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Abstract
We describe an analytical framework implemented in a general-purpose mobility simulation
platform for enabling the design of control policies for improved rover mobility in gran-
ular terrain environments. We employ a homogenization of the granular material and use
an elasto-plastic continuum model to capture the dynamics of the deformable terrain. The
solution of the continuum problem is obtained using the smoothed particle hydrodynamics
method. The Curiosity rover wheel geometry is defined through a mesh. The interaction
between each wheel and the granular terrain is handled via cosimulation using so-called
boundary conditions enforcing particles attached to the rover wheel. A traction control al-
gorithm is implemented to reduce wheel slip and battery drain in hill-climbing scenario.
Several parametric studies are carried out to assess rover simulation robustness for opera-
tion in uphill mobility scenario with different heights and friction coefficients. The analysis
is carried out in an in-house developed simulation framework called Chrono. The implemen-
tation of the methods and models described herein is available on GitHub as open source for
free use, modification, and redistribution, as well as reproducibility studies.

Keywords Offroad mobility · Granular material · Continuum representation · Smoothed
particle hydrodynamics · Traction control · Rover dynamics

1 Introduction

The problem of a complex mechanical system interacting with granular material is encoun-
tered in many engineering terramechanics applications; see, for instance, [1–5]. The discrete
element method (DEM) [6], which treats each individual grain of the granular material as
a rigid body, is the approach of choice for the numerical simulation of granular dynamics
problems [7–12]. However, since DEM has to solve the dynamic equations of motion for
each grain, a fully resolved simulation of a practical granular dynamics problem will lead
to large degree of freedom (DOF) counts, which translates into high computational costs
and large memory footprints. Moreover, in the majority of real-world problems the shape
of the grains is nontrivial and poses additional challenges in formulating adequate frictional
contact models and carrying out collision detection.

Recently, several inroads have been made toward representing discrete granular material
via continuum representations. This opens the door to using simulation to tackle new classes

Extended author information available on the last page of the article

http://crossmark.crossref.org/dialog/?doi=10.1007/s11044-022-09815-2&domain=pdf
http://orcid.org/0000-0003-0799-977X
http://orcid.org/0000-0003-1565-2784


166 W. Hu et al.

of problems that were intractable when approached in a fully resolved fashion via DEM. In
a continuum-based approach the key is finding a relationship between the stress and the
strain/strain-rate fields, i.e., a constitutive law, that will lead to a continuum model whose
dynamics mimics well that of the granular material. Should a good constitutive law be iden-
tified, a smaller DOF count would be required to capture the dynamics of the deformable
terrain. Several methods would then be available to discretize the continuum material. One
class of methods is grid-based, or Eulerian, e.g., the finite element method (FEM) [13, 14].
Another class of approaches is particle-based, or Lagrangian, e.g., smoothed particle hydro-
dynamics (SPH) [15] and material point method (MPM) [16, 17].

An FEM solution can capture the behavior of a granular material in its flow, yet the com-
putational cost is high due to inherently large deformations of the mesh. Without frequent
remeshing, ill-shaped FEM elements can lead to low-accuracy solutions when the granular
material is subject to plastic flow. SPH and MPM can avoid the disadvantages of the mesh-
based solution and were proved to be effective in simulating granular material problems with
large deformation. In MPM the domain is projected against a fixed background grid [18].
The dynamics equations are solved on the background grid, whereas the state information
(e.g., position, velocity) is stored and advected with the particles [19, 20]. MPM does not
experience any of the drawbacks of ill-shaped elements since the background grid is fixed
and experiences no deformation whatsoever. Compared with MPM, the SPH method is a
pure Lagrangian particle-based solution that uses no background grid [21, 22]. The state
information is advected with the SPH particles, and the dynamics equations are enforced at
the location of the SPH particles instead of the nodes of the background grid, as is the case
in MPM. The particles move based on the interactions among neighbor particles and the ex-
ternal forces, e.g., gravity. SPH method has proved very efficient in modeling and simulating
of granular material problems with large deformation [23–26].

In this work, we use a two-way coupling algorithm discussed in [27], in which both large
deformation of the granular material terrain and large overall motion of the solid bodies in
three-dimensional space can be captured. In [27] the granular flow is modeled as an SPH-
resolved continuum problem. The interaction between solid bodies and the granular material
is posed and solved as a fluid-solid interaction (FSI) problem using so-called boundary con-
ditions enforcing (BCE) particles [28, 29] attached to the boundary of the solid bodies. This
coupling approach was already successfully applied to capture the interaction between a
rigid/flexible multibody system and fluids in previous work [29–32]. To represent the dy-
namics of dense granular material and update the stress field, we employ a constitutive law,
first proposed and used in the material point method (MPM) [33], and apply it in the context
of the SPH method.

