SOIL FLOW ANALYSIS FOR PLANETARY ROVERS BASED ON PARTICLE IMAGE
VELOCIMETRY AND DISCRETE ELEMENT METHOD

Shoko Ono» P, Roy Lichtenheldt, Kazuya Yoshida»

a Department of Aerospace Engineering, Tohoku University, Aoba 6-6-01, Sendai, 980-8579, JAPAN
b German Aerospace Center (DLR), Institute of System Dynamics and Control, Miinchener Strafse 20, 82234, Wefling, GERMANY
shoko.ono@dlr.de, rov.lichtenheldt@dlr.de, yoshida@astro.mech.tohoku.ac.j;

Abstract

Planetary rovers commonly have grouser wheels to improve locomotion performance on deformable terrains such as the
surfaces of the Moon or Mars. The biggest difference between the wheel with grousers and without grousers is soil
behavior underneath the wheel since the grousers shovel the sand. Hence, analyzing soil flow gives us beneficial
information on wheel-soil interaction. The detailed investigation for micro-scale soil behavior and gravity effect, which
are difficult to see in the laboratory test, contributes to further understanding of wheel-soil interaction mechanics. This
paper presents a two-dimensional discrete element method (DEM) simulation to analyze soil flow beneath the grouser
wheel. The soil flow in the simulation is validated by comparing it with that of the measurements, which is visualized
by particle image velocimetry (PIV). The comparison results are discussed from four perspectives: 1) wheel slip ratio,
2) traces formed behind the wheel travels, 3) entrance and leaving angles of the grousers, 4) soil velocity field. The
results indicate that DEM could describe the soil deformation. This work would contribute to further investigations of
the state inside the soil by using developed DEM simulation.
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1. Introduction

Wheeled-type robots known as rovers have played a significant role in the past and ongoing lunar/planetary
exploration missions. The rovers contributed to geological investigations and scientific findings on their target surfaces.
Nevertheless, current rovers still experience locomotion problems on the lunar/planetary surfaces covered with fine
granular soil. Typical mobility problems are excessive slippage and entrapment into the sandy terrains. To avoid such
quite common phenomena in exploration missions, many researchers studied wheel design (Sutoh et al., 2013), stress
distribution at the contact patch (Higa et al., 2019), and motion control to reduce wheel slippage (Ishigami et al., 2009).
As a result of such beneficial studies, it is found that the grouser wheel improves the mobility performance on the
deformable terrain. The biggest difference between the wheel with grousers and without grousers is soil flow behavior
underneath the wheel. Therefore, analyzing the soil flow beneath the grouser wheel gives us beneficial information on
wheel-soil interaction mechanics.

Several researchers performed single wheel tests to observe the soil flow based on the computer vision technique
(Skonieczny et al., 2014). For example, MORELAND et al. visualized the soil flow beneath the wheel with grousers and
without grousers and concluded that the grouser wheel reduces the motion resistance compared to the non-grouser
wheel (Moreland et al., 2012). SENATORE et al. employed particle image velocimetry (PIV) to observe the soil flow field
underneath the wheel without grousers, and the flow field was used to calculate the strain field (Senatore et al., 2013).
NIKSIRAT et al. performed the single wheel tests with soil optical flow technique under low gravity conditions and
visualized the soil behavior under low gravity (Niksirat et al., 2020). In our previous study, we analyzed soil flow
beneath the grouser wheel under several wheel-traveling conditions by using PIV and found that the wheel traction
improves with an increase in the amount of the soil flow on a certain soil (Ono et al., 2020).
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Fig. 1. Contact model for the DEM simulations (Lichtenheldt, 2015)

