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Abstract

Wheels and tires serve as the critical interface between vehicles and the ground,
enabling traction, force transmission, and ultimately mobility. As planetary explo-
ration systems adopt increasingly complex wheel and tire designs, look to explore
increasingly extreme terrains, and adopt increasingly aggressive performance re-
quirements, physics-based modeling has become essential for both designing these
mechanisms and predicting performance under conditions that are difficult or im-
practical to replicate experimentally, such as reduced gravity. This paper provides
a high-level overview of commonly used modeling approaches for simulating tire-
ground interaction, including those currently employed or under development at
NASA Glenn Research Center, NASA Johnson Space Center, and the Jet Propul-
sion Laboratory. The paper first categorizes modeling techniques based on their
fidelity and underlying assumptions. It then discusses the applications, benefits,
and limitations of each approach, highlighting current knowledge gaps and mod-
eling challenges. Finally, the paper outlines ongoing and future work aimed at
addressing these limitations, including initial results from automated soil prepara-
tion experiments that support the generation of consistent physical test data and
the development of terramechanics simulations for evaluating and comparing model
fidelity.

1 Introduction

Wheels and tires are the primary interface between vehicles and the ground, trans-
mitting forces and enabling mobility. Throughout history, wheel and tire design has
evolved from simple wooden discs to sophisticated systems featuring intricate tread
patterns and other technologies to achieve better traction, stability, and energy ef-
ficiency depending on a vehicle’s mobility goals. As this complexity has increased,
modeling approaches have become essential for creating and optimizing wheel and
tire designs.

Historically, empirical models were used to characterize contact between tires
and the ground, relying on experimental data and empirically derived relationships.1

With the advancement of computational power and engineering knowledge, numer-
ical models have more recently emerged as powerful tools for tire-ground contact
analysis. These models can provide detailed insights into the complex interactions
between tires and the ground, enabling engineers to optimize vehicle performance
and other mobility metrics.

1The terms “wheel” and “tire” are often used interchangeably. In this paper, a “wheel” refers
to a rotating structure that converts torque into thrust, while a ”tire” refers to the component on
the wheel that interacts with and conforms to the ground. In most terrestrial applications, the
distinction is clear, with the tire being the rubber, air-filled portion. However, for non-pneumatic
planetary tires, this distinction is less defined. Therefore, the term “tire” will primarily be used
to refer to the entire structure, as the focus of this paper is on ground interaction. However,
since “wheel” is still commonly used in the field to describe this structure, both terms will appear
throughout the paper.
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The selection of a tire-ground modeling approach depends on various factors.
Complex dynamic behavior, such as wheel slip and deformation, necessitates models
that capture these phenomena accurately. Conversely, models designed for real-time
applications or embedded systems require computational efficiency. Additionally,
the availability of computational resources, which limit the complexity of models
that can be employed, must also be considered when selecting a tire-ground model-
ing approach. By carefully considering these constraints, engineers can tailor their
modeling approach to specific applications and achieve desired results.

This paper presents a high-level overview of commonly used tire-ground contact
modeling approaches, including ones in-use and under development at NASA Glenn
Research Center, NASA Johnson Space Center, and the Jet Propulsion Laboratory.
These modeling approaches can be divided into three primary categories: classi-
cal terramechanics that rely on semi-empirical modeling, where various aspects of
wheel-ground contact interaction are captured by combining experimental data with
theoretical principles; numerical models where ground particles are modeled based
on physical relationships either as a continuum or at the individual particle level that
then interact with simulated wheel geometry; and empirical approaches that rely
on physical testing to capture phenomena for specific, one-off, complex interactions
where model development is time or cost prohibitive.

The paper begins by introducing the performance metrics used to quantify tire
performance on granular media. Next the various modeling approaches across a
range of fidelities are outlined with their key features and theoretical foundations. It
then examines the applications and limitations of each approach, identifying current
knowledge gaps and modeling challenges. This is followed by a summary of ongoing
efforts to address these limitations, including soil characterization and simulation
comparison work currently underway. The paper concludes with a discussion of
planned future directions aimed at advancing modeling capabilities to support next-
generation planetary mobility systems.

2 Mobility Metrics in Granular Terrain

To evaluate and compare the performance of different modeling approaches, it is
first necessary to establish a common basis for assessing wheel mobility in granular
media. This section introduces key performance metrics derived from standard
wheel-soil interaction tests, which serve as important reference points for validating
simulations and guiding model development throughout the remainder of this paper.

One widely used method for quantifying wheel performance is the single-wheel
drawbar pull test [7]. This controlled experiment provides a repeatable means of
assessing a wheel’s traction, sinkage, and overall behavior when traversing loose soil.
In the test setup, a single wheel is either driven or towed across a prepared soil bed
while instrumented with sensors to capture forces and moments in all directions.
The wheel is allowed to sink freely under a prescribed normal load, simulating real-
istic vehicle-terrain interaction conditions. By varying the wheel’s slip ratio, which
is further discussed in Section 3.2, researchers can systematically assess traction
performance across a range of conditions.
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Figure 1. Example drawbar pull vs slip (left) and sinkage vs slip (right) curves.

Key outputs from this test include the normalized drawbar pull (longitudinal
traction force divided by normal load) and incremental sinkage as a function of
slip, examples of which are shown in Figure 1. These metrics, further discussed in
Section 3.2, collectively define a performance envelope for the wheel under test and
are used to evaluate traction capability, resistance to sinkage, and the likelihood of
mobility degradation in soft terrain. Full six-axis force and moment measurements
also provide insight into lateral slip, yaw moments, and terrain-induced asymmetries.
These data are not only valuable for analyzing wheel designs but also play a critical
role in calibrating and validating terramechanics simulation tools. As such, this
performance framework provides essential context for interpreting the capabilities
and limitations of the various modeling approaches discussed in subsequent sections.

3 Classical Terramechanics (Semi-Empirical Models)

Classical terramechanics approaches rely on semi-empirical modeling, where experi-
mental data is combined with theoretical principles to create a mathematical descrip-
tion of various wheel-ground interaction phenomena. These approaches are useful
for capturing specific phenomena that can then be applied to situations with similar
conditions of the experiments that were used to create them. While generally hav-
ing lower fidelity than numerical and empirical modeling approaches, semi-empirical
models are easier to compute, making it possible to apply them in simulations that
require real-time calculations or human-in-the-loop interaction, and are more gen-
eralizable than empirical relationships constructed to capture the dynamics of a
specific test case. Details of various commonly used semi-empirical modeling ap-
proaches for mobility applications are described in the following sections, though
the list is nowhere near exhaustive. Refer to [12] for a more comprehensive compi-
lation of semi-empirical terramechanics models.
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Figure 2. A typical bevameter test device [38].

3.1 Bekker, Wong, Janosi, and Hanamoto Models

The foundation of terrain-vehicle system interaction models relies on semi-empirical
methods to obtain vertical and horizontal stress-strain relationships. From these
relationships the resistance, thrust, and required torque can be approximated to
evaluate vehicle design and performance.

There is only one test instrument that is configured to evaluate both the vertical
and horizontal stress-strain relationships of the terrain. This instrument is called the
bevameter, short for Bekker-Value-Meter, formally developed by M.G. Bekker in the
1950’s (Fig. 2). This device was originally designed for soil measurement by the US
Army Tank Automotive Command and is used to perform both the plate-sinkage and
annular shear tests required to determine the vertical and horizontal stress-strain
relationships of the terrain, respectively. During a plate-sinkage test, a rectangular
or circular plate that matches the contact area of the vehicle running-gear is pushed
vertically into the terrain with a constant rate of penetration. The applied force
and resulting sinkage are measured and used to determine the vertical stress-strain
relationship. During a shear test, an annulus with normal pressure similar to that
of the wheel load is used to simulate the shearing action of the vehicle running
gear, by rotating on the terrain surface at a constant rate. The applied torque and
resulting angular displacement are measured and used to determine the horizontal
stress-strain relationship.
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Figure 3. Typical load-sinkage curves for various types of terrain [4].