This contribution is organized as follows. Section 2 describes the two-way coupling,
cosimulation approach for modeling granular material flows and its interaction with a multi-
body system via the SPH method. In Sects. 3 and 4, we describe a Curiosity Mars rover
model, report on single-wheel test results and carry out mobility simulations for the Curios-
ity rover in hill climbing over granular terrains. The interest is in whether a suitably chosen
traction control policy can improve rover battery drain. Various rover mobility scenarios
are investigated to assess the robustness of the simulation solution. Section 5 summarizes
concluding remarks and directions of future work.
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2 Modeling approach

2.1 Governing equations of deformable terrain: a continuum representation

In this work, a continuum representation is used in lieu of a discrete, granular material-based
one when modeling deformable terrain in terramechanics applications. For the continuum,
the field velocity vector u and stress tensor σ enter the momentum balance and continuity
equations as [34]

⎧
⎨

⎩

du
dt

= ∇σ
ρ

+ fb
dρ

dt
= −ρ∇ · u

for x ∈ �f , (1)

where �f is the simulation domain occupied by the granular material, ρ is the bulk density
of the deformable terrain, and fb represents the external force, e.g., gravitational pull. The
total stress tensor σ in the continuum is expressed as

σ =
⎡

⎣
σxx σxy σxz

σxy σyy σyz

σxz σyz σzz

⎤

⎦ = −pI + τ , (2)

where τ is the deviatoric component of the total stress tensor, and p is the isotropic pressure
related to the trace of the tensor σ , i.e., p = − 1

3 tr(σ ) = − 1
3 (σxx + σyy + σzz). To track the

history of the total stress tensor, a stress rate tensor should come into play. To this end,
according to Hooke’s law, a linear elastic relation between the Jaumann stress rate tensor
and elastic strain tensors [33, 35–37] can be used to obtain the total stress rate tensor as

dσ

dt
= φ̇ · σ − σ · φ̇ + 2G(ε̇ − 1

3
tr(ε̇)I) + 1

3
Ktr(ε̇)I for x ∈ �f , (3)

where the elastic strain rate tensor of the continuum is defined as ε̇ = 1
2 [∇u + (∇u)ᵀ]

when the material is not subject to plastic flow, the rotation rate tensor is expressed as
φ̇ = 1

2 [∇u − (∇u)ᵀ], and G and K denote the shear and bulk moduli, respectively. Note
that the expression of the elastic strain rate tensor given above only works in cases without a
plastic flow. Once a plastic flow occurs in the granular material, the definition of the elastic
strain rate tensor is slightly different. Details on handling the plastic granular material flow
are available in [27].

2.2 Spatial discretization

The SPH method is used to discretize the momentum and continuity equations expressed in
Eq. (1) and the total stress rate tensor relation in Eq. (3). In the SPH method the simulation
domain (including the deformable granular material terrain, solid bodies, and wall boundary)
is discretized via classic SPH particles and boundary conditions enforcing (BCE) particles,
as shown in Fig. 1. The SPH particles are used to capture the dynamics of deformable
granular material terrain; the BCE particles are used in conjunction with solid bodies or
wall boundaries �s to enforce, in a co-simulation mode, the two-way coupling between
the continuum and solid bodies in the multibody dynamics model. The motion of the SPH
particles is obtained by solving Eqs. (1) and (3). However, the motion of the BCE particles
is kinematically driven in this cosimulation framework and is subject to the motion of the
solid bodies or wall boundary to which they are attached.
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Fig. 1 SPH particles and BCE
particles close to the solid body
or wall boundary. The Dirichlet
boundary condition is imposed
by extrapolating the velocities to
the BCE particles

According to the SPH method, the value of a function f at the position of particle i can
be approximated as [38]

fi =
∑

j

fjWijVj , (4)

where Vi is the volume of particle i defined as Vi = (
∑

j Wij )
−1. Thus the mass associated

with particle i can be obtained as mi = ρiVi . In Eq. (4), Wij is the kernel function, which
depends on the relative position of two neighbor particles in the support domain. In this
work, we use a cubic spline function expressed as

Wij = W(rij ) = αd

⎧
⎪⎨

⎪⎩

2
3 − R2 + 1

2R3, 0 � R < 1,
1
6 (2 − R)3, 1 � R < 2,

0, R � 2,

(5)

where the relative position between particles i and j is defined as rij = xi − xj with xi

being the position of particle i, αd is a constant, which assumes the value 3/(2πh3) for a
three-dimensional (3D) simulation, and the scaled length parameter R is defined as R = rij

h

with h denoting the kernel length (one to two times of the initial particle spacing �x). With
the kernel function Wij , a field value, e.g., the velocity u or density ρ, at the position of a
neighbor particle j , when j ∈ Nh,i = {k : rik < 2h}, contributes to the sum in Eq. (4) for ap-
proximating the function value at position i. Since the SPH particles advect with the granular
material flow, it is necessary to update the list Nh,i of neighbor particles of particle i.

For the gradient operator of a function f at the position of SPH particle i, both consistent
and inconsistent discretizations are available [39]. The former, which gives more accurate
results at a modest increase in computational effort [39–43], is the one embraced herein:

∇fi =
∑

j

(fj − fi)
(
Gi · ∇iWij

)
Vj , (6)
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where the gradient of the kernel function Wij with respect to the position of particle i is
expressed as