Another approach to visualizing the soil flow/deformation is a numerical simulation. Particularly, the discrete element
method (DEM) has widely been employed to address terramechanics problems. The DEM assumes the soil as the
discrete elements. This assumption enables us to capture soil flow/deformation at the particle level. The most of studies
that performed the DEM simulations predicted wheel traveling performance represented as the drawbar pull and sinkage
in the design phase (Nakashima et al., 2007; Smith et al., 2013). These studies validated the simulation results by
comparing it with the measurement data in terms of the wheel traction and sinkage. Some researches focused on the
flow field or force distribution beneath the wheel. For instance, NAKASHIMA et al. performed the single wheel
simulations with several types of wheel/grouser shapes and observed soil flow on the sloped terrain (Nakashima et al.,
2010). JOHNSON et al. evaluated wheel performance assessed by the sinkage and drawbar pull and investigated the
forces acting on each particle (Johnson et al., 2015). JIANG et al. analyzed the soil flow/deformation and visualized soil
velocity field and force chains beneath the grouser wheel (Jiang et al., 2014).

However, these studies validated the simulation results only from the viewpoint of the wheel traction and sinkage. To
visualize the flow field, the simulation should be validated at the perspective from the soil deformation and flow
velocity field. Besides that, the research that focused on soil flow/deformation is still missing. The visualization of the
soil flow/deformation by using DEM contributes to the investigation of the soil flow/deformation characteristics in
detail such as stress distribution inside the sand, which is difficult to be observed in the laboratory tests. These detailed
investigations will be useful to modeling the interaction between the grouser wheel and the sandy terrain.

This paper presents a two-dimensional discrete element method (DEM) simulation to analyze soil flow beneath the
grouser wheel. The simulation is validated by comparing with the experiments with PIV analysis, which have been
conducted in our previous study, from the viewpoint of the slip ratio, soil deformation, and soil velocity field.

2. DEM simulation

This section introduces the DEM simulation (Cundall et al., 1979), which is a particle simulation technique, to capture
the motion of granular materials. This technique has been employed for various dynamical problems in the field of
terramechanics. As this method represents sands as discrete elements, the soil deformation phenomena can be observed
at the particle level. The DEM simulation computes the particle motion by using NEWTON’s second law and EULER
equation. In this study, “partsival”, which is a DEM simulation framework developed at the German Aerospace Center
(DLR), was used for the DEM simulation (Lichtenheldt et al., 2018). The “partsival” provides us the GPU computing to
improve the computational efficiency.

2.1. DEM Contact Model

The contact forces acting on each particle are first calculated to compute the motion of the particles. These contact
forces are generally modeled by springs, viscous dampers, and a slider as shown in Fig.1. In the normal direction, the
resultant force Fy is computed by utilizing HERTZIAN contact law as the following equation:

2F 5 .
Fy= <m\/ rcloN| >"+dN5N (1

where E is Young’s modulus, v denotes Poisson’s ratio, 7 is a contact radius, dy is the overlap between particles in the
normal direction, z is the contact normal for each particle, and dy is the coefficient of the normal damping.
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In the tangential direction, the resultant force Ft is computed based on a regularization approach using KELVIN
element as follows (Lichtenheldt, 2015):

Fo = FCT |FcT|S|FN|‘tan¢h A |6T|§vain )
T™= . .

where F 7 is the force of the KELVIN element, kt, d, and é1 denote the stiffness, damping coefficient, and the
displacement in the tangential direction, respectively. ¢g and ¢y, are the inter-particle friction angle for sliding and

sticking, Vi 18 the sticking velocity limit. The tangential stiffness &kt is calculated by using Eq. (3). Here, u is the
relative overlap of the particles with respect to the particle radius, u, is the relative tangential displacement of the
particles, p is the coefficient of the friction. # and u, are chosen to 0.2 and 0.0025, respectively (Lichtenheldt, 2015).
The normal and tangential damping dy and dt are computed based on the critical damping dj;; calculated in Eq. (4).