3.1.1 Vertical Stress-Strain Relationship

The vertical stress-strain relationship of the terrain, otherwise denoted as the “pressure-
sinkage relationship,” has taken several forms over the years [3][4][5][9][11][27]. The
most well-known and generally accepted form was derived by M.G. Bekker and is
shown in Equation 1. This relationship is used to determine the depth a wheel will
sink into the ground under load and ultimately relates to the resistance (e.g., bull-
dozing) the wheel will encounter while driving [3][4]. The general concept behind
Bekker’s theory is that the normal stress beneath a wheel at a given depth is equiv-
alent to that obtained in a plate-sinkage test at the same depth. In this equation,
kc and kϕ are empirically derived moduli of deformation which are dependent on
the soil properties cohesion and friction angle, respectively, and are independent of
plate shape and size. The parameter n is an empirically derived value dependent
on the soil type and defines the shape of the load-penetration curve (refer to Fig.
3). The smaller dimension of the rectangular wheel ground contact patch or radius
of the circular plate is represented by the parameter b. Pressure-sinkage curves for
various types of terrain are shown in Figure 3.

p = (
kc
b
+ kϕ)z

n (1)

Here,

p = pressure
kc = modulus of deformation with respect to soil cohesion
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Figure 4. Resulting parallel lines from two plate-sinkage tests where a1 and a2
represent the pressures corresponding to the sinkage of z = 1 for each plate [36][38].

kϕ = modulus of deformation with respect to soil friction angle
b = the smaller dimension of the rectangular loading area or the radius of a circular
plate
z = soil depth or sinkage, and
n = the empirical soil value which defines the shape of the penetration curve.

The plate-sinkage prediction method includes: 1.) running a minimum of two
plate-sinkage tests with different sized plates in the same terrain to determine the
vertical stress-strain relationship; 2.) calculating the empirical terrain parameters
via curve-fitting techniques applied to the resulting pressure-sinkage curves from
step 1; and 3.) predicting the pressure-sinkage characteristics of other different
sized wheels (or tracks) by applying the parameters to the prediction equations.
It should be noted that more than two tests or tests with more than two plates
provides additional data and thus more accurate terrain parameters [21].

From a two-plate test, each test produces a pressure-sinkage curve, which on a
log-log scale can be written as:

log pi = log[kc/bi + kϕ] + n log z. (2)

Here, pi and bi are dependent on the different plates (i) used in the load-penetration
tests. For each plate, this relationship ideally defines a parallel line (Fig. 4) from
which the parameters kc, kϕ, and n can easily be determined [36][38].

Wong imposed a step-by-step weighted least squares method to obtain unique
terrain parameters as well as a method for defining the error or “goodness-of-fit”
between the experimental and theoretical data [36][38]. This method derives the
best-fitted values of the pressure-sinkage terrain parameters to minimize the follow-
ing function, F , using the weighting factor p2,

F =
∑

p2 [ln p− ln (kc/b+ kϕ)− n ln z]2. (3)
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To minimize Equation 3, the partial derivative of the function with respect to n and
keq, where keq = (kc/b+ kϕ), is determined and set equal to zero. This leads to the
following equations:

n =

∑
p2

∑
p2 ln p ln z −

∑
p2 ln p

∑
p2 ln z∑

p2
∑

p2 (ln z)2 − (
∑

p2 ln z)2
(4)

ln keq =

∑
p2 ln p− n

∑
p2 ln z∑

p2
. (5)

A unique n value is usually obtained for each plate size, so it is necessary to average
the values when calculating the natural logarithm of keq in Equation 5. Similarly,
there will be two keq values, one for each plate. The following equations can be used
to determine kc and kϕ:

kc =
(keq)b1 − (keq)b2

b2 − b1
b1b2 (6)

kϕ = (keq)b1 −
[
(keq)b1 − (keq)b2

b2 − b1

]
b2. (7)

It is important to note, when following this analysis, that the value for kc is com-
monly negative for dry granular soils [9].

To determine the goodness-of-fit, the ratio of the root-mean-square error to the
mean value of the pressure in Equation 8 is applied [36]:

ε =

√∑
(pm−pc)

2

(N−2)∑
pm/N

. (8)

Here, pm is the experimental value of pressure and pc is the theoretical value from
Equation 1. N is the number of points used when curve-fitting. A perfect fit is
defined as ε = 0. Typical measured and theoretical load-sinkage curves for dry
granular terrain are shown in Figure 5 and typical Bekker parameters for various
types of terrain are shown in Table 1. Unfortunately, no true Bekker parameters exist
for lunar regolith, since that data would have needed to be collected in-situ on the
lunar surface. During Apollo, parameters were estimated based on Surveyor data to
support Apollo simulations [6], but these should only be considered rough estimates
and do not encompass the entire range of lunar regolith parameter possibilities.
Additionally, little data exists on lunar soil at the South Pole. Bekker parameters
are also dependent on wheel size and loading conditions. Future work is needed
to identify an appropriate range of Bekker parameters for simulations of vehicles
operating at the lunar South Pole.
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Table 1. Typical Bekker values for various terrain types and moisture content [37].

Terrain Type
Moisture

Content (%)
n

kc
(kN/mn+1)

kϕ
(kN/mn+2)

c
(kPa)

ϕ
(deg)

Dry Sand 0 1.1 0.99 1528.43 1.04 28

Sandy Loam 15 0.7 5.27 1515.04 1.72 29
22 0.2 2.56 43.12 1.38 38
11 0.9 52.53 11127.97 4.83 20
23 0.4 11.42 808.96 9.65 35
26 0.3 2.79 141.11 13.79 22
32 0.5 0.77 51.91 5.17 11

Clayey Soil 38 0.5 13.19 692.15 4.14 13
55 0.7 16.03 1262.53 2.07 10

Heavy Clay 25 0.13 12.70 1555.95 69.95 34
40 0.11 1.84 103.27 20.69 6

Lean Clay 22 0.2 16.43 1724.69 68.95 20
32 0.15 1.52 119.61 13.79 11

LETE Sand – 0.79 102 5301 1.3 31.1

Upland Sandy
Loam

51 1.10 74.6 2080 3.3 33.7

Rubicon Sandy
Loam

43 0.66 6.9 752 3.7 29.8

North Gower
Clayey Loam

46 0.73 41.6 2471 6.1 26.6

Grenville Loam 24 1.01 0.06 5880 3.1 29.8

Snow (US) – 1.6 4.37 196.72 1.03 19.7
– 1.6 2.49 245.90 0.62 23.2

Snow (Sweden) – 1.44 10.55 66.08 6 20.7

GRC-1
(ρ = 1.67 g/cc,
RD = 27.3%)

– 1.234 4009.91 -22368.57 – 33.7

GRC-3
(prepared to

loose condition)
– 1.0 23.2 606.7 0.13 36.7
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Figure 5. Example of measured and calculated load-sinkage curves for dry granular
terrain following the Bekker-Wong method [36][38].

3.1.2 Horizontal Stress-Strain Relationship

The horizontal stress-strain relationship or the shear stress-shear displacement rela-
tionship, shown in Equation 9, was developed by Janosi and Hanamoto in 1961 [17].
This equation is used to determine the amount of traction that a wheel will generate
and how easily it will progress through terrain and surmount obstacles when driven.
In Equation 9, c and ϕ are the cohesion and angle of internal friction of the terrain,
respectively. K is the shear deformation modulus which is the magnitude of the
shear displacement required to develop the maximum shear stress.

τ = (c+ σ tanϕ)
(
1− e−

j
K

)
(9)

Here,

τ = shear stress
c = soil cohesion
σ = vehicle weight
ϕ = soil friction angle
j = shear displacement, and
K = the shear deformation modulus of the soil.

The shear stress-shear displacement prediction method includes: 1.) conducting
a minimum of five to seven annular shear bevameter tests in the same terrain, each

NASA/TM-20250006958 9



Figure 6. Typical shear stress-displacement responses for brittle and plastic terrain
types [36].

with a different applied normal load [4]; 2.) applying curve-fitting techniques to de-
termine the parameters of the prediction equation; and 3.) applying the parameters
to the prediction equation to determine the theoretical shear stress-shear displace-
ment characteristics of similar objects. Typical horizontal stress-strain relationships
for plastic and brittle soils (e.g., clays and silts/sands, respectively) are shown in
Figure 6.

Similar to the plate-sinkage prediction method, Wong developed a simple and
reliable data processing methodology to obtain the horizontal stress-strain terrain
parameters [36]. A weighted least squares method is used to determine the best
value of K to minimize the error in the curve fit. Wong also developed a means
to evaluate goodness-of-fit of the theoretical curve compared to the experimental
curve. Wong’s method begins with taking the natural logarithm of both sides of
Equation 9 and results in the following equation:

F =
∑(

1− τ

τmax

)2 [
ln

(
1− τ

τmax

)
+

j

K

]2
. (10)

Here, the weighting factor is
(
1− τ

τmax

)2
. This equation must be minimized to

determine the best value of K by taking the first partial derivative of the function
with respect to K and setting it equal to zero. This results in

K = −
∑

(1− τ/τmax)
2 j2∑

(1− τ/τmax)
2 j [ln (1− τ/τmax)]

. (11)
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The goodness-of-fit is determined through

ε =

√∑
(τm−τc)

2

(N−2)∑
τm/N

(12)

where τm is the measured shear stress and τc is the theoretical shear stress using
Equation 9. The curve-fit is defined as a perfect fit when ε = 0. Typical shear
stress-shear displacement curves are shown in Figure 7 for a sandy terrain. Refer to
Table 1 for typical c and ϕ terrain values.