∇iWij = αd

1

h

rij

rij

⎧
⎪⎨

⎪⎩

−2R + 3
2 R2, 0 � R < 1,

− 1
2 (2 − R)2, 1 � R < 2,

0, R � 2,

(7)

and the matrix Gi ∈ R
3×3 is a symmetric correction matrix for the gradient operator of par-

ticle i, Gi ≡ −
[∑

j gij ⊗ rij

]−1
, with gij ≡ ∇iWijVj ; see [39, 44]. Involving the correction

matrix Gi in the discretization of the gradient ensures an exact gradient for any linear func-
tion regardless of the h/�x ratio [39]. This allows us to use a relatively smaller kernel length
h in the simulation thereby reducing computational costs. Hence the consistent discretiza-
tions of the momentum balance and continuity equations are obtained by substituting Eq. (1)
into Eq. (6), which yields

dui

dt
= 1

ρi

∑

j

(σ j − σ i ) · bij + fb,i , (8)

dρi

dt
= −ρi

∑

j

(uj − ui ) · bij . (9)

Similarly, the consistent discretization of the rotation rate and strain rate tensors assume the
expression

φ̇i = 1

2

∑

j

[
uj ib

ᵀ
ij − (

uj ib
ᵀ
ij

)ᵀ]
, (10)

ε̇i = 1

2

∑

j

[
uj ib

ᵀ
ij + (

uj ib
ᵀ
ij

)ᵀ]
, (11)

where bij ≡ Gi · ∇iWijVj . Finally, the consistent discretization of the total stress rate tensor
is obtained by substituting Eqs. (10) and (11) into Eq. (3), which yields

dσ i

dt
= 1

2

⎧
⎨

⎩

∑

j

[
uj ib

ᵀ
ij − (

uj ib
ᵀ
ij

)ᵀ]
σ i − σ i

∑

j

[
uj ib

ᵀ
ij − (

uj ib
ᵀ
ij

)ᵀ]

⎫
⎬

⎭

+ G

⎧
⎨

⎩

∑

j

[
uj ib

ᵀ
ij + (

uj ib
ᵀ
ij

)ᵀ] − 1

3
tr

⎛

⎝
∑

j

[
uj ib

ᵀ
ij + (

uj ib
ᵀ
ij

)ᵀ]

⎞

⎠ I

⎫
⎬

⎭
(12)

+ 1

6
K

⎧
⎨

⎩
tr

⎛

⎝
∑

j

[
uj ib

ᵀ
ij + (

uj ib
ᵀ
ij

)ᵀ]

⎞

⎠ I

⎫
⎬

⎭
.

2.3 Boundary conditions

In this work, we model a two-way coupling approach by imposing a Dirichlet (no-slip and
no-penetration) boundary condition (BC) for the deformable granular material terrain at the
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solid boundary (moving wheels or fixed wall). To accurately impose a Dirichlet BC for the
granular material velocity, a full support domain contained in (�f ∪ �s ) should be attained
to guarantee accurate SPH approximation for particles close to the boundary �. To this end,
as shown in Fig. 1, we follow the strategy proposed in [41, 42, 45–47] to generate several
layers of BCE particles in the solid area �s close to the boundary �. The velocities of the
BCE particles can be linearly extrapolated from the SPH particle velocities close to the
boundary, i.e.,

uj = dj

di

(uB − ui ) + uB , (12)

where di and dj represent the perpendicular distances to the solid boundary � for an SPH
particle i and a BCE particle j , respectively. Here uB denotes the velocity at the solid bound-
ary, which is expressed as

uB = ubody + ωbody × rc(x) for x ∈ �, (13)

where ubody and ωbody are the translational and angular velocities of the solid body (e.g.,
the moving rover wheel), respectively, and rc(x) denotes the vector from the center of mass
(e.g., the wheel center) of the solid body to the location x at the boundary �. Note that the
velocities of the BCE particles extrapolated from that of the SPH particles and the solid
boundary are only used to enforce the Dirichlet BCs; these velocities cannot be used to
advect the BCE particles since they will move along with the solid body to which they are
rigidly attached.

For the total stress tensor σ j at the position of a BCE particle j , we follow the approach
in [48] to extrapolate it from the total stress tensor of the SPH particles close to the boundary
�, i.e.,

σ j =
∑

i∈�f
σ iWji + [diag(fb − fj )]∑i∈�f

ρi[diag(rj i)]Wji
∑

i∈�f
Wji

, (14)

where rj i = xj − xi , the function diag(fb − fj ) creates a diagonal matrix from the vector
fb − fj , and so does the function diag(rj i), fb is the body force of the granular material
(e.g., the gravity), and fj is the inertial force associated with the BCE particle j and can be
evaluated as

fj = u̇body + ω̇body × rjc + ωbody × (ωbody × rjc) , (15)

where rjc is the vector from the solid body’s center of mass to the position of the BCE
particle j . The total force Fbody and torque Tbody exerted by the deformable terrain upon the
solid body are then calculated by summing the forces contributed by the SPH particles onto
the BCE particles as described in the conservative SPH method [49], i.e.,

Fbody =
∑

j∈�s

mj u̇j and Tbody =
∑

j∈�s

rjc × (mj u̇j ) . (16)

2.4 Update of field variables

In this work, we update the field variables (e.g., the velocity, position, and total stress ten-
sor) of the SPH particles using an explicit predictor–corrector time integration scheme with
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second-order accuracy [50, 51]. There are two half steps involved in this integration scheme
for each time step. In the first half step, we first predict an intermediate value of velocity
ūi , position x̄i , and total stress tensor σ̄ i at t + �t

2 . Using the predicted values, we evaluate
again Eqs. (8), (12), and (17) to update the velocity, position, and total stress tensor to the
corrected values. Finally, we update the field variables of the SPH particles based on the
initial and corrected values at t +�t . More details about the interaction scheme for granular
material dynamics can be found in [27].

