates non-physical numerical artifacts and ensures the continuity of the force curve. By
doing so, the smoothed model prioritizes engineering utility, providing a robust and prac-
tically acceptable estimation of the resistance evolution across distinct physical stages
without overcomplicating the non-critical exit phase.

Table 1. Model Parameter Reference Table.

Symbol Definition Unit Value
Tool
w Tool width m 0.052
l Tool length m 0.05
t Tool thickness m 0.0015
Soil
c Cohesion kPa 0-3.5
Q@ Internal friction angle ° 20-50
Y Soil specific mass kg/m3 1-3 x 10°
Tool-Soil
0 External friction angle ° 0-50
Ca adhesion kPa 0-5
Test
ho Height of rotation axis above ground m 0.04-0.1
r Excavation radius m 0.1
0 Excavation angle ° 0-180
B Effective mechanical angle ° p=m/2-0
d Tool excavation depth m 0-0.05
w Tool excavation angular velocity °/s 1-10
p Failure surface angle ° /4 + @/2
q Surcharge load kg/m? 0-100
Ko Coefficient of earth pressure at rest - 1-sing
Gravity
Earth gravity m/s? 9.81
& Mars gravity m/s? 3.71

3.3. Forces and Moments Acting on Sampler

Figure 6 illustrates the schematic of forces acting on the various components of the
sampler. Each force vector comprises components in the x, y, and z directions. The result-
ant force is decomposed into a radial force Fr and a vertical force F:. Specifically, Fr repre-
sents the vector sum of Fx and Fy, while the total force F is the resultant of Fr and F..

As illustrated in Figure 7, this study divides the sampling scoop into seven regions
based on the locations of the acting forces: the force F1 acting on the inner bottom surface
of the scoop; the force F2 acting on the outer bottom surface; the force Fs acting on the outer
surface of the sidewalls and the force Fs acting on the inner surface of the sidewalls; the
force Fs acting on the leading edge and the force Fs acting on the side edge; and the force
F7 acting on the inner rear surface of the scoop.

https://doi.org/10.3390/aerospace13030237
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Figure 7. Division of the force area acting on the sampler.

F1 represents the most critical force during the excavation process. As the scoop per-
forms forward rotational cutting, the soil ahead of the scoop undergoes shear failure,
forming a failure wedge. The force exerted to drive the movement of this wedge can be
represented by the passive earth pressure P.

F, = Pcos(%— - 5) (34)
F.= Psin(%— p- o‘j (35)
M, =rPsiné (36)

F> acts on the outer bottom surface of the sampling scoop and is calculated from shear
and normal stresses. The shear stress is influenced by friction and adhesion: the frictional
force primarily originates from the normal pressure between the scoop’s outer surface and
the soil, while the adhesive force arises from the adhesive action of the soil.

B = w0 ([ Breos pap—[ o, ()sin pp) (37)
F, =w(r +t)( ) ; "7, (B)sin pd g —j: "0,.(B) cosﬂdﬂ) (38)
M, = w1 [ e (B 39)

The expressions for shear stress and normal stress are:

https://doi.org/10.3390/aerospace13030237
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7,.(p)=(c, +0, (P tang)(l-exp ™) (40)
O‘U(,(ﬂ):Kopg((r+t)cosﬂ—h0) (41)

Pocis the effective contact cutoff angle between the outer surface and the soil:
ﬂoc = ﬂzip + koc .|:min (ﬁta[l s ﬂsu(/' ) - ﬂz[p :| (42)

A contact correction coefficient, ko (0 < koc < 1), is introduced to describe the effective
shear contact interval between the outer wall and the soil.

The force Fs, acting on the outer surface of the scoop sidewalls, is governed collec-
tively by the normal stress distribution of the soil within the corresponding sidewall re-
gion and the interface friction. Its calculation method is analogous to the solution for Fi.