Figure 7. Typical horizontal stress-displacement responses for sandy terrain. [36].
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Figure 8. Diagram of the forces (Fx = drawbar pull, W = wheel load), torque
(T ), and stresses (τ = shear stress, σ = radial stress, both acting at the wheel soil
interface) acting on a rigid wheel driving over soft terrain (V = forward velocity of
the wheel) [39].

Figure 9. Normal (left, σn) and tangential (right, τx) stress distribution on a rigid
wheel (ω = angular wheel velocity).

Table 2. Typical values for c1 and c2 for various types of sand [39].

Terrain Type
Angle of
Internal
Friction ϕ

Cohesion c
(lb/in.2)

Density
(lb/in.3)

c1 c2

Compact Sand 33.3o 0.10 0.0575 0.43 0.32

Loose Sand 31.1o 0.12 0.048 0.18 0.32

Sand 36.0o 0.10 0.0617 0.285 0.32

Dry Sand 24.0o – – 0.38 0.41
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3.2 Wong and Reece Model

Another notable semi-empirical model, based upon Bekker’s vertical stress-strain
relation and Janosi-Hanamoto’s horizontal stress-strain relation, is the wheel-terrain
model derived by Wong for rigid wheels on soft terrain [1][39]. The wheel torque,
thrust, and sinkage are derived by estimating stress distributions along the wheel-
terrain interface. In this two-dimensional model (ignoring out of plane motion), the
stress distribution under a wheel are divided into the normal and tangential stress
(refer to Figures 8 and 9).

The normal stress for a wheel driving along a terrain interface can be represented
by the following equations [1]:

σ = σ1 =

(
kc
b
+ kϕ

)
zn1 for θm < θ < θ1 (13)

σ = σ2 =

(
kc
b
+ kϕ

)
zn2 for θ2 < θ < θm (14)

Here,

σ1 = normal stress from the point of soil entry to the maximum normal stress
σ2 = normal stress from the point of maximum normal stress to the point of soil
exit(
kc
b + kϕ

)
zni = Bekker’s pressure-sinkage relationship

θ1 = θf = the angle of soil entry
θm = the angle at the point of maximum normal stress, and
θ2 = θr = the angle of soil exit.

Here, z1 = r (cos θ − cos θ1) and z2 = r
(
cos

(
θ1 − θ−θ2

θm−θ2

)
(θ2 − θm)

)
− cos θ2. r

is the radius of the rigid wheel. The angle where maximum normal stress occurs is
calculated as

θm = (c1 + c2s) θ1 (15)

where c1 and c2 are empirically derived parameters for determining the relative
position of maximum radial stress and s is the wheel slip. Here, slip is

s = 1− V/r(ω), (16)

where V is the actual translational speed of the wheel, r is the radius of the wheel,
and ω is the angular speed of the wheel. The theoretical forward translation of the
wheel is equivalent to rω. Coefficients c1 and c2 for sand are shown in Table 2.

The shear stress in the horizontal direction is what drives the tractive perfor-
mance of the wheel. Recall from [17] that Equation 9 defines the shear stress (τ)

NASA/TM-20250006958 13



Figure 10. Schematic of shear deformation beneath a rigid wheel [39]. vj is the slip
velocity of the wheel and va is the absolute velocity of the wheel.

as a function of the normal stress (σ), various semi-empirical soil parameters (c, ϕ,
and K), and measured shear displacement (j). To determine the tangential stress
distribution along the wheel, the shear displacement is needed. This can be deter-
mined by calculating the slip velocity (vj) of the wheel relative to the soil (refer to
Figures 9-10, [39]):

vj = rω [1− (1− i) cos θ] (17)

where r is the radius of the wheel, ω is the rotational velocity of the wheel, i is the
slip value and θ is the angle of rotation. From Equation 17, the shear deformation,
j, can be calculated as

j =

∫ t

0
vjdt =

∫ θ1

0
rω [1− (1− i) cos θ]

dθ

ω

= r [(θ1 − θ)− (1− i) (sin θ1 − sin θ)] .

(18)

Substituting Equation 18 into Equation 9, the shear stress around the wheel can be
calculated as

τ (θ) = (c+ σ (θ) tanϕ)
(
1− e−

r[(θ1−θ)−(1−i)(sin θ1−sin θ)]
K

)
(19)

where σ1 and σ2 can be determined using Equations 13 and 14 for the soil entry
(front) and exit (rear) regions, respectively.
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If the soil parameters, wheel dimensions, parameters for determining the relative
position of maximum radial stress, and wheel load are known, the wheel performance
can be predicted. To predict the wheel performance, the following equations have
been derived in [39]. For wheel thrust (FT ) the sum of all shear force components
in the direction of forward motion is calculated as

FT = br

∫ θf

θr

τ cos θdθ, (20)

compaction resistance (Rc), resulting from static and dynamic (slip sinkage) wheel
sinkage is calculated as the sum of all normal force components resisting forward
motion

Rc = br

∫ θf

θr

σ sin θdθ, (21)

and drawbar pull force (Fx) is determined as the difference between the thrust force
and the resistance force (the net horizontal force) which can either act to accelerate
the wheel or provide a towing force at the vehicle axle:

Fx = FT −Rc. (22)

Finally, driving torque, T , can be evaluated by integrating the shear stress
around the wheel at the soil interface:

T = br2
∫ θf

θr

τdθ. (23)

4 Numerical Models

Semi-empirical models are computationally efficient and can capture certain aspects
of rigid wheel-ground interaction. However, their usefulness is limited when dealing
with complex terrain or modeling the dynamics of compliant wheel-ground interac-
tion. In such cases, numerical models are more appropriate. Although numerical
methods are often too computationally demanding for real-time applications, they
are crucial for accurately modeling complex wheel-ground interactions, aggressive
vehicle dynamics, and vehicles with compliant wheels.

This section offers an overview of various numerical modeling techniques cur-
rently in use or under investigation at NASA’s Glenn Research Center and Johnson
Space Center for mobility research. Since these models are more complex than the
semi-empirical approaches discussed in the previous section, and the specific numer-
ical methods often depend on the simulation software used, this overview focuses on
different types of numerical models rather than providing detailed implementation
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steps. Readers are strongly encouraged to familiarize themselves with the imple-
mentation details of their chosen software package to fully understand its benefits,
capabilities, and limitations. At NASA, numerical models have been used to simu-
late the loading response in compliant Spring Tires [22], as well as the interaction
between soil and thin-walled structures [22]. Modeling the interaction between soil
and compliant tires has been investigated at Glenn Research Center but further de-
velopment is still needed. Therefore, each type of numerical model described below
will be discussed within this context.

4.0.1 Compliant Tire Modeling

Non-rigid deformable tires are complex anisotropic structures that are challenging
to model. Numerical tire modeling using Finite Element Modeling (FEM) has been
increasingly used in recent years to investigate and better understand tire-terrain in-
teractions. Accurately capturing tire deformation is critical, as it affects the sinkage
and guides the entire design process. The use of 3D models is essential to capture the
relevant mechanisms and obtain meaningful results that represent the true physics
of the system. Simplified 2D models or section modeling and extrapolation can lead
to misleading design choices, especially if the tire is made of novel materials like
Shape Memory Alloys (SMAs).

A recent paper by Naghipour et al. provides a comprehensive summary of the
build, analysis, validation, and design process of deformable Spring Tires made of
SMAs under the Mars Sample Return program at NASA Glenn Research Center
(GRC) [23]. The study aimed to evaluate the structural design of the deformable
SMA tires through numerical analysis and sensitivity studies. Design variables were
varied to analyze their impact on the tire’s global load-displacement response, and a
detailed investigation of the three-dimensional stress states enhanced understanding
of local changes during global tire deformation. The results demonstrated that a
robust numerical model with good predictive capabilities, combined with a carefully
conducted sensitivity study, can reduce the number of design iterations needed to
achieve the desired tire performance. This, in turn, reduces manufacturing time,
labor, and testing costs.