To enforce the condition that the particles advect at a velocity close to an average velocity
of their neighboring particles, in this study, we use the so-called XSPH technique [50]. Ac-
cording to the XSPH method, the relationship between the displacement of the SPH particle
i and its velocity is expressed as

dxi

dt
= ui − ξ

∑

j

uijWijVj , (17)

where the second term is a correction term with the coefficient ξ in this work being set to
0.5. More details about the XSPH method used in granular material dynamics can be found
in [27]. Therein a comprehensive study about how to choose the value of the coefficient ξ

was performed by gauging the influence of ξ onto the kinetic energy of the dynamic system.
Since the advection of SPH particles with the granular material flow can lead to high

particle disorder scenarios and hence a low computational accuracy after long-time simula-
tion, we employ a particle shifting technique (PST) to provision against such scenarios in
this study. The original form of the PST was proposed in [52] and has been applied in many
SPH applications; see, for instance [40, 41, 52]. However, the original PST cannot be ap-
plied to problems with free surfaces since it requires a complete support domain for the SPH
particles. Thus we employ a new penetration-based particle shifting technique (PPST) pro-
posed in [27] which is stable, simple, and easy to implement. Most importantly, no tracking
is required for SPH particles close to free surface. The shifting vector of the PPST scheme
is expressed as

�ri =

⎧
⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

β1 ‖ui‖�t
∑

j

�rij eij , �rij > 0,

β2 ‖ui‖�t
∑

j

�rij eij , �r0 < �rij � 0,

β2 ‖ui‖�t
∑

j

�r0eij , �rij � �r0,

(18)

where eij is the unit vector from particle j to i, and based on recommendations made in
[27], we chose β1 = 3 and β2 = 1. The relative penetration depth between particle i and j

is defined as �rij = Ds,i−rij

Ds,i
, where Ds,i = 2 3

√
3mi

4πρi
is the diameter of the SPH particle. The

critical value of the penetration depth is set to �r0 = −0.1 in this work.
To accurately update the value of the total stress tensor σ of the deformable granular

material terrain, we employ an approach originally proposed in MPM [33] and apply it
within the framework of SPH. The total stress tensor of all SPH particles is first updated
explicitly from t to t + �t according to the predictor-0corrector scheme described in [27,
50, 51]. Once the update is done, at the end of this time step, the total stress tensor is then
further corrected based on a four-step postprocessing strategy: (i) Calculate the value of p∗
and τ ∗ according to the value of total stress tensor σ ∗, which is already obtained through the
predictor–corrector scheme using Eq. (2); (ii) If p∗ < 0, then simply set σ = 0 at t +�t and
start a new integration time step; (iii) If p∗ > 0, then set p = p∗, compute the double inner
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Fig. 2 The co-simulation setup in Chrono::FSI

product of τ ∗ as τ̄ ∗ =
√

1
2 (τ ∗

αβ) : (τ ∗
αβ), and compute S0 as S0 = μsp

∗, where α and β are

indices for the stress components; (iv) If τ̄ ∗ < S0, then simply set τ = τ ∗ as the deviatoric
component of σ at t +�t since no plastic flow occurs at this moment; else, use the Drucker–
Prager yield criterion to scale the deviatoric component of σ back to the yield surface as
τ = μp∗

τ̄∗ τ ∗. Here the friction coefficient used in step (iii) is defined as μ = μs + μ2−μs

I0/I+1 [33],
where μs is the static friction coefficient, and μ2 is the limiting value of μ as I → ∞; I0 is
a material constant, which is set to 0.03 in this work; I is the inertial number. More details
about the four-step strategy and the calculation of parameters can be found in [27].

2.5 Cosimulation setup

Two modules come into play in the cosimulation framework implemented in Chrono. One
is the multibody dynamics simulation engine, which is used to propagate forward in time
the motion of the solid bodies, e.g., the dynamics of the Curiosity rover. The frictional
contact between the rigid bodies is handled therein using a differential variational inequality
(DVI) approach [53, 54]. The second module handles the dynamics of the granular material;
this is accomplished using the SPH methodology described in Sects. 2.2–2.4. Since the
SPH particles used to discretize the simulation domain are larger than the terrain grain size,
the degree of freedom count is significantly reduced in the continuum approach. The SPH
simulation support is implemented in Chrono::FSI, which is a submodule of Chrono that
uses GPU acceleration.

As mentioned in Sect. 2.3 and illustrated in Fig. 1, BCE particles are attached to the rigid
bodies to account via Dirichlet BCs for the interaction between rigid bodies and deformable
terrain. The cosimulation is anchored by a four-step procedure, illustrated in Fig. 2, to ad-
vance the simulation one time step at a time: (i) Run one dynamics step of the multibody
system and update the position and velocity of each body in the system; (ii) Update the posi-
tion and velocity of the BCE particles according to the rigid body to which they are attached
and pass this information to the deformable terrain simulation module to enforce no-slip,
no-penetration Dirichlet BCs; (iii) Run one dynamics step for the deformable terrain and
update the position, velocity, and stress tensor for each SPH particle; (iv) Calculate the net
force and torque acting upon each rigid body using the interaction between SPH particles
and BCE particles and then pass these loads back to the multibody simulation module. The
communication between the two modules can be done at each time step or every few time
steps. Typically, the dynamics of the deformable terrain calls for a smaller step size.
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Fig. 3 Schematic of the setup for the single cylindrical wheel test