B =2 [ 5. (B cos pd fedr (43)
Fu=2] " [ ne, (r.pysin fd fodr (44)
M, =2f" ["nre, (r.B) par (45)
B, =max(B,,.—f.,) (46)

By =min (Bis Bouy ) (47)

r, =h,[cos B (48)

Ty =1+ (49)

An effective contact coefficient, 7}, is introduced to characterize the effective extent to
which the sidewalls participate in the shearing process.
Regarding the force F1 acting on the inner surface of the scoop sidewalls:

F, = 2.[:"2 I ﬂﬂ)z 1,7, (r, B)r cos fd Bedr (50)

F, = 2.[:02 J;”Z 0,7, (r, B)rsin Bd Bedr (51)
Toa P2

MF4 = 2""»1 '[ﬂal 77xr27m (7", ﬂ)dﬂdr (52)

Force Fs Acting on the Leading Edge: The bottom cutting edge of the scoop possesses
a finite thickness. Consequently, as the scoop rotates and penetrates the soil, the bottom
edge surface (the thickness face) must compress and displace the soil. By modeling the
cutting edge as a narrow rectangular plate penetrating the soil in the tangential direction,
this force can be calculated using the Bekker pressure-sinkage model:

O, =(%+k¢j(r005ﬂ—ho)" (53)
F, :wt[%+k¢j(rcosﬁ—ho)” cos(B+5) (54)
F,. zwt(kt—c+k¢j(rcosﬂ—h0)" sin(f+5) (55)
M, = wtr(%+k¢j(rcos B—hy)" cos (&) (56)
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Force Fs Acting on the Sidewall Edge: As the side plate penetrates the soil, its edge
(specifically, the thickness face) must compress and displace the soil. This force represents
the bearing resistance generated by the ‘blunt’ edge. By modeling the side edge as a nar-
row plate pressing into the soil, the force is calculated using the Bekker pressure-sinkage
model based on geometric relationships.

F, = 2j [ j rcos(f)—hy )" cos(S + B)dr 57)
F, = 2] [k— +k j(r cos(B)—hy )" sin(S + B)dr (58)
=2 I (_ +k ] reos(fB)—h,)" cos(S)dr (59)

o =hy/cos(B) (60)

The primary contribution to F7 is attributed to the support force for the accumulated
soil weight. The effective component of the soil weight is calculated as a function of the
scoop’s rotation angle.

:ygwrcosﬂIZ“(rcosﬂ—ho)dﬂ-ﬂ,(ﬁ) (61)
F, =ygwrsinﬂj/f(rcosﬂ—ho)dﬂ-/l(ﬂ) (62)
M, ygwrj (rcos B—hy)dA(B) (63)

The backplate support force F7 is not directly equivalent to the accumulated soil
weight; rather, it is subject to the dual influence of the scoop’s attitude and the character-
istics of the granular medium. The model introduces a gravity projection transfer function,
A(B), to describe the dynamic hysteresis process as the center of gravitational support
shifts from the scoop bottom to the backplate:

0, £> ﬁ,ag
Ap) = sm[” ﬁf _ﬁj d J Bt S B By (64)
19 ﬂ < ﬂend

Physically, this implies that during the initial excavation phase ( > fis), the soil mass
is primarily borne by the bottom plate, resulting in minimal force on the backplate. As the
scoop rotates upward, the soil slides toward the backplate under the influence of gravity.
The sinusoidal function smoothly models this load transfer process. Here, i represents
the lag angle at which the backplate begins to sustain load, and fe. denotes the terminal
angle corresponding to the scoop being inverted or fully loaded.

The values of the horizontal force F, the vertical force Fy, and the moment M acting
on the sampler are given by:

F,=F +F + F +F, + F, +F, +F, (65)
Fy :Ey+F2y+Fé}*+Ety+P;y+F;}’+E)’ (66)
F:’ :FIZ+F'22+FSZ+F:&Z+F‘SZ+F;Z+F‘72 (67)

M=M,+M, +M, +M, +M, +M, +M, (68)
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Table 2. Forces and process parameters in the excavation resistance model.