While tires vary in complexity based on their construction, no other studies in the
current literature apart from [23] have addressed in-depth modeling and analysis of
deformable tires made of fully nonlinear material systems. Expanding this modeling
capability to account for the interaction between the tire and soil was investigated;
however, that capability does not currently exist and requires further development.

4.0.2 Continuum Modeling

Traditionally, soils have been modeled using empirical and semi-empirical equations
due to the complexity of the task. However, recent advances have enabled the
use of physics-based continuum mechanics frameworks such as FEM and Smoothed
Particle Hydrodynamics (SPH) for terrain modeling. These model granular media as
a continuum and are therefore useful for estimating large scale responses generated
by tire terrain interaction. These approaches require material constitutive laws that

NASA/TM-20250006958 16



describe the relationship between stress and strain, which are essential for accurately
simulating soil behavior.

No single soil constitutive model is universally applicable for all types of soil
in every scenario. Therefore, researchers must select constitutive laws based on
the specific features required for their simulations. Depending on the complexity
of the model, the following factors may need to be defined: (a) yield surface, (b)
hardening law, and (c) plastic flow rule. The yield surface defines the limits within
which the soil behaves elastically. The hardening law dictates how the yield surface
evolves once plastic deformation begins, typically as a function of strain. The plastic
flow rule defines the direction of plastic deformation, with non-associative flow rules
requiring the user to input the plastic potential separately.

Popular FEM packages such as LS-Dyna, ABAQUS, and ANSYS include built-in
soil constitutive models like Mohr-Coulomb, Drucker-Prager, Drucker-Prager Cap,
and Cam-Clay. These models combine concepts such as volumetric deformation,
consolidation behavior, stress history, and pore pressure evolution to predict soil
behavior accurately. However, these highly accurate models require more computa-
tional resources, input data, and user effort.

Material characterization methods commonly applied to semi-empirical models
are also applicable to continuum models. These include common geotechnical tests
such as triaxial tests (to determine strength parameters), uniaxial compression tests
(for stiffness parameters), and direct shear or ring shear tests (for stiffness and
residual strength parameters). In-situ testing, such as Cone Penetrometer Testing
(CPT), is also widely used to estimate material parameters in real-world conditions.

4.0.3 Discrete Element Modeling

The Discrete Element Method (DEM) is a widely-used computational approach for
simulating the behavior of granular materials and their interactions with wheeled
vehicles, particularly in challenging environments such as extraterrestrial surfaces.
Originally developed by Cundall and Strack, DEM models granular systems by rep-
resenting materials as a collection of discrete elements, typically particles of simple
shapes like spheres or circles [8]. These elements interact with each other according
to defined physical laws, such as contact forces and friction, allowing the method
to capture complex dynamics like soil deformation and wheel-terrain interactions,
including particle-tire interactions that may be important to capture dynamics of
non-pneumatic mesh tires interacting with granular media [35].

At the core of DEM simulations is the process of tracking individual particles and
their mutual interactions [8][35]. The method is governed by Newton’s second law of
motion, where all forces acting on each element, such as contact forces and gravita-
tional forces, are summed to calculate accelerations, which are then integrated over
time to obtain velocities and displacements. DEM primarily uses explicit integra-
tion techniques, such as the central difference method, which require very small time
steps for numerical stability, especially when dealing with stiff materials or small
particles. The contact between particles is typically modeled using linear spring
or Hertz models for normal forces, and Mindlin-Deresiewicz models for tangential
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forces, sometimes incorporating viscous damping to account for energy dissipation
during collisions.

One of the key challenges in DEM simulations is the computational cost, partic-
ularly for systems with large numbers of particles. This cost stems from two primary
factors: the small time steps required for stability and the computational intensity
of detecting and managing collisions between particles. As a result, DEM simula-
tions are often limited in scale, with typical simulations involving between 103 to
105 elements, far fewer than what would be required to model, for example, a cubic
meter of real sand containing billions of particles. To reduce computational bur-
den, particles in DEM simulations may also be larger than real-world counterparts
being modeled. To address this, DEM has been accelerated using various parallel
computing techniques, including CPU-based approaches with OpenMP and MPI for
distributed memory systems, as well as GPU-based computing, which has gained
popularity due to its efficiency in handling large-scale simulations [40].

Despite these advancements, simplifying assumptions are often made to reduce
computational demands. For instance, spherical particles are widely used because
they simplify the collision detection process and reduce simulation time, though this
can sometimes compromise the accuracy of the model, particularly when dealing
with irregularly shaped particles or complex terrain interactions. In some cases,
more realistic particle shapes, such as ellipsoids, polygons, or clumps of multiple
circles, are used, but this increases the complexity and computational load.

In the context of wheeled vehicle mobility on granular surfaces, DEM has proven
to be a valuable tool for predicting how wheels interact with soil, providing insights
into vehicle performance and terrain deformation [14][24][19][18][40]. DEM is ca-
pable of modeling complex phenomena such as slip, sinkage, and soil compaction,
providing valuable insights into vehicle performance in off-road or extraterrestrial
environments. However, the method’s limitations, particularly in terms of computa-
tional scale and the reliance on simplified particle geometries, mean that researchers
must carefully calibrate and validate their models using experimental data. Through
such efforts, DEM continues to evolve, offering increasingly accurate and detailed
simulations for understanding granular media and vehicle-terrain interactions in
both terrestrial and extraterrestrial environments.

4.0.4 Modeling of Soil-Tire Interfaces

Modeling the tire-soil interface is crucial and remains one of the major gaps in
the field. Depending on the modeling approach, two or more (up to millions) of
bodies interact during contact, transmitting forces between them. In FEM-based
tire-terrain models, surface-to-surface contacts are commonly used, while in FEM-
SPH models, node-to-surface contact is employed. Contact algorithms are usually
penalty-based to prevent the terrain and tire surfaces from penetrating each other.
Tangential shear forces at the tire-soil interface are captured using friction laws,
most commonly the Coulomb friction model.

The accuracy of friction and penalty models is essential, and they must be vali-
dated through friction calibration tests. However, limited experimental studies have
focused on calibrating these models. For example, Papamichael and Vrettos [26]
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Figure 11. The Apollo Lunar Roving Vehicle Tire [2].

conducted direct shear tests between tires and soil to model soil-terrain interaction,
while Shoop [33] suggested traction and braking tests to determine normal friction
coefficients at the tire-terrain interface. Beyond these studies, few experimental in-
vestigations exist to validate FEM-based tire-terrain models. Friction coefficients
can significantly impact simulation results, especially in quasi-static scenarios. Ad-
dressing this gap is crucial before implementing large-scale numerical models that
integrate all the elements, including tires, terrain, and the tire-terrain interface.

To supplement the deformable tire model during the Mars Sample Return project,
a preliminary soil model was developed at NASA Glenn Research Center utilizing
SPH. The soil was characterized using the experiments previously conducted on pre-
existing lunar soil data at GRC, which was then validated using cone penetrometer
data in [25]. The methodology followed here was based on the author’s prior expe-
rience with soil impact modeling [22]. To continue model development, soil and the
deformable tire models should be combined into a holistic interacting simulation,
which was not pursued at the time due to resource and schedule constraints.

5 Empirical Models

There may be instances where utilizing one of the modeling techniques mentioned
above is either not feasible or not time and cost effective. While semi-empirical
models are effective at capturing general dynamics, and capabilities of numerical
modeling continues to advance rapidly, developing empirical relationships through
testing may be quicker and sufficient for handling uncommon mobility scenarios,
as these passively capture relevant factors including rock geometry, surface rough-
ness, three-dimensional tire conformity around a rock, and tread features on a tire.
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Empirical values established through testing can also account for multi-scale interac-
tions, which have been found to be important for capturing performance of flexible
wire-mesh tires. For example, in the case of the wire-mesh tires utilized on the
Apollo Lunar Roving Vehicle (LRV) (Fig. 11), both bulk mechanical regolith prop-
erties and local interactions affected mobility. Specifically, it was observed that soil
flow through the porous tire mesh impacted tire flotation [10][2]. The Bekker-Wong
terramechanics model was used to predict the performance of this tire in granular
soil; however the model assumed a constant pressure distribution in the footprint
and could not account for soil flow through the mesh. Thus empirical testing was
needed to determine the appropriate amount of tread coverage to reduce soil flow
and minimize sinkage.

A previously implemented approach involves conducting laboratory tests at the
component level (e.g., tires) to generate look-up tables for use in system-level simu-
lations (e.g., rover). This method was applied during the design of the Mars Sample
Return Fetch Rover, which featured four compliant SMA Spring Tires on a passive
suspension. The Spring Tires were thoroughly characterized to provide parameters
necessary for full system simulations, including data on tire deformation under load,
friction on bedrock, torque and thrust over rocks, and the relationship between slip,
sinkage, and tractive force. These tables enabled reliable system-level simulations to
verify performance and power requirements without the need to model the complex
tire-terrain interactions in detail.