Here, p is the particle density. The normal damping is set to 10 - 40% of the critical damping and the tangential damping
is set to 10% of the critical damping as mentioned in (Lichtenheldt, 2015).
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The resistant torque model is applied to imitate the behavior of real grains, which consist of a high number of
edges, as the shape of particles in the DEM is modeled as a spherical due to computation efficiency (Obermayr et al.,
2014). The LICHTENHELDT-jolt-BEEMAN scheme (Lichtenheldt, 2017) is employed as the time integration scheme to
compute the position, velocity, and acceleration of each particle.

2.2. Simulation conditions

The DEM simulation was carried out two-dimensional, in which the particle shape is a sphere but the movement in the
lateral direction and rotation around the x-axis and z-axis are locked. In the coordinate system of the DEM simulation,
the horizontal, lateral, and vertical directions are the x, y, z-axis, respectively. In addition, only one single particle layer

Table 1. Particle parameters for the DEM simulation

Total number of soil particles [-] 32,542
Particle radius, » [mm] 1.5-2.5
Inter-particle friction angle for sliding, ¢g 1 25
Inter-particle friction angle for sticking ¢y, [°] 27
inter-particle cohesion ¢ [N/mz] 0.0
Coefficient of the rolling resistance [-] 0.3
Particle density p [g/cm3] 2.7
Young’s modulus E [N/mz] 2.5% 107
Poisson’s ratio v [-] 0.17
Coefticient of normal damping d [Ns/m] 20% of the critical damping
Tool resolution [-] 5.0-83
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Fig. 2. Experimental apparatus (left: single wheel testbed with the grouser wheel, right: shooting environment)

is located in the lateral direction. A grouser wheel is used and its parameters are the same setup as the laboratory tests
mentioned in the next section. The virtual soil bin, whose size is 1.5 m in length and 0.3 m in depth, is filled in with
particles. The total number of the particles is 32,542. The particle parameters are summarized in Table 1. The particle
density, the Poisson’s ratio, and the inter-particle cohesion were determined based on the characteristics of Toyoura
standard sand, which is used in the laboratory tests. The Young’s modulus was found by the technique from
LICHTENHELDT (Lichtenheldt, 2015). The particle radius was determined based on a practical empirical equation
introduced by LICHTENHELDT (Lichtenheldt, 2015). He introduced tool resolution I', which is calculated as the division
of the particle diameter and the characteristic tool length, in our case, it is a grouser length. According to
LICHTENHELDT, I" 2 5 is a reasonable choice for grouser wheel simulations. The other parameters have been tuning
parameters. For the internal friction angle, the angle in the real soil is a macro-scale parameter obtained from soil
aggregation tests such as a direct shear test, while the angle in the DEM is a micro-scale parameter defined based on the
contact relationship between each particle. Thus, as it is difficult to theoretically relate the angle in the DEM and
experiment, the internal friction angle is also a tuning parameter. To reproduce the same condition with the laboratory
test, the terrestrial gravity was used. For the procedure of the simulation, the sandbox is first prepared before the wheel
simulation to make particles stable. Next, the top surface of the soil is cut to make the sand flat. The wheel is placed by
gravity, after that, the wheel is controlled to be a constant angular velocity of 0.8 rad/s. The angular acceleration of the
wheel in the transient state is set to the same as the experiment. For the further improvement of the computational
performance, the dynamic boundaries, which allow the computational domain to move together with the wheel while
the particles are constantly loading and deleting, are adapted. The simulation was conducted in double precision to
improve accuracy. The timestep of 5 x 1077 s was adopted to the simulation.

3. Experimental apparatus with PIV

The apparatus for the laboratory tests is presented alongside with the methodology of the PIV analysis in this section.
PIV is a visualization technique to observe the velocity field of the flow at multiple points at relatively high resolution
without any physical contacts. This technique was applied to observe the soil flow velocity beneath the grouser wheel in
this study. For the PIV analysis, PIVlab, which is a toolbox of MATLAB, is used (Thielicke et al., 2014).