Symbol Definition Symbol Definition
Fac Passive earth pressure Bip Angular position of the scoop tip
F; Radial force Psurf Surface boundary angle
Fs Vertical force PBrail Theoretical scoop-tail angle
F. Forward force PBiag Lag angle when the back plate starts to bear load
Fe Lateral force Bend Terminal angle at full scoop engagement
W Weight of soil inside the scoop Bs B, = max ( Bip>—Paus )
Shear force on the inner surface of the side-
Fi ‘Bt' ﬂe = ﬁxu(/'
wall
P Passive earth pressure Boc Effective contact cut-off angle on the outer surface
Fr Radial force Bit B, = max (ﬂti]l ) _ﬁ.\'mf)
F. Vertical force Bi2 B, =min (ﬁtuil’ﬁxurf)
Fx Forward force rit r, =h,/cos B
Fy Lateral force ri2 v, =T
Force acting on the inner bottom surface of
F 0 =max|(pf,,,— B,
1 the SCOOp ﬁ 1 ﬂnl (ﬂnp ﬁ f)
Force acting on the outer bottom surface of .
F2 g ﬁoZ 1802 = min (ﬂtail H ﬂsurf )
the scoop
Force acting on the outer surface of the scoo
Fs 8 . P ol r, =h,/cos
sidewall
E, Force acting on the inner surface of the scoop o v =rt
sidewall
. . Radius at the intersection of the side plate and the soil
Fs Force acting on the front cutting edge Tel
surface
Fe Force acting on the sidewall edge re2 Outermost edge of the side plate
Force acting on the inner rear surface of the
F7 8 1s Effective contact coefficient
scoop
Fsum Resultant force acting on the scoop Vs Soil wedge volume
Resultant moment about the scoop rotation .
M " u P Sq Area of the soil heap
axis
Tea(t, ) Shear stress hy Height of the soil heap
Tea,max Maximum shear stress Wy Width of the soil heap
Toe(B) Outer-surface shear stress Iy Length of the soil heap
Contact correction coefficient for the outer bottom sur-
ooc(f) Outer-surface normal stress Koc face
Occ Normal stress at the front cutting edge ke Soil cohesion modulus
j Shear displacement ko Soil friction modulus
ka Shear deformation modulus n Sinkage exponent
o Normal stress max Maximum excavation depth
T Shear stress Koc Contact correction coefficient

4. Results and Model Validation

4.1. Analysis of Excavation Response

As illustrated in Figure 8, the excavation resistance exhibits a distinct phasic trend

with respect to the excavation angle. Correlating this with the three typical stages defined

in Figure 4a, the penetration and cutting stage (AB) corresponds to the ascending interval

of the resistance curve. During this phase, as the sampling scoop gradually penetrates the

soil, the resistance increases, reaching its peak at the point of maximum penetration depth

(Point B). Subsequently, in the excavation and pushing stage (BC), the resistance gradually

decreases as the scoop moves upward and the interaction between the scoop body and
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the soil weakens. Finally, in the breakout and sampling stage (CD), the resistance curve
plateaus and maintains a stable level. This residual resistance is primarily attributed to
the gravity of the collected soil, as the scoop has effectively ceased contact with the sur-
rounding soil mass.

—~
(=)

~
\

~
i
B C D
— Simulation
Filtered data

Force (N)

_ N
T
c----—-—-—-—-—-—--—---49

[

0 20 40 60 80
Excavation Angle(® )

=

1
1
1
1
1
1
1
1
1
1
1
1
.
0

100 120 140

Figure 8. Variation in excavation resistance with time in different stages. In (a), the four subfigures
correspond to the simulation positions A-D indicated in (b). A-D represent the corresponding po-
sitions along arc AD in Figure 4a. The three shaded regions denote the excavation stages: AB, soil

penetration (orange); BC, cutting—pushing (green); and CD, soil scooping (blue).