Empirical relationships, while often tailored to specific mobility scenarios, can
be integrated into system-level simulations, including real-time simulations, due to
their mathematical simplicity. Below are examples of empirical data that can be
used as parameters in these simulations:

1. Soft soil traction. Single-wheel tests performed in appropriate soil sim-
ulants can provide relationships between the tractive coefficient (net traction nor-
malized by vertical load), slip, and sinkage. During a simulation, relevant wheel slip
and sinkage values based on a vehicle’s configuration (e.g. wheel loads, pose, slope
angle) can be applied to predict overall vehicle performance.

2. Bedrock/compacted ground friction. Single-wheel tests on hard surfaces
can determine friction coefficients. These coefficients can then be incorporated into
the rover simulation to model interactions with bedrock or compacted ground.

3. Tire stiffness/rolling resistance. Load-deflection and rolling resistance
tests on individual tires yield data that can be used to assess rover performance,
including pose and power consumption, under various driving conditions.

4. Rock traversal. Single-wheel tests on rocks can measure tire torque, defor-
mation, and thrust across different loading and rock configurations. This data helps
predict the rover’s performance when traversing rocky terrain.
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6 Discussion

6.1 Best Practices and Lessons Learned: Bekker, Wong, Janosi,
and Hamamoto Models

This section describes best practices and lessons learned for the soil models presented
in Section 3.1. The accuracy of these semi-empirical models continues to be a
challenging problem in terramechanics. These methods were originally developed
for unconfined, homogeneous terrain, without imposed boundary conditions, though
it can be argued that the soil over the depth affected by vehicle traffic is shallow
enough to act as a homogeneous soil.

In addition, the experimental data from the plate-penetration tests rarely fits
Equation 1 very well [36]. Similarly, the data from the shear tests does not perfectly
align with Equation 9. Therefore, there is a lot of user manipulation involved in
the data processing and curve-fitting techniques. A highly experienced investigator
is necessary for proper interpretation, but it is important to understand that two
different investigators would likely get two different solutions.

It should be noted that Equation 1 and Equation 9 are only able to predict
accurately within the limitations of the bevameter test itself. More specifically,
Equation 1 can only reliably predict the performance of wheels with a contact patch
that is similar in size and shape to the plates used in the test [31]. Therefore, plate
sizes should be selected that are similar in contact area of the wheel footprint. It
should be noted that the shape of the penetrometer plate is not as critical as the
size of plate, as smaller penetration plates are more sensitive to small changes in
terrain consistency [13]. The larger the plate size the better. Additionally, the larger
the difference between the two plate sizes the better such that the pressure-sinkage
relationship for contact areas within the range of plate sizes used for testing can be
predicted.

Similarly, the evaluation of the shear stress-shear displacement prediction equa-
tion parameters is not a trivial task. This relationship is intended for plastic-type
soils (clays). Equation 2 is only able to predict accurately within the limitations of
the annular shear bevameter test itself. The shear-stress-shear displacement rela-
tionship can only be predicted for vehicles with similar pressure range and similar
contact area to the annular rings used in the bevameter tests. For vehicle mobil-
ity prediction, the larger the annular ring size and the larger the range of normal
pressures, the better. They should be similar to the vehicle whose performance is
in question. However, if the test is performed in the field where the terrain surface
is not perfectly level, the annular ring size should be selected such that the entire
surface area contacts the terrain. Additionally, a larger diameter annular ring will
provide a larger horizontal shearing area for better linear approximations and ulti-
mately more accurate values of cohesion and friction angle [4]. A ring with minimal
difference in the inner and outer diameters will develop more uniform stress from
the inner diameter to the outer diameter of the ring. The addition of grousers and
spacing between grousers should also be considered in the design of the annular
rings and be as similar as possible to the wheel design.
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6.2 Best Practices and Lessons Learned: Wong and Reece Model

While the Wong-Reece model effectively predicts the performance of driven rigid
wheels, there are several caveats that should be noted [39]. First, there is a re-
lationship between the normal stress distribution on the wheel and the slip value.
Generally, the normal stress shifts forward along the wheel-soil interface as the value
of slip increases. Thus, it should be noted that motion resistance (dynamic sinkage)
is a function of slip (slip-sinkage). Second, the process for determining the values
of c1 and c2 is an empirical process. This can result in similar problems as when
utilizing the bevameter, as the values are only as good as the test and multiple
different values can possibly be obtained by different experimentalists. In addition,
this model was developed for homogeneous soils and it is unknown how layered or
inhomogeneous soils may affect the resulting predictions. One major limitation of
this approach is that it was developed to model rigid cylindrical wheels. As a re-
sult, tire compliance and tread features, like grousers, which have major impacts
on mobility performance, are not accounted for. Additional research is needed to
apply these approaches to more complex tire geometries and mobility systems with
tire compliance.

6.3 Best Practices and Lessons Learned: Numerical Models

Validating numerical models for tire-terrain interactions requires multiple levels of
verification to ensure their accuracy. This includes validating the terrain material
model, the tire model, and the interaction of the tire with deformable soil under
both quasi-static and dynamic loads. Some validation studies are briefly discussed
in this section.

First, when validating a deformable terrain model, it’s crucial not to use the same
tests employed for model characterization or parameterization, as this would result
in re-calibration rather than validation. For example, if triaxial shear tests were
used for terrain characterization, the validation should be conducted with different
tests, such as Cone Penetration Tests [29]. Fortunately, the civil engineering field
provides a wealth of experimental data on various terrains (soil, granular sand, etc.)
that can be used for model validation.

Next, for validating tire models, structural-level tests are considered the gold
standard, especially when dealing with novel materials. The tire material should be
characterized before any structural analysis and kept consistent when testing differ-
ent tire geometries. A commonly used structural test is the flat-plate compressive
test, performed under both dynamic and static conditions [23]. Dynamic tests, like
the drum-cleat test, which validate the first mode of vibration harmonics, have been
explored in some studies, though they are less common than traditional structural
experiments [30].

At this time, validation studies for tire-terrain interaction models are extremely
limited, making this an important area for future experimental or numerical in-
vestigation. There may be situations where particle-to-particle or particle-to-tire
interactions are critical, for example when soil particles flow through a mesh tire
like the ones used on the Apollo LRV. These considerations have significant impacts
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on how model parameters are selected and implemented. Additionally, modeling
large-scale deformable tires is a non-trivial computational task in and of itself, which
currently requires the use of finite element analysis (FEA) tools. Models that aim
to simulate representative dynamics of these systems need to account for both tire
compliance and granular tire-terrain interaction simultaneously. In cases where this
is not computationally tractable, estimates of a tire’s true contact area and shape
must be provided to numerical models. Benchmarking, development, and validation
of various numerical modeling approaches are currently planned for further internal
investigation.

6.4 Best Practices and Lessons Learned: Empirical Models

When numerical or semi-empirical models are either impractical or insufficient for
specific mobility scenarios, empirical testing can offer an alternative that captures
the unique dynamics of ground contact interactions. Although empirical models
may be quicker to develop and more cost-effective in certain cases, there are several
best practices and considerations that should be adhered to when using these models
for mobility simulations.

First, it is crucial to carefully design and carry out tests that reflect the condi-
tions of the mobility scenario being modeled. Tests need to be representative of the
operational environment, whether it involves traversing rocky terrain, soft soils, or
a mixture of both. For instance, conducting single-wheel tests in appropriate soil
simulants or on bedrock is essential to capture the complex tire-terrain interactions
that can significantly affect mobility performance. The key factors, such as surface
roughness, rock geometry, and the three-dimensional conformity of a tire around
obstacles, must be considered to ensure that the empirical data generated reflects
the real-world scenario as closely as possible.

Another important consideration is the considerable man-hours required to set
up these types of experiments. Setting up realistic mobility tests often involves
detailed planning, calibration, and data acquisition, which can be labor-intensive.
For instance, generating look-up tables from single-component tests, such as tire
deformation, friction, and thrust, requires substantial time and resources to col-
lect meaningful data. These tests not only demand physical preparation but also
involve rigorous post-processing to extract the parameters needed for system-level
simulations.