3 Single-wheel test

We report results for the single-wheel test, in which one wheel moves under controlled
slip and normal loading conditions within a confined soil bin filled with granular material.
The drawbar pull force, wheel torque, and wheel sinkage were measured for three different
wheels operating at several slip ratios. To produce and maintain a desired slip ratio, the
wheel was rolled onto the granular material terrain with a constant angular velocity ω and at
the same time translated with a constant, suitably chosen horizontal velocity v. The resulting
value was slip = 1− v

ωrw
, where rw is the radius of the wheel. For the methodology proposed,

this test is regarded as a validation stepping stone toward system-level simulation of a full
rover. Unfortunately, there is limited amount of experimental data that this exercise could
draw on.

3.1 Cylindrical wheel

The cylindrical wheel had a width of w = 0.16 m and a radius of rw = 0.13 m. The an-
gular velocity was fixed as 0.3 rad/s. The numerical tests in Chrono::FSI were conducted
by simulating a soil containing 60,000 SPH particles. In this case, both the initial particle
spacing and the smoothing length are set to 0.01 m. The wheel was placed right above the
soil bin and rolled at the desired slip ratio for 20 s; see Fig. 3 for the simulation setup. The
density and frictional coefficient of the soil were 1700 kg/m3 and 0.7. The Young modulus
and Poisson ratio of the granular material were set to 1 × 106 Pa and 0.3, respectively. The
normal load on the wheel was 130 N. This includes the weight of the wheel and testing rig
– a combined mass of 13.25 kg factored in under earth gravitational pull. Figure 4 shows
results for the drawbar pull force, wheel torque, and wheel sinkage, respectively. As the slip
ratio of the wheel increases, the drawbar pull force and torque also increase. However, the
sinkage shows the minimum value when the slip ratio is close to zero. The results were com-
pared against experiment data reported in [55]; the force, torque, and sinkage all show good
agreement. Figure 5 illustrates the SPH particle distribution of the terrain and the position
of the cylindrical wheel. The screenshots were captured when t = 15 s with slip ratio being
set as −0.5, 0, and 0.5, respectively.

3.2 Toroidal tire

The rigid toroidal tire had a width of w = 0.2 m and a radius of rw = 0.305 m. The angular
velocity was fixed as 0.175 rad/s. The numerical tests in Chrono were conducted by sim-
ulating a soil bin via 1,800,000 SPH particles. In this case, both the initial particle spacing
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Fig. 4 Drawbar pull force, torque, and sinkage of the wheel vs. slip ratio curves for a normal load of 130 N.
Data label EXP is experimental data according to [55]. SPH data are obtained using simulation

Fig. 5 SPH particle distribution at t = 15 s with different slip ratios with colors corresponding to the magni-
tude of velocity (m/s) (Color figure online)

Fig. 6 Skeleton of the single toroidal rubber tire test setup

and the smoothing length were set as 0.005 m. The tire was placed right above the soil bin
and rolled at the desired slip ratio for 50 s; see Fig. 6. The density and frictional coefficient
of the soil were 1700 kg/m3 and 0.9. The Young modulus and Poisson ratio of the granular
material were set to 1 × 106 Pa and 0.3, respectively. The normal load on the wheel was as
produced by a mass of 105.22 kg under earth gravitational pull. Figure 7 reports drawbar pull
force, wheel torque, and wheel sinkage. The results show that as the slip ratio increases, the
drawbar pull force and torque also increase. However, the drawbar pull drops slightly when
slip ratio is large. The sinkage decreases with a negative value and increases with a posi-
tive value. A minimum value can be observed when the slip ratio is close to zero. Figure 8
shows the SPH particle distribution of the terrain and the position of the meshed tire. The
screenshots were captured when t = 40 s with slip ratios of −0.5, 0, and 0.5, respectively.

3.3 Wheel with grousers

The rigid wheel with grousers had a width of w = 0.25 m and a radius of rw = 0.28 m; the
thickness of the grousers was 10 mm. The angular velocity was fixed as 0.192 rad/s. The



Traction control design for off-road mobility. . . 175

Fig. 7 Toroidal rubber tire: drawbar pull force, torque, and sinkage of the tire vs. slip ratio curves for a normal
load associated under earth gravitational pull with a mass of 105.22 kg

Fig. 8 Toroidal tire: SPH particle distribution at t = 40 s with different slip ratios with colors corresponding
to the height of the particle (m). The tire is represented with mesh (Color figure online)

Fig. 9 Skeleton of the single wheel with grousers (Color figure online)

numerical tests in Chrono::FSI were conducted by simulating a soil bin via 1,700,000 SPH
particles. In this case, both the initial particle spacing and the smoothing length are set as
0.005 m. The rigid wheel was placed right above the soil bin and rolled at the desired slip
ratio for 50 s; see Fig. 9. The density and frictional coefficient of the soil were 1700 kg/m3

and 0.9. The Young modulus and Poisson ratio of the granular material were set to 1×106 Pa
and 0.3, respectively. The normal load on the wheel was as produced by a mass of 17.5 kg
under earth gravitational pull. Figure 10 shows the drawbar pull force, wheel torque, and
wheel sinkage. As the slip ratio increases, the drawbar pull force, torque, and sinkage also
increase. The sinkage for the wheel with grousers is vastly different from the sinkage for
the wheel without grousers (see Figs. 4(c) and 7(c)). Figure 11 displays the SPH particle
distribution of the terrain and the meshed rigid wheel. The screenshots were captured when
t = 30 s, for slip ratios −0.5, 0, and 0.5. The wheel footprint observed in the screenshots
correlates with the position of the wheel grousers.