3.1. Single Wheel Testbed

Fig. 2 illustrates the single wheel testbed with the shooting environment to obtain the images required for the PIV
analysis. The size of the testbed is 2.50 m in length, 1.05 m in width, and 1.45 m in height. This testbed was designed to
enable a traction load test, in which the wheel travels maintaining a constant angular velocity while the traction load
passively draws the wheel toward the back. The grouser wheel is driven by a DC motor and controlled by a
microcontroller to maintain at a constant rotation speed. The wheel, whose radius is 125 mm and width is 100 mm, has
12 straight grousers, whose height is 25 mm, the thickness is 10 mm. The grouser angle 0, is defined that the angle is
zero when the grouser is perpendicular to the soil. Besides, the counterclockwise direction is positive. The wheel can
freely move in vertical and horizontal directions, and the displacement of the wheel in each direction was measured by
linear encoders, whose resolutions are 50 mm and 25 mm. The rotation angle of the wheel is measured by a rotary
encoder. The normal load, that is, wheel weight is adjusted by the counterweight mechanism. The experimental data
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Fig. 3. FFT-based cross-correlation method

obtained by this testbed is processed by utilizing the Robot Operating System (ROS) framework. The sandbox is filled
in Toyoura standard sand, whose parameters are summarized in Table 2. The characteristics of this sand are the nearly
homogeneous grain size distribution and no cohesion.

As the experimental conditions, the wheel was controlled to be a constant angular velocity of 0.8rad/s. The normal
load of the wheel is set to 80 N. The experiments were conducted in a free slip condition, in which the angular velocity
is controlled and the velocity is output. For the test procedure, the sand is first raked and prepared to be flat by using a
plate attached to the testbed to keep the initial condition the same. Second, the wheel is placed on the soil surface in
contact with the observation window to prevent the soil particles from flowing between the grouser wheel and the
observation window. After that, the measurement of the wheel displacement and the record of the video for PIV analysis
are started by the testbed system, respectively. Finally, the wheel is controlled at a constant angular velocity. This
procedure is repeated three times on each condition to confirm the repeatability of the laboratory tests and take an
average of the tests.

For the shooting environment, the observation window was attached to the sandbox, which is illuminated by the LED
lights during the tests. The digital camera, which is fixed on the floor by a tripod at the height of 320 mm from the floor
and the distance of 220 mm from the observation window, was used to capture the required images at resolution with
1920-1080 pixels.

3.2. PIV Analysis

The FFT-based cross-correlation method is employed due to its versatility and flexibility as the algorithm of the
PIV analysis. The procedure of the method to calculate the velocity field is described in Fig. 3. In this algorithm, two
images at different time, ¢, t + d¢, are used to compute the movement vectors. In the two images, an interrogation
window, whose size and location are exactly same, is set. The luminance distribution in the two interrogation windows
at two different times are defined as f(x,y) and g (x, y), respectively. As the Fourier transform of f(x, y) and g(x, y) is
defined as F[ f(x,y)] and F[g(x,y)], the cross spectrum between two functions ng(f, n) is computed as follows:

Ste(&, ) = FFLf (x, IF[g (x, y)] A3)

Table 2. Parameters of Toyoura standard sand

Particle size [y m] 106 - 300
Internal friction angle [°] 38
Cohesion [kPa] 0.0

Bulk density [g/cm3] 1.33-1.49
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Fig. 5. Traces formed after the wheel travels (lefi: experiment, right: simulation)

where (*) is the conjugate complex number. From the cross spectrum, the cross-correlation coefficient between two
functions Cy,(x, y), which indicates the resemblance of luminance distribution in the two functions, are computed as
follows:

Crol,y) = F[Spp(& )] )

The vector from the center of the interrogation window to the peak position, where it shows the highest correlation, is
the displacement of the soil particle motion. By using this displacement, the velocity field of the soil can be calculated.