Furthermore, one of the key limitations of empirical models is their inability to
generalize across different mobility situations. While empirical relationships can be
effective for the specific conditions under which the tests were conducted, they may
not translate well to different environments. For example, data derived from soft
soil traction tests may not be applicable to scenarios involving bedrock or rocky
terrains. This challenge emphasizes the need to tailor empirical models to each
distinct mobility scenario and underscores the importance of conducting a wide
range of tests to cover various conditions.

In addition to these challenges, while empirical tests effectively capture input-
output behavior for specific scenarios, they may offer limited insight into the physical
mechanisms driving the observed behavior when test cases are not well-defined and
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focused on specific mobility phenomena. Empirical approaches are data-driven from
measurements of items under test, which, compared to other approaches presented in
this paper, can more easily result in inaccurate or misleading models when variables
that are not inherently correlated are fitted together, particularly when test cases
lack well-defined boundaries or constraints. Although these models can replicate
system performance under test conditions, they may fail to reveal the fundamental
science behind tire-terrain interactions, material deformation, or multi-scale effects,
leaving questions about the broader applicability of the results. This issue is exac-
erbated when only a few test cases are used to model complex behavior.

When used in a black-box manner, this lack of deeper understanding can also
hinder the ability to extrapolate findings to new scenarios or adapt the model when
key variables change. For example, an empirical model based on limited tests might
accurately predict performance on one type of soil but fail when applied to a dif-
ferent terrain with different material properties. Therefore, while empirical testing
is valuable, it should be complemented by other modeling techniques or broader
testing to achieve a comprehensive understanding of the underlying physics.

In summary, empirical models offer a practical and efficient way to model ground
contact interactions when other techniques may be infeasible. However, the success
of these models hinges on rigorous and representative testing, significant preparation
and effort, and an understanding of their limitations in generalizing to other mobility
environments.

7 Ongoing Work

The preceding sections presented a range of tire–ground interaction modeling ap-
proaches, including those currently in use or under development at NASA Glenn
Research Center, NASA Johnson Space Center, and the Jet Propulsion Labora-
tory. These methods span a wide spectrum of model fidelities, from relatively low-
complexity, computationally efficient models to highly detailed, computationally
intensive simulations. Each approach offers distinct advantages and limitations de-
pending on the intended application, environmental context, and required accuracy.

Looking ahead, ongoing work aims to critically evaluate these modeling strate-
gies with respect to their ability to capture relevant physical phenomena for off-world
mobility simulations. A key objective is to systematically characterize what behav-
iors and mechanisms each modeling approach can represent and to document the
associated trade-offs between fidelity and computational cost. This evaluation will
inform the development of a multi-model framework that leverages the strengths of
each method, enabling dynamic engagement of different models as needed to balance
accuracy and efficiency across a range of mission-relevant scenarios.

To support this effort, several foundational capabilities are required to enable
effective integration and evaluation of the modeling approaches, which is the focus
of ongoing work. First, methods and test hardware for preparing regolith simulant
test bins must be established to ensure repeatable and controlled conditions for data
collection tasks, as this data is used for empirical validation and model calibration.
Second, soil property parameters applied across modeling approaches must output
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Figure 12. The DRAGON M Rig. (a) DRAGON M with soil bin filled with GRC-3B
simulant. (b) Diagram of translational and rotational axes. Axis B, which mounts
to the output of Axis A, not shown.

consistent results, requiring further research into model-specific parameter determi-
nation and calibration using experimental data. Third, development of a framework,
potentially incorporating automated decision logic, is needed to select the most ap-
propriate model or combination of models based on scenario-specific requirements,
computational constraints, and the dominant physical mechanisms involved.

Ultimately, a long-term goal is to enable the use of computationally efficient
models that retain the predictive power of more detailed simulations. To this end,
future work will focus on extending the proposed multi-model framework by training
surrogate models on high-fidelity simulation outputs. These data-driven approxima-
tions offer a promising pathway to reduce computational burden while preserving
critical behavioral accuracy.

The following sections provide further detail on current development activities
as well as planned future directions to advance the computational speed and fidelity
of ground-contact models to increase their analytic capability and enable their use
in both research and real-time systems.

7.1 Infrastructure for Soil Preparation and Mobility Testing

To enable consistent and repeatable terramechanics testing under simulated ex-
traterrestrial conditions, the fully automated “Dynamic Regolith Assessment for
Ground-Interaction with Objects and Novel Mechanisms (DRAGON M)” rig was
developed (Fig. 12). This versatile system prepares and characterizes lunar regolith
simulants in situ under tightly controlled laboratory conditions, supporting repro-
ducible experiments for tool-soil interaction, wheel-soil contact force measurements,
and excavation performance evaluation. With the capability to both loosen and
compact the full depth of soil bins, DRAGON M achieves a broader range of soil
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Table 3. DRAGON M Capabilities
Axis Max Speed Force/Torque Limit Position Range/Resolution

X 5 m/s 1366 N 1850 mm ± 0.02 mm
Y 1 m/s 6146 N 850 mm ± 0.02 mm
Z 1 m/s 6146 N 850 mm ± 0.02 mm
A 600 rpm 109 N·m Continuous ± 0.02°
B 57 rpm 48 N·m Continuous ± 0.02°

states with greater accuracy than existing rigs. Additionally, it enables in situ char-
acterization of soil via cone penetrometer, bevameter, and other geotechnical tool
measurements, and facilitates testing of diverse articles including tires, rods, and
blades.

DRAGON M is comprised of a rigid steel frame secured to the laboratory floor
and encompasses a large soil bin filled with lunar regolith simulant. A dual-rail
gantry spans the length of the bin and supports a vertical drive mast that traverses
the bin’s width and enables vertical motion. A motorized carriage on this mast
enables controlled rotational speed for various tool attachments. The device provides
five degrees of motion: three translational axes (X, Y , Z) and two rotational axes
(A, B), all servo-driven with precision control (Fig. 12b).

Interchangeable tool attachments include a 101.6 mm-diameter auger, a 60-
degree cone penetrometer, and a wheel-soil interaction assembly. Tools are mounted
on a lathe chuck for rotation about the vertical axis (A-axis). A mobility testing
assembly, featuring a 6-axis load cell and horizontal axle (B-Axis), can be mounted
to the chuck to evaluate wheel performance under various soil conditions.

The B-axis load cell measures up to 1 kN in the lateral (Fy) direction, 4 kN
in the lateral (Fx) and vertical (Fz) directions, and torques (Mx, My, Mz) up to
250 N·m. A string potentiometer on the Z-carriage records vertical displacement
during sinkage and penetration testing. Motion control is provided by ELMO servo
drives powered from a 208 VAC, three-phase supply converted to 325 VDC. Multi-
turn absolute encoders on each axis enable sub-millimeter precision. All motion
and data acquisition are handled via a custom LabVIEW interface, which enables
real-time control of position, velocity, and tool forces.

To evaluate the consistency of automated soil preparation using DRAGON M,
a series of soil loosening trials were conducted using the auger tool. The auger
used features a 101.6 mm diameter, a 67.73 mm pitch, and a 609.6 mm bladed
length. Drilling was performed with an insertion angular velocity of 400°/s and a
withdrawal speed of -360°/s, at a linear feed rate of 68 mm/s. The rotational motion
was programmed with an acceleration of 500°/s2 and a jerk of 2000°/s3. A total of
96 auger holes were distributed evenly across the bin surface to uniformly loosen
the soil. Following augering, the surface was manually leveled using a wooden drag
implement to ensure a smooth, flat surface for subsequent testing.

Soil mechanical properties were measured using cone penetrometer tests. Cone
penetrometer testing is a geotechnical characterization technique in which a conical
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Figure 13. Cone penetrometer and cylindrical probe drag test locations. Red dot:
Origin. Numbered Circles: Locations of cone penetrometer tests. Green cylinder:
cylindrical probe drag test region. All dimensions are in mm.

probe is driven into soil at a constant rate to measure tip resistance and sleeve
friction, which relate to soil strength and stiffness properties [28].

A 60o cone with a 500 mm2 base area was mounted in DRAGON M to conduct
penetration tests at nine distinct locations throughout the soil bin (Fig. 13). Test
sites were selected to characterize both central and peripheral regions of the bin,
providing insights into spatial variability and potential boundary effects. Test loca-
tions were also spaced to allow for drag testing with a cylindrical probe, enabling
the development and validation of simulation models using a single, consistently
prepared soil volume. 2

Tip resistance versus depth for four soil preparation trials is shown in Figure 14,
along with trial means and standard deviations. Mean tip resistance at each test
location versus depth is shown in Figure 15 to enable easier comparison of variability
between test locations. The depth range of 0–200 mm was selected to reflect typical
wheel sinkage depths expected during mobility testing. The results show high con-
sistency in tip resistance values, particularly between 0–100 mm, indicating uniform
soil loosening and compaction in this zone. Increased variability was observed at
depths greater than 100 mm, which may reflect the limit of auger penetration effec-
tiveness or variations in soil re-consolidation at depth. Importantly, no significant
edge effects were observed when comparing central and peripheral test locations.