Building on the stage-wise interpretation in Figure 8, we further conducted compar-
ative simulations under 1 g and 0.38 g (Martian gravity level) to assess the gravity effect
on excavation loads (Figure 9). The results show that, at the same excavation depth, the
resistance level under 0.38 g is consistently lower than that under 1 g, with a more evident
discrepancy around the peak region. Meanwhile, increasing the excavation depth from 2
cm to 4 cm shifts the resistance profile upward, leading to markedly higher peak and re-
sidual/plateau resistance. Notably, the reduction in resistance with decreasing gravity
does not scale strictly linearly with g, indicating that the excavation resistance is influ-
enced not only by gravity-related effects (e.g., soil self-weight and overburden-related
contributions) but also by gravity-insensitive contributions associated with shear and
tool-soil interface friction/adhesion. These observations indicate that the proposed model
can be calibrated and validated under 1 g, and can be applied to the load prediction and
response analysis under Martian gravity by substituting g and the regolith parameters.

i 0.38g-2cm
4 ® 0.38¢-3cm
A 0.38g-4cm
3r lg-2cm
e — lg-3cm
Z 1g-4cm
N’ 2 —
5]
[5)
—
o
&9
1k
ol
| | | | | | |

0 20 40 60 80 100 120 140
Excavation angle(® )

Figure 9. Comparative analysis of excavation resistance under Martian and Earth gravity conditions.
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4.2. Analysis of Influencing Factors of the Excavation Model

As shown in Figure 10, the physical characteristics of the influencing factors during
the excavation process are analyzed from two perspectives: process evolution and param-
eter sensitivity. The results indicate that the soil wedge weight W, cohesion force F. and
adhesion force Fu play dominant roles in the formation of the passive earth pressure P.
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Figure 10. Variation in model influencing factors with excavation angle 0.

With the progression of the excavation angle 0, the individual force components ex-
hibit distinct stage-dependent evolution characteristics. The soil wedge weight W in-
creases monotonically with excavation depth and stabilizes after excavation is completed,
forming the fundamental component of the passive earth pressure. During the soil-lifting
and return phase, as no further cutting occurs, P is mainly governed by the self-weight of
the soil wedge.

The cohesion force F. shows an approximately parabolic distribution with respect to
the excavation angle, reaching its peak at the maximum excavation depth, and is therefore
one of the key dominant contributors to the passive earth pressure during the digging
phase. The shear force Fi follows a trend similar to that of the cohesion force, and the su-
perposition of these two components significantly amplifies the peak excavation re-
sistance.

The adhesion force Fa is primarily controlled by the evolution of the contact area
between the soil and the inner bottom surface of the bucket. It increases progressively
during the digging phase as the contact area expands. After soil emergence, the adhesion
force, together with the soil wedge weight, becomes the main contributor to the resistance
during the return phase, providing a sustained load on the system.
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Overall, the passive earth pressure P reaches its maximum when the excavation
depth is at its largest. Its formation mechanism can be interpreted as the combined effect
of the continuous accumulation of soil wedge weight and the coupled enhancement of
cohesion and shear effects. During the return phase, the resistance gradually transitions
to a stable form dominated by soil self-weight and adhesion effects.

4.3. Simulation Validation of Model Reliability

Figure 11i shows that the excavation force—angle curves obtained from the theoretical
model, DEM simulations, and ground tests share a general agreement in their primary
evolution trends and peak force characteristics. As the excavation angle 0 increases, all
three results demonstrate a similar single-peak behavior, with the excavation force rising
rapidly during the penetration and cutting stages, reaching its maximum near the maxi-
mum excavation depth, and subsequently decreasing during the exit stage. The resistance
forces acting on different regions of the sampling scoop are decomposed into their radial
components (Fx), vertical components (Fy), and the corresponding resultant forces, follow-
ing the force definition illustrated in Figures 6 and 7.
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Figure 11. Force analysis of the sampling scoop during the excavation process. (a) Evolution of
force F1 on the inner bottom surface. (b) Evolution of force F2 on the outer bottom surface. (c¢) Qual-
itative analysis of force Fs (simplified rectangular scoop). (d) Qualitative analysis of force Fs (sim-
plified rectangular scoop). (e) Evolution of leading-edge force Fs. (f) Qualitative analysis of force Fs
(simplified rectangular scoop). (g) Evolution of force F7 on the inner rear surface. (h) Comparison
of minor force components (F3, F4, and Fs) on the original scoop. (i) Comparative analysis of result-

ant force among theory, simulation, and experiment.