Compared to a DEM-based solution, the number of degrees of freedom can be sig-
nificantly reduced by employing the outlined SPH-enabled continuum representation. For
small degree of freedom counts, we hope to use SPH particles that are as large as possi-
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Fig. 10 Wheel with grousers: Drawbar pull force, torque, and sinkage of the wheel vs. slip ratio curves. Load
as produced by 17.5 kg under earth gravitational pull

Fig. 11 Wheel with grousers: SPH particle distribution at t = 30 s with different slip ratios with colors
corresponding to the height of the particle (unit: m) (Color figure online)

ble. However, to capture the interaction between soil and a wheel that has small features
(e.g., fine grousers), we have to use small BCE particles to capture the two-way coupling
between the rover and terrain. Since the implementation only supports a single resolution
spatial discretization, the SPH particles used to discretize the terrain soil are correspondingly
small. The computational cost for a single wheel is not a matter of great concern since the
patch of terrain is relatively small. However, in the full rover simulation with larger swaths
of terrain (flat-uphill-flat terrain in the following section), the computational cost can be-
come prohibitive. Against this backdrop, simulations were performed to understand how the
grouser thickness influences the drawbar pull force, torque, and sinkage. The thickness of
the grousers varied from 4 mm to 12 mm. The spacing between SPH particles was identical
to the grouser thickness. The diameter of BCE particles used to represent the wheel mesh
geometry was also equal to the grouser thickness. The purpose of this test is motivated as
follows: we would like to use large size particles so that we finish simulation fast – large
particles means fewer particles to cover a patch of terrain. For instance, when using SPH
particles of 12 mm instead of 3 mm, in theory, the 3D simulation would run approximately
64 times faster; this is a rough rule of thumb, since other factors come into play. The question
is how are results going to change if slightly larger grousers and larger particles are used?
The results of this inquiry are presented below, and the short answer is that increasing the
particle/grouser size up to a point does not change qualitatively and quantitatively the results
too much. Note that the conclusions drawn here hold for the specific wheel with the specific
number of grousers used in this work. Other terrain types and wheel geometries would re-
quire similar analysis to gain insights that allow for a reduction of the computational burden
associated with the problem of interest.

Figures 12, 13, and 14 show the time histories of the drawbar pull force, wheel torque,
and wheel sinkage with different slip ratios and different grouser thicknesses. The results
indicate that as the slip ratio increases, the drawbar pull force, torque, and sinkage also
increase. Note that the drawbar pull force, wheel torque, and wheel sinkage did not show
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Fig. 12 Wheel with grousers: Drawbar pull force vs. time curves. Particle size is identical to the grouser
thickness (Color figure online)

Fig. 13 Wheel with grousers: Wheel torque vs. time curves. Particle size is identical to the grouser thickness
(Color figure online)

Fig. 14 Wheel with grousers: Wheel sinkage vs. time curves. Particle size is identical to the grouser thickness
(Color figure online)

significant differences when the grouser thickness changed from 4 mm to 12 mm. However,
the number of particles can be significantly reduced, from about 3,000,000 to 150,000. As
a result, the real time factor can be reduced from 1440:1 to 120:1, i.e., it takes 120 seconds
to simulate one second of physics, instead of 1440 seconds. This experiment also suggests
that the accuracy of the 12 mm or 10 mm simulations is good enough to capture the physics
of interest for the single-wheel test. This observation will allow us to make the full rover
simulations faster in the following section. Indeed, running full rover simulation with small
grouser thickness on the wheel is taxing owing to a large number of SPH and BCE particles.
Yet the results in this subsection suggest that going to large grouser size, at least early on in
the control policy design for rover mobility, is a reasonable decision to make.
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Fig. 15 Curiosity Mars rover
model with 10-mm grouser
wheels

4 Full rover simulation

4.1 The Curiosity Mars rover model

Figure 15 shows the Curiosity model used in the full rover simulation. The rover was driven
by prescribing angular velocity values to its wheels; these six angular velocities need not all
be the same. As elaborated upon in the previous subsection, the wheel grousers were 10 mm
thick. The rover chassis had an approximate length of 3.94 m, width of 1.56 m, and a height
of 1.58 m. The total mass of the rover model was approximately 899 kg. The suspension
prevents the rover from uncontrolled yaw and body motion. For improved traction and rover
stability, the suspension design also prevents both sides of the rover wheels being lifted up
when one side of the rover hits an obstacle. The geometry information is available on NASA
public website [56].