To further assess consistency, the cone index gradient was computed as the rate
of change of tip resistance with respect to depth, evaluated in 50 mm increments be-
tween 0 and 200 mm. Cone index gradient represents the rate of change of resistance
with depth and serves as a proxy for stiffness stratification in prepared soil beds. It
is calculated by numerically differentiating force-depth curves. As shown in Figure

2Capturing both drag test data and cone penetrometer measurements from the same soil prepa-
ration supports future model tuning and validation tasks, though this work is beyond the scope of
this paper.
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Figure 14. Cone penetrometer tip resistance vs. depth for four soil preparation
trials.
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Figure 15. Mean cone penetrometer tip resistance vs. depth at all test locations.

NASA/TM-20250006958 29



Figure 16. Averaged cone index gradient (G) vs. depth at test locations 1 to 9.
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Figure 17. Diagram of simulated drawbar pull tests.

16, tip resistance increases with depth in all trials, consistent with expectations for
loose topsoil overlaying more compact subsurface material.3 The high correlation
between cone index profiles at each location and across trials reinforces the conclu-
sion that DRAGON M produces a repeatable soil state, particularly within the top
100 mm of the prepared bed.

7.2 Ongoing Development and Assessment of Modeling Approaches

To support mobility analysis and inform simulation tool development, a parallel
effort was initiated to compare modeling approaches for wheel–soft-soil interaction.
This study evaluates the capabilities, limitations, and trade-offs of two existing sim-
ulation frameworks by modeling a standard single-wheel drawbar pull test (Fig.
17). Key performance metrics, such as sinkage, slip, drawbar pull force, and com-
putation time, are used to assess both model fidelity and runtime efficiency. The
results serve as a foundation for a broader evaluation of wheel–terrain interaction
simulation methods. Ultimately, soil property data generated through the auto-
mated soil preparation and characterization process described previously will be
used to calibrate and validate these models, ensuring that simulations are grounded
in experimentally derived parameters.

Five terramechanics models were chosen to capture a broad range of capability
and performance that would be suitable for mobility studies from faster-than-real-
time traverse analysis to offline design analysis. DARTS [20, 16] and Chrono [34]
were chosen for this comparison as these two simulation environments together sup-
port terramechanics models that cover the entire spectrum of models discussed in
this paper. DARTS is an ecosystem for physics-based modeling and simulation for
planetary exploration, supporting closed-loop and offline analysis of orbiters, lan-
ders, rovers, rotorcraft, and robotic platforms. It is a tool developed at the Jet
Propulsion Laboratory (JPL) in support of flight projects and research and devel-
opment. Chrono is an open-source, physics-based simulation framework for vehicle,
robot, and mechatronic systems, including closed-loop and offline analysis of vehicle
mobility and vehicle-terrain interaction.

3Calculated mean cone index gradient values and associated mean correlation coefficients for
each location at each depth are provided in the Appendix.
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Table 4. Real-time factor (RTF) comparison. Evaluated methods span a wide range
of speeds. (RTF < 1 is faster than real time.)

Method Real-Time Factor (RTF) Simulated Terrain Length

DARTS-Bekker 0.024 Analytical plane
Chrono-SCM 0.41 19 m with 1.67 cm resolution
Chrono-CRM 47 5 m with 4.4× 105 markers
Chrono-DEM 9600 2 m with 1.1× 106 particles

In this ongoing effort, DARTS is used to evaluate the implementation of an ide-
alized Bekker model (see Sec. 3.1) whose implementations are designed to support
analysis of long traverses that can be simulated much faster than real time. To
compare higher-fidelity models, Chrono is used to evaluate a more geometrically
detailed Bekker-Wong model: Soil Contact Model (SCM) [32] (Sec. 3.1), and two
physics-based models: a continuum representation model (CRM) [15] (Sec. 4.0.2)
and a discrete element model (DEM) [41] (Sec. 4.0.3). These approaches are de-
signed to more completely capture the interaction between the wheel and soil but
are more computationally intensive.

To stand up a preliminary comparison across different simulations, parameters
from literature, specifically a consistent set used for modeling GRC-1 under Earth
gravity, are applied. These parameters are sourced from various publications and are
therefore not guaranteed to be consistent across different types of models. Instead,
they represent a first pass to provide consistency of GRC-1 parameters from various
sources for a given model. However, a fully calibrated and consistent set of model
parameters is not yet available for this initial comparison and will be the focus of
future work using the capabilities of DRAGON M. Parameters for DARTS-Bekker
and Chrono-SCM where obtained from Hu et al. [15]. The CRM parameters were
obtained from the same paper and its associated reproducibility scripts. Chrono-
DEM parameters were obtained through available Chrono-GPU and Chrono DEM-
Engine demos [41]. For this comparison, each simulation models a rigid cylindrical
grouserless wheel with radius of 0.25 m and width of 0.2 m.

While improved calibration of these model parameters and validation against the
soil test bed experimentation is future work, the results from this preliminary effort
can be used to begin to tease out the qualitative trade-offs between the approaches.
Specifically, trends in the results can be used to elucidate regimes where models are
expected to have limiting assumptions that result in unmodeled physics dominating
the mobility characteristics.

There is a theoretical trade-off between how faithfully and completely terrame-
chanics models capture wheel-terrain interaction and the computational complexity
of these models. To demonstrate the computational time, the virtual single-wheel
test was run with each method on the same engineering workstation, capturing the
run-time of the simulation. The results, shown in Table 4, indicate the real-time
factor (RTF) for the single wheel test using each of the five methods. The test ma-
chine was a workstation with an Intel i9-13900K Central Processing Unit (CPU) and
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Figure 18. Comparison of drawbar pull coefficient demonstrates some of the behavior
that differentiates the methods.

a NVIDIA RTX 4090 Graphics Processing Unit (GPU). Note that DARTS-Bekker
and Chrono-SCM are CPU-only whereas Chrono-CRM and Chrono-DEM are GPU
implementations.

The methods are listed in order of increasing fidelity, with DARTS-Bekker rely-
ing on the most constraining assumptions, and Chrono-DEM representing the most
physically-complete description of the system. As expected, with each step of in-
creased fidelity/complexity comes increased compute time. These results begin to
demonstrate where each model could be leveraged: which models could be used
for long-duration traverse analysis and those that may be restricted to detailed,
short-duration mobility studies.

While one aspect of the trade-off is compute time, it is important to understand
the limitations of the computationally efficient models and how those limitations
impact the modeled phenomena. The single-wheel drawbar pull test demonstrates
this qualitatively, with future work to calibrate the simulations and perform quan-
titative comparison. Sinkage and drawbar pull force for each of the four simulations
were collected for slip from 0.0 to 0.98. Qualitatively, models should generate slip
and drawbar pull forces similar to those shown in Figure 1. Simulated results show-
ing drawbar pull coefficient versus slip are shown in Figure 18. Sinkage versus slip
is shown in Figure 19.

The first regime of interest where the methods exhibit significantly different be-
havior is at high slip where theoretical assumptions of Bekker-Wong are limiting.
In this high-slip regime, material is displaced from beneath the wheel, no longer fol-
lowing a Bekker-Wong soil stress characterization. Because of this, DARTS-Bekker
and Chrono-SCM are unable to fully capture the effect of material being excavated
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Figure 19. Sinkage vs. slip. Only CRM and DEM capture increased regolith
displacement with slip.

on sinkage or drawbar pull force, which is most evident in Figure 19 where DARTS-
Bekker, and Chrono-SCM show near constant sinkage. However, Chrono-CRM,
and Chrono-DEM all demonstrate the strong correlation between sinkage and slip.
This difference is also realized in drawbar pull force, shown in Figure 18, where the
approaches that capture the displacement of soil also capture a sharp increase in
drawbar pull force as slip approaches 1.0. It should be noted that due to discrep-
ancies between soil parameters used for different models, the ability to accurately
capture dynamics for each method should not be inferred from these results. These
preliminary tests are only meant to assess the ability of each type of simulation to
capture various qualitative phenomena. Refinement of both the underlying single
wheel simulation and model parameters is ongoing and the subject of future work.