The size of the interrogation window is generally decided based on the particle size and flow velocity (Keane et al.,
1992). The displacement of soil particle should not exceed that a quarter of the window size, and ten or more particles
should exist in the window. Therefore, the size of the interrogation window is set to 64 pixels in this study.

4. Results and Discussions

This section validates the results of the DEM simulation by comparing with the measurement data. The comparison
results are assessed from four perspectives: wheel slip ratio, traces left after the wheel travels, entrance and leaving
angles of the grouser, and the soil flow velocity field.

4.1. Slip ratio

This study evaluates the wheel performance using the slip ratio since it is a crucial parameter to assess the wheel
traveling performance. The slip ratio s is defined as

Table 3. Slip ratio of the wheel

Simulation Measurement
Average slip ratio [%] 12.1 14.7
Standard deviation [%] e 3.0
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Fig. 7. Soil flow velocity field (top: experiment (Ono et al., 2020), bottom: simulation)
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where r,, denotes the wheel radius, /, denotes the grouser length, v, is wheel traveling velocity, and w,, is the rotational

s=1

velocity of the wheel. This study simply defines the rolling radius of the grouser wheel as ry, + [, since defining the
rolling radius with accuracy is very complicated (Nagaoka et al., 2019).

The average slip ratio, which is calculated while the wheel drives a steady state, in both simulation and
measurement are summarized with the standard deviation in Table 3. The average slip ratio in the simulation is 12.1%
and that of the measurement is 14.7%. The simulation result 12.1% is well within the range in the measurement result
14.7+3.0%. The relative error of the slip ratio between the simulation and the experiment is about 18%. From this
result, the DEM simulation shows well agreement for a terramechanics model with the measurement in terms of the slip
ratio. Therefore, the simulation is useful to estimate the slip ratio of the wheel.

4.2. Soil Deformation

The soil deformation is discussed based on the traces formed by the wheel. Fig. 4 illustrates the schematic view of the
wheel traces. Fig. 5 demonstrates the traces in both the simulation and the experiment. In both outcomes, the top and
bottom of soil formed by the effect of the grousers are observed. The distance between the grouser ruts was
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experimentally measured three times and the measurement results were 7.1, 6.7, and 7.3 cm, respectively. The average
distance in the experiment is 7.0 cm, whereas that of the simulation is 6.9 cm. The relative error of the distance between
the simulation and experiment is 1.4%. From these results, the DEM simulation could reproduce the wheel traces that
are observed in the laboratory tests.

The distance between the ruts can be used to calculate the slip ratio s, as the following equation (Ding et al., 2009):

l
rut (6)

] — —
(r + 7L

Srut =

where y; is the space angle between the grousers, which is derived from the number of the grousers, and /., denotes the
distance between the ruts. As calculating the slip ratio using the average distance between the ruts, the slip ratio s, in
the experiment and the simulation are 10.9% and 13.4%, respectively. As focusing on the slip ratio s and s, in the

simulation, the relative error is 10.7%. The result indicates that the slip ratio can be calculated from the traces formed by
the wheel even in the simulation as well as the experiment.

Fig. 6 illustrates the entrance and leaving angles of the grouser in the experiment and simulation. The entrance angle is
defined as the angle when the grouser penetrates into the sand, and the leaving angle is defined as the angle when the
grouser leaves from the sand. The entrance angles of the grouser in the simulation and experiment are 42° and 36°,
respectively. The relative error of the entrance angle between the simulation and experiment is 17%. The leaving angles
of the grouser in the simulation and experiment are 37° and 35°, respectively. The relative error of the leaving angle
between the simulation and experiment is 6%. From this result, the wheel sinkage is also validated as the sinkage
depends on the entrance and leaving angles.