The two front suspension arms were connected to the rover body through a revolute joint.
The two rear suspension arms were connected to the two front suspension arms through a
revolute joint. All six wheels had been connected to the suspension arms through a revolute
joint at the center of the wheel. The rover body and the wheels had nontrivial 3D shapes, both
defined by triangular meshes. To handle the wheel-terrain interaction, BCE particles were
attached onto the wheels using the triangular meshes that define the rigid body. To generate
the BCE particles for a nontrivial 3D geometry defined with mesh, we used a mesh-to-point
cloud conversion tool [57]. Figure 16 shows the original mesh of the wheel and its particle
representation generated via spherical decomposition. The radius, width of the wheel, and
number of grousers were identical to those on the actual Curiosity wheel. The friction and
contact between solid bodies were handled via DVI as previously indicated.

Several simulations were performed to assess rover simulation robustness for operation
in an flat-uphill-flat mobility scenario. The granular material-liked soil was only stored on
the surface of the flat-uphill-flat terrain with a thickness of 0.1 m, as shown in Fig. 17. The
length L of the lower flat and upper flat terrain was fixed to 3 m. The length L of the uphill
terrain in the x direction was also fixed to 3 m, whereas the height H was changed from
1 m to 2 m. Thus the corresponding angles of the uphill terrain varied from 18◦ to 34◦. The
friction coefficient of the granular material was changed from 0.6 to 0.9. The six-wheel rover
was placed right in front of the incline on the flat terrain. Once started, the rover moved with
a fixed/varying angular velocity at each wheel. The Young modulus, density, and Poisson
ratio of the granular material were set to 1 × 106 Pa, 1700 kg/m3, and 0.3, respectively.
The simulations were performed under the Mars gravitational pull 3.721 m/s2. The average
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Fig. 16 Mesh and particle representation of the rover wheel with 10-mm grousers

Fig. 17 Simulation setup of the flat-uphill-flat terrain

diameter of the soil particles used in this simulation is 0.001 m, whereas the size of the SPH
particles was set as 0.01 m. The total number of SPH particles used to model this problem
was 5,300,000. For a 10-s simulation, the total computational cost is about 3.5 hours on an
Nvidia A100 GPU card. The integration step size was 2.5e-4 s.

4.2 Traction control strategy

Originally launched without traction control, Curiosity experienced intense wear and tear
[58], which required a firmware update that came several years after its launch while it was
in operation [59]. This experience underlined the importance of a traction control policy,
which in this contribution is derived in the presence of deformable terrain. In the scenario
considered, the rover moved from the lower flat terrain to the upper flat terrain (shown in
Fig. 17). A simple traction control algorithm was implemented with an eye toward reducing
energy. A “control on” scenario, which varied the angular velocity at each wheel as the rover
climbed, was compared against the “control off” scenario, in which all wheels had constant
and equal angular velocities. Figure 18 shows the side view of the Curiosity rover model with
two front wheels touching on the incline. With this picture in mind, assume that no traction
control algorithm is used, i.e., all six wheels rotate with constant angular velocity. When all
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Fig. 18 Side view of the
Curiosity rover model with the
front wheel touching on the
incline

the six wheels are on the flat terrain or all of them are on the incline, things are working well.
However, when the front wheels start to move on the incline and the middle and rear sets of
wheels are still on the lower flat terrain, since the front wheels have to move faster than the
middle and rear wheels (vf > vm = vr ), they will start to produce negative slip. For a similar
reason, when the front wheels leave the incline and rotate on the upper flat terrain, since
the front wheels have to move slower than the middle and rear wheels (vf < vm = vr ), they
will experience positive slip. As a rule of thumb, for preserving the battery, neither positive
nor negative slips are desirable since a nonzero slip will make the wheel shear the ground
or bulldoze the terrain, and a more powerful motor is usually required accommodate such a
scenarios, as it can be observed from Fig. 13.

To avoid the issue described above and increase the efficiency of the rover climb, a simple
traction control algorithm was used to adaptively change the angular velocity assigned to
each set of wheels. Assume that the constant angular velocity used in the “control off”
simulation was ωoff. We also defined a base angular velocity in the “control on” simulation
as ωon, which is equal to ωoff. Then, the algorithm if formulated as the following five-step
control policy:

ST EP 1: Read the translational velocity at the center of each wheel at the end of the
current time step, i.e., vf , vm, and vr shown in Fig. 18;

ST EP 2: Find the maximum translational velocity among the six wheels, which is de-
fined as vmax;

ST EP 3: Calculate the rescale ratio of the angular velocity that will be requested from
the motor on each wheel for the next time step, i.e., R= v

vmax
;

ST EP 4: Calculate the angular velocity for each motor on each wheel ω = ωonR;
ST EP 5: Set the new angular velocity ω for each motor and take one time step.
Note that in simulation, this is simple; in practice, implementing this policy may be

nontrivial owing to sensing limitations. The control policy was executed every timestep.
Nonetheless, since the purpose here is to test the rover and terrain, the issue of how to obtain
this information is eschewed.