Evident in Figure 18 is a second regime of interest even for this simple, single-
wheel test: very low slip. DARTS-Bekker exhibits a much sharper increase in draw-
bar pull force between 0.0 and 0.2 slip and has much lower drawbar pull force at
zero slip than Chrono-SCM, whose theory closely matches DARTS-Bekker. One
explanation for this is that DARTS-Bekker ignores geometric effects of the terrain
deformation, resulting in a less-precisely modeled contact patch, and less-precisely
modeled relative motion between the wheel and soil. However, this simplification
results in faster evaluation time (see Table 4).

While further work is needed to more precisely and comprehensively calibrate
and compare these models, each approach demonstrates a clear trade-off between
fidelity and performance that can help indicate where each approach could best be
leveraged.
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Table 5. Comparison of modeling approaches for wheel-terrain interaction: advantages, drawbacks, and knowledge gaps.
Modeling Approach Advantages Drawbacks Gaps / Limitations

Classical
Terramechanics
(Semi-Empirical)

� Computationally efficient
� Suitable for real-time and human-in-the-

loop simulations
� Generalizable across similar terrains

� Lower fidelity than numerical or empirical
models

� Limited in complex terrain or with compli-
ant wheels

� Cannot capture high-deformation or nonlin-
ear material behavior

� Insufficient for modeling compliant or mesh
tires

Numerical
Methods
(FEM, SPH, DEM)

� High fidelity modeling of complex interac-
tions

� Capable of simulating compliant tires, 3D
deformations, and particle-soil dynamics

� Supports sensitivity studies and design iter-
ation reduction

� Computationally intensive
� Often unsuitable for real-time use
� Require significant input data and parame-

ter tuning

� Accurate tire-soil interface modeling is still
underdeveloped

� Friction calibration and validation data are
scarce

� DEM particle simplifications reduce realism

Empirical
Approaches � Captures full-system behavior in specific

mobility conditions
� Suitable for rapid prototyping and real-time

simulations
� Useful where numerical modeling is infeasi-

ble

� Limited generalizability
� Cannot extrapolate to new scenarios with-

out re-testing

� Often require extensive testing to build
datasets

� Cannot resolve internal mechanisms or
physics-based insight

N
A
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8 Conclusion and Future Work

This paper has outlined a range of modeling approaches for tire-ground contact,
highlighting ongoing developments at NASA Glenn Research Center, NASA Johnson
Space Center, the Jet Propulsion laboratory, and the broader modeling landscape.
Each method presents a trade-off between physical accuracy and computational
efficiency, with different strengths depending on the application and operating en-
vironment. For convenience, the advantages, drawbacks, and gaps/limitations of
each discussed approach is presented in Table 5. To move toward a robust modeling
framework suitable for the next generation of lunar and martian mobility systems,
continued testing, validation, and model refinement are essential.

Immediate work is focused on advancing in-house high-fidelity simulation tools
by calibrating models with soil parameters derived from experimental data collected
in simulant soil bins. This calibration uses numerical optimization techniques to
tune soil properties in Chrono simulations to match observed behavior. While this
approach significantly enhances the predictive capability of high-fidelity models, it
is time-intensive and not scalable across many terrain types or mission scenarios.

To address this, near-term work will focus on exploring faster and more practical
calibration methods that reduce reliance on full optimization cycles. Establishing
consistency in soil parameters across models of varying fidelity, ranging from high-
fidelity particle-based simulations to real-time-capable empirical models, is a key
goal. Consistent parameterization will enable confidence in the accuracy of differ-
ent modeling methods when applied to the same mobility scenario, regardless of
computational constraints. These efforts will be supported by upcoming test cam-
paigns leveraging the newly developed DRAGON M rig, which enables consistent
soil preparation for data collection. Example approaches include using cone pen-
etrometer data to estimate soil strength parameters, as well as applying numerical
optimization techniques to tune models based on empirical data from test articles
traversing the prepared soil. Both methods can be used for model calibration and
performance assessment. Additional techniques may also be explored as the model-
ing framework evolves.

In parallel, efforts will explore the integration of uncertainty quantification frame-
works to support dynamic model selection. Such frameworks could guide when
lower-fidelity models are sufficient and when high-fidelity “child” simulations should
be spawned to resolve key uncertainties or nonlinear interactions. This hybrid mod-
eling approach offers a practical path to balance physical realism with computational
efficiency.

Surrogate modeling represents another promising direction. While particle-based
simulation methods like DEM continue to improve, their large computational costs
currently limits their use for real-time applications. However, high-fidelity simula-
tions can serve as training data for machine-learning-based surrogate models that
accurately estimate forces and torques from system state variables. Such surrogate
models could retain the predictive power of detailed physics-based methods while
enabling real-time inference on resource-constrained systems.

Finally, the strategies of faster calibration, adaptive hybrid modeling, and sur-
rogate model development, lay the foundation for more complex and realistic sim-
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ulations. By reducing computational burdens, it becomes feasible to incorporate
additional effects such as wheel compliance and soil heterogeneity. This enables
broader support for digital engineering workflows, including simulation-based de-
sign optimization and system-level trade studies for extreme terrain mobility.

In the long term, the goal is to develop a suite of scalable, high-fidelity, and
computationally efficient modeling tools that support robust, long-duration simu-
lations of compliant tire systems operating in planetary environments. These tools
must be adaptable to the needs of rover developers, which will be informed through
continued engagement with the community. The resulting simulation environments
will support not only engineering design but also fundamental research into mobil-
ity performance and terrain interaction, advancing the capabilities of exploration
systems for the Moon, Mars, and beyond.
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Appendix A

Additional Tables

Table A1. Mean Cone Index Gradient and R2 Values for DRAGON M Automated
Soil Preparation Experiments.
Location Depth Range (mm) Mean Cone Index Gradient Mean R2

1 0 - 50 0.5618 ± 0.2013 0.9475 ± 0.0093
50 - 100 1.2396 ± 0.2176 0.9955 ± 0.0040
100 - 150 1.8138 ± 0.3765 0.9981 ± 0.0015
150 - 200 2.1397 ± 0.2673 0.9849 ± 0.0266

2 0 - 50 0.7684 ± 0.0925 0.9310 ± 0.0092
50 - 100 1.2892 ± 0.0869 0.9994 ± 0.0003
100 - 150 1.5498 ± 0.1853 0.9989 ± 0.0006
150 - 200 1.8906 ± 0.2559 0.9987 ± 0.0015

3 0 - 50 0.7758 ± 0.0677 0.9247 ± 0.0121
50 - 100 1.4142 ± 0.1606 0.9995 ± 0.0002
100 - 150 1.4748 ± 0.1500 0.9981 ± 0.0016
150 - 200 1.7016 ± 0.1913 0.9984 ± 0.0016

4 0 - 50 0.5511 ± 0.0877 0.9540 ± 0.0106
50 - 100 1.1403 ± 0.1569 0.9983 ± 0.0007
100 - 150 1.4695 ± 0.2252 0.9984 ± 0.0013
150 - 200 1.7879 ± 0.2317 0.9994 ± 0.0001

5 0 - 50 0.6453 ± 0.0408 0.9427 ± 0.0126
50 - 100 1.1964 ± 0.1286 0.9974 ± 0.0026
100 - 150 1.6018 ± 0.2165 0.9984 ± 0.0010
150 - 200 1.9794 ± 0.2611 0.9992 ± 0.0004

6 0 - 50 0.7325 ± 0.0863 0.9348 ± 0.0262
50 - 100 1.2820 ± 0.0883 0.9993 ± 0.0002
100 - 150 1.4430 ± 0.1072 0.9992 ± 0.0005
150 - 200 1.7578 ± 0.2134 0.9982 ± 0.0017

7 0 - 50 0.4629 ± 0.0803 0.9400 ± 0.0059
50 - 100 1.2691 ± 0.1393 0.9961 ± 0.0007
100 - 150 1.7222 ± 0.1753 0.9989 ± 0.0013
150 - 200 2.1112 ± 0.3303 0.9992 ± 0.0005

8 0 - 50 0.6773 ± 0.1532 0.9471 ± 0.0188
50 - 100 1.3957 ± 0.1716 0.9972 ± 0.0015
100 - 150 1.8012 ± 0.1860 0.9980 ± 0.0009
150 - 200 2.0801 ± 0.2102 0.9989 ± 0.0003

9 0 - 50 0.6513 ± 0.2174 0.9380 ± 0.0220
50 - 100 1.3581 ± 0.0443 0.9988 ± 0.0010
100 - 150 1.5950 ± 0.0884 0.9992 ± 0.0005
150 - 200 1.8179 ± 0.0809 0.9981 ± 0.0006
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