It should be noted that, due to the geometric characteristics of the original sampling
scoop, the effective contact regions associated with Fs, Fs, and Fs are extremely limited at
the considered sampling depth of 3 cm. Consequently, these force components remain
very small in magnitude (all below 0.2 N) and exhibit relatively large numerical fluctua-
tions in the MBD-DEM results. To avoid misinterpretation caused by numerical noise,
these components are not included in the quantitative contribution analysis. Instead, they
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are qualitatively examined using a geometrically simplified rectangular scoop that en-
larges the effective contact areas while preserving the underlying force mechanisms (Fig-
ure 11c,d,f). This comparison focuses on force evolution trends and governing mecha-
nisms rather than absolute force magnitudes.

Under the same excavation conditions, the force components Fi, Fs, F7, and F2exhibit
comparable orders of magnitude and can therefore be directly analyzed. Among them, F:
, acting on the inner bottom surface of the sampling scoop, provides the dominant contri-
bution during the penetration and cutting stages. Based on the relative magnitudes of the
resultant force curves in Figure 11a and their averaged values over the effective excava-
tion interval, F1 accounts for approximately 56% of the total excavation resistance during
the digging phase. This dominant contribution reflects the combined effects of soil accu-
mulation, expansion of the contact area, and sustained normal loading from the soil
wedge. The leading-edge force Fs displays a pronounced peak during the main excavation
stage. Although its peak magnitude is generally lower than that of F1, Figure 11e indicates
that Fs contributes approximately 30% of the excavation resistance during penetration and
cutting, making it the second most influential force component. Fs plays a critical role in
governing the onset and evolution of excavation resistance, as it directly corresponds to
soil shearing and failure at the cutting interface.

In contrast, the force component F, acting on the outer bottom surface of the scoop,
remains relatively small throughout the excavation process. From the force amplitudes
shown in Figure 11b, its contribution is limited to approximately 11% of the total excava-
tion resistance during the digging stage. This force mainly arises from localized soil ex-
trusion and friction effects outside the scoop and does not dominate the excavation me-
chanics under the considered operating conditions.

The force F7, acting on the inner rear surface of the sampling scoop, exhibits a dis-
tinctly stage-dependent behavior. As shown in Figure 11g, its contribution is limited dur-
ing the penetration and cutting stages but increases markedly after soil emergence. During
the soil lifting and return phase, F7 becomes one of the dominant contributors to the exca-
vation resistance, primarily driven by the gravitational effects of the retained soil mass.
Since this force component does not participate in the formation mechanism of excavation
resistance during the digging phase, it is excluded from the quantitative contribution anal-
ysis of the excavation stage.

As shown in Figure 11h, by comparison, the remaining force components Fs, Fs, and Fs
are at least one order of magnitude smaller under the same operating condition and thus act
as secondary factors. Their influence on the resultant excavation force is limited, and they pri-
marily affect local force redistribution rather than the global resistance characteristics.

The resultant excavation force, obtained by vector summation of all force compo-
nents, exhibits a distinct single-peak evolution with respect to the excavation angle, with
the maximum resistance occurring near the maximum excavation depth. The theoretical
model captures both the overall evolution trend and the peak location of the MBD-DEM
simulation results with good agreement. Minor discrepancies observed near the peak re-
gion are mainly attributed to transient particle rearrangement and local force fluctuations
inherent to the MBD-DEM.

5. Discussion

To address the limitations of existing models in terms of geometric representation,
force-component interpretability, and verification rigor, the proposed modelling frame-
work contributes the following novelties:
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(1) Structure-resolved force decomposition and enhanced interpretability. Many exist-
ing studies validate excavation models only at the level of the resultant force/torque,
making it difficult to mechanistically verify the rationality of load contributions from
different structural faces. This limits the interpretability of such models for structural
optimization and load-path analysis. In this work, the sampling scoop is explicitly
considered, and the total excavation resistance is decomposed into seven physically
interpretable components associated with different structural surfaces (denoted as
F1—F7). Analytical expressions for each component are derived within a unified soil-
wedge failure and interface friction framework. As a result, the model provides not
only the resultant force/torque but also the quantitative contributions of the struc-
ture-resolved components, which directly supports design optimization and load-
path interpretation.