4.3 Mobility simulation on a flat-uphill-flat terrain

We performed two groups of simulations – with “control on”, and “control off”, the latter
using a constant angular velocity ωoff ). Figure 19 shows the time histories of the wheel slip,
torque, and power requirement for the traction control on and off simulations. The friction
coefficient was set to 0.9; the height of the incline was 1 m. The left two sub-figures indicate
that the wheel slip was well controlled in the simulation with the traction control algorithm.
The vehicle experiences identical slips at each of its six wheels. The slip is much closer to
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Fig. 19 Wheel slip, torque, power vs. time curves. Friction coefficient is 0.9. Height of the uphill terrain is
1 m. The upper three plots correspond to the traction “control off” scenario; the lower three corresponds to
the traction “control on” case

Fig. 20 Rover position on the uphill terrain and the local particle distribution at t = 15 s. The terrain height
was 2 m; the friction coefficient was 0.9

zero especially at the beginning of the simulation (first 5 seconds), when the front wheel was
already on the incline and the middle and rear wheels were still on the lower flat terrain. The
other four sub-figures indicate that the peak torque and power are smaller after turning on
the control policy. Both the torque and power of each wheel are closer to each other when
the wheels were not on the same terrain. This is a marked improvement as there is balance
among all wheels; i.e., we avoided a situation in which some of the wheels pushed the rover
really hard, while other wheels were almost idle. We also measured the total energy usage
for the rover as it moved from the lower flat terrain to the upper flat terrain, see Fig. 17. The
traction control algorithm led to 8% energy savings. Considering that the algorithm doesn’t
help to save energy when all wheels are on the incline/flat terrain at the same time, we also
did a more focused measurement–from the moment the front wheels started to move on the
incline to the moment the rear wheels left the lower flat terrain. This was the stage when the
traction control algorithm contributed most. During this stage, the “control on” policy led to
18% energy savings.

Finally, to assess the sensitivity and robustness of the rover simulation, we tested various
scenarios with different friction coefficients and uphill slopes. A snapshot of one of these
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Fig. 21 Wheel slip, torque, power vs. time curves. Friction coefficient is 0.8. Height of the uphill terrain is
1 m. The upper three plots correspond to the traction “control off” scenario; the lower three correspond to the
traction “control on” case

Fig. 22 Wheel slip, torque, power vs. time curves. Friction coefficient is 0.7. Height of the uphill terrain is
1 m. The upper three plots correspond to the traction “control off” scenario; the lower three correspond to the
traction “control on” case

simulations is shown in Fig. 20, which illustrates the rover position on the uphill terrain and
the local particle distribution at t = 15 s; the terrain height was 2 m, and the friction coeffi-
cient of the granular material was 0.9. Figure 19 and Figs. 21, 22, 23 show the time histories
of the wheel slip, wheel torque, and wheel power requirement with different friction coeffi-
cients; for animations, see [60]. Figures 24, 25, 26, 27 show the time histories of the wheel
slip, torque, and power requirement for different heights (H in Fig. 17); for animations,
see [61]. Several points can be made in conjunction with these results: (i) The implemented
traction control algorithm works fine when the friction coefficient and terrain height are
changing; (ii) The lower the friction coefficient, the higher the wheel slip, yet the slip stays
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Fig. 23 Wheel slip, torque, power vs. time curves. Friction coefficient is 0.6. Height of the uphill terrain is
1 m. The upper three plots correspond to the traction “control off” scenario; the lower three correspond to the
traction “control on” case

Fig. 24 Wheel slip, torque, power vs. time curves. Friction coefficient is 0.9. Height of the uphill terrain is
1.25 m. The upper three plots correspond to the traction “control off” scenario; the lower three correspond to
the traction “control on” case

roughly identical for all six wheels; (iii) A lower friction coefficient makes the rear wheels
require more power and torque, whereas all across the board the middle wheels require less;
(iv) Front and rear wheels require more power and torque when the terrain height increases,
whereas the middle wheels keep almost constant; indeed, the middle wheels systematically
play a secondary role in the overall effort.
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Fig. 25 Wheel slip, torque, power vs. time curves. Friction coefficient is 0.9. Height of the uphill terrain is
1.5 m. The upper three plots correspond to the traction “control off” scenario; the lower three correspond to
the traction “control on” case

Fig. 26 Wheel slip, torque, power vs. time curves. Friction coefficient is 0.9. Height of the uphill terrain is
1.75 m. The upper three plots correspond to the traction “control off” scenario; the lower three correspond to
the traction “control on” case

5 Conclusions and directions of future work

This paper outlines a computational approach that employs the SPH method to model the
deformable granular material terrain and simulate its interaction with a six-wheel Curios-
ity Mars rover. The need for a continuum representation is motivated by the observation
that a fully resolved dynamic simulation using the DEM method is prohibitively long in
many practical applications [62]. By comparison, the continuum representation-based so-
lution using the SPH method reduces the degree of freedom count of the problem and its
numerical solution. A simple traction control was employed in the full rover simulation to
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Fig. 27 Wheel slip, torque, power vs. time curves. Friction coefficient is 0.9. Height of the uphill terrain is
2 m. The upper three plots correspond to the traction “control off” scenario; the lower three corresponds to
the traction “control on” case

reduce energy usage by controlling wheel slip. As future work, it remains to understand
how to handle scenarios in which the granular material departs from the monodisperse as-
sumption, thus opening the door to more complex grain geometries. Additionally, further
analytical work is required in the current approach to support mobility on snow, where there
is a manifest compressibility in the material. Currently, the equations of motion work off an
assumption of incompressibility, which while sufficient for sands, silts, and sand clays, fails
to be adequate for snow. All the software and models used in this study are available as open
source on GitHub [63] to facilitate dissemination and reproducibility studies.
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