4.3. Soil Velocity Field

Fig. 7 illustrates the soil flow velocity field with the velocity vectors colored in blue obtained by using PIV analysis
and DEM simulation. This PIV analysis was carried out in our previous research (Ono et al., 2020). The length of the
vectors indicates the magnitude of the soil flow velocity and the arrow of the vectors shows the soil movement
direction. The results of the PIV and DEM display every 10 degrees of the grouser angle, and the grouser angle 6 of 10°,
20°, and 30° are selected. The wheel is driving from the left to right on each image. At the grouser angle of 30°, a
grouser penetrates into the soil, and the soil flows toward the front and back of the wheel in both the simulation and
experiment. The flow toward the front of the wheel becomes the motion resistance for the wheel. After the wheel
rotates, the soil movement toward the rear of the wheel is large at the grouser angle of 20° and 10°. Thus, the amount of
the soil pushed by the wheel increases, and the wheel traction performance improves with an increase in the amount of
the soil flow. The velocity vectors in the simulation could capture the characteristics of the soil flow observed in the PIV
analysis, whereas there is still a difference in terms of the flow region.

The schematic view of the soil flowing region beneath the grouser wheel is also illustrated in Fig. 4. This soil flowing
region is determined based on the soil velocity field. We set to zero the soil flow velocity whose computed velocity is
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20% or less of the speed of the grouser tip and 100% or more of the speed of the grouser tip. The region where the soil
velocity is not zero is defined as the soil flowing region. The average velocity in this region is calculated at the grouser
angle of 10°, 20°, and 30°, in both the simulation and experiment as shown in Fig. 8. The plots colored in black show the
simulation result, whereas the plots colored in red are the experimental data. The error bar in the experiment shows the
30 values of the measurements. At the grouser angle of 30°, the average soil velocity in the simulation and the
experiment are 3.9 cm/s and 3.3 cm/s, respectively. The relative error between these results is 18%. Subsequently, when
the grouser angle is 20°, the soil velocity in the simulation and the experiment are 3.6 cm/s and 4.0 cm/s, and the error is
10%. At the grouser angle of 10°, the average soil velocities are 3.9 cm/s and 5.2 cm/s in the simulation and the
measurement, and the error is 25%. For this relative error at the grouser angle of 10°, we consider this error to be high
and want to try to reduce it by improving the particle rolling model in upcoming research. Furthermore, from the figure,
the simulation results are within the range of 3o of the measurements, whereas a difference between the simulation and
experiment is observed. The average soil velocity in the experiment increases with a decrease in the grouser angle,
whereas the average velocity in the simulation does not depend on the grouser angle. This result indicates that DEM
simulation is not yet accurate enough to visualize the soil flow velocity field in all its details. To improve the accuracy
of the simulation for observing the soil flow, further parameter study, a smaller tool resolution, or adoption of another
particle rotation model should be taken into account as future research.

5. Conclusion

This paper presented the 2D-DEM simulation to observe the soil behavior beneath the grouser wheel. The soil flow in
the simulation is validated by comparing with that of the experiments, which is visualized by the PIV analysis. The
comparison between the DEM and PIV was discussed from four perspectives: 1) wheel slip ratio, 2) traces formed after
the wheel travels, 3) entrance and leaving angles of the grousers, 4) soil velocity field. The results indicate that the slip
ratio of the wheel in the simulation is accurate with a relative error of 18%. The DEM simulation can also reproduce the
traces formed by the wheel and entrance and leaving angles of the grousers with a relative error of 1.4%, 17%, and 6%,
respectively. On the other hand, there is still a difference between the simulation and experiment in terms of the soil
velocity field. To improve the accuracy of the simulation, the further parameter study or adoption of another particle
rotation model should be contributed as a future research. This work contributes to further investigations of the state
inside the soil by using developed DEM simulation.

In future studies, further validations of the DEM simulation are performed on different types of soils under several
wheel-traveling conditions such as different wheel load, traveling velocity, and slip ratio. After the validation, we
implement the stress calculation to the DEM model. Then, the micro-scale behavior represented as the stress inside the
soil is visualized under several wheel-traveling conditions.
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