(2) Component-wise verification enabled by DEM-MBD coupling. Unlike conventional
validations that compare only the resultant resistance, we further integrate DEM-
MBD coupled simulations. Under the same operating conditions and kinematics as
the ground tests, the contact reactions on individual scoop surfaces are extracted and
compared component-by-component with the theoretical predictions of Fi—F7, forming a
closed-loop verification at the force-component level (while still validating the resultant
force/torque). This strategy provides more direct evidence for the physical meaning and
correctness of the modelling assumptions and decomposition, and offers traceable and
quantifiable load information for subsequent structural parameter optimization.

(3) Identification of a critical load component: Fs should not be neglected. The compo-
nent-wise comparison indicates that the force acting on the cutting-edge/front rim,
Fs, contributes approximately 30% of the total resistance. In some existing formula-
tions, this contribution is either neglected or lumped into other terms. Our results
demonstrate that Fs is a non-negligible component, particularly during the penetra-
tion—cutting phase where cutting-edge interaction dominates. Neglecting Fs can un-
derestimate the peak resistance and its evolution, thereby affecting strength design
and operating-condition identification.

(4) Introduction of F7 to describe late-stage excavation response. To explain the load evo-
lution in the late stage of excavation (lifting-breakout), we introduce and formulate
the F7 component to represent the interaction associated with the rear structural sur-
face and the soil/collected material. This provides a theoretical basis for interpreting
the residual/plateau response during breakout and improves the completeness and
stage-wise applicability of the model across the entire excavation process.

While the proposed soil-tool interaction model and the corresponding experimental
validations provide valuable insights into the excavation mechanics of the sampling
scoop, several limitations must be acknowledged. First, the current theoretical and exper-
imental framework relies on the assumption of a homogeneous soil environment with a
uniform hardness. It does not account for the presence of hard inclusions, such as buried
rocks, gravel, or varying soil strata, which are prevalent in actual planetary environments
and can introduce significant non-linearities and localized resistance spikes during the
excavation process. Second, as highlighted in the discussion, the numerical model exhibits
certain mathematical instabilities under extreme deformation or specific boundary condi-
tions, which slightly limits its predictive capability for complex, non-standard excavation
trajectories. Finally, the scalability of the obtained results requires further investigation.

6. Conclusions

This study establishes an analytical soil-tool interaction model for a Mars sampling
scoop to describe the formation and evolution of excavation resistance. From the soil-
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mechanics perspective, excavation resistance is governed by the development of a failure
soil wedge, and the passive earth pressure is primarily composed of soil wedge weight,
cohesion, adhesion, and shear effects. The resistance exhibits a distinct single-peak char-
acteristic, with the peak occurring near the maximum excavation depth, where the cou-
pled action of cohesion and shear significantly amplifies the load.

From the tool-interaction perspective, the passive earth pressure is mainly borne by
the inner bottom surface of the sampling scoop, corresponding to the force component F1
During the penetration and cutting stages, F1 constitutes the dominant portion of the ex-
cavation resistance, contributing approximately 56% of the total load, while the cutting-
edge force Fs contributes approximately 30% and governs the soil cutting and failure pro-
cess. During the retraction stage, the resistance is primarily associated with the gravita-
tional effect of the retained soil, reflected by the increase in the rear inner surface force,
whereas other force components remain secondary.

Validation using MBD-DEM co-simulation shows good agreement with the analyti-
cal model in terms of resistance trends, peak location, and stage-dependent force evolu-
tion. The proposed modeling framework provides a physically interpretable and quanti-
tatively supported basis for excavation force prediction and offers theoretical guidance
for sampling scoop design and excavation performance optimization in future Mars sur-
face sampling missions.
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