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Abstract. Spheres rolling on a granular bed sometimes experience a "stuck" phenomenon: translational
motion ceases while rotational motion continues. To explore this phenomenon, we investigate the interaction
between the granular slope and the sphere rolling up the slope using data obtained by Fukumoto et al. (PRE
109, 014903, 2024). Their experimental results confirmed the stuck phenomenon. According to these results,
both translational and rolling motions exhibited constant deceleration until the translational motion halted. In
this study, we propose a simple force model, following the approach proposed by Texier et al. (EPL 123, 54005,
2018). We estimate two forces acting on the sphere at a point slightly shifted from its bottommost point, both
before and during the stuck phenomenon: one in the tangential direction and the other in the normal direction
at a point on the surface of the sphere defined relative to an angle θm from the axis perpendicular to the slope
surface. Our analysis indicates that the normalized tangential and normal forces remain nearly constant for the
slope angle and are independent of the density of the sphere, both before and during the stuck motion. Finally,
by comparing the magnitudes of these forces and θm before and during the stuck motion, we find that the point
of force application shifts while the forces themselves remain nearly unchanged. This stuck phenomenon occurs
when the translational force becomes insufficient owing to a change in θm, even though the magnitudes of the
forces remain unchanged.

1 Introduction

While driving on a loose sand surface, wheels sometimes
become stuck. For example, in 2009, the Mars rover Spirit
bacame stuck, ultimately ending its mission to explore the
Martian environment [1]. Understanding the mechanism
behind this stuck phenomenon is crucial for developing
safer and more reliable vehicles for such challenging ter-
rains.

To understand the interaction between soil and wheels,
traditional terramechanics models have been developed to
predict the forces exerted on a wheel by soil [2]. For ex-
ample, in the model proposed in [2], the vertical stress dis-
tribution on a wheel rolling over deformable terrain was
estimated using penetration tests, in which a flat plate was
pushed into the sand. Shear stress was determined through
flat plate shear tests to establish the relationship between
normal and shear stresses. Traction and resistance forces
were then calculated by integrating the stress over the con-
tact area.

However, these terramechanics models require numer-
ous fitting parameters (typically around 10), making the
accurate estimation of soil parameters complex and time-
consuming. Additionally, because these models focus on
steady-state conditions (constant velocity or angular ve-
locity of vehicle), they cannot account for transient phe-
nomena, such as becoming stuck.
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Our objective is to understand the stuck phenomenon
using a simple model by introducing a basic experimental
system to examine its fundamental aspects. To investigate
the primary interaction between an object and soil, we fo-
cus on the dynamics of a sphere rolling on a granular sur-
face. Previous studies explored the dynamics of a sphere
rolling down [3, 4] or rolling up [5] a granular slope, as
well as rolling on a horizontal granular surface [6]. These
experiments revealed that the dynamics of the sphere fol-
low constant deceleration [3, 5, 6] or acceleration [4].

Only Fukumoto et al. quantitatively investigated the
stuck phenomenon, observing that the rolling motion
ceases after the translational motion halts [5]. They char-
acterized the dynamics of the sphere by simultaneously
measuring its translational and rolling motions and ana-
lyzing energy dissipation. However, their analysis focused
only on the motion prior to the stuck event. As a result,
the dynamics involved in the stuck motion itself were not
analyzed, leaving their analysis insufficient for a complete
understanding of the stuck phenomenon.

To analyze the stuck motion, we estimate the instan-
taneous forces acting on the sphere from the granular
slope using the data obtained in [5]. We employ the
force model developed by [4], which assumes that two
forces—tangential and normal—are exerted at a single
point on the sphere as it rolls down a granular slope. By
applying this model to the data from [5], we compute the
point of force application and the instantaneous forces in
both the tangential and normal directions for the sphere
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rolling up a granular slope. Finally, we compare these val-
ues (two forces and points) before and during stuck mo-
tion.

2 Material and methods
To measure the dynamics of the sphere, we use the exper-
imental data from [5] shown in Fig. 1 (a). In this setup, a
sphere rolls up an inclined bed of glass beads with a typical
diameter of 0.8 mm. The spheres used in this experiment
are made of polyethylene, polyacetal, glass, or alumina
ceramic, all with a radius R = 6.35 mm. Their densities
are ρs = 930, 1400, 2600, and 3900 kg/m3, respectively.
The dynamics of the sphere rolling up a granular slope are
investigated with varying initial velocity v0 (the velocity
when the sphere enters the granular surface) ranging from
0.2 to 0.7 m/s. The slope angle α is varied from α ≃ 0◦ to
20◦. We measure the position of the center of the sphere
and its rolling posture. We define L as the maximum dis-
tance reached in the X direction and δ as the sinking depth
along the gravity direction. For further details on the ex-
perimental setup, please refer to our previous report [5].

3 Results
In Figs. 2 (a) and (b), typical examples of the translational
velocity vX(t) and angular velocity ω(t) are shown, respec-
tively. Here, t represents the elapsed time from the mo-
ment the sphere enters the granular surface. Note that both
quantities, vX(t) and ω(t), linearly decrease over time, in-
dicating that the dynamics of the sphere on the granular
slope exhibit constant deceleration. By fitting the data
to a linear function from t = 0 to t = tstop (tstop is de-
fined by vX(tstop) = 0), the slopes of the fitting lines, aX

(translational deceleration) and ω̇ (angular deceleration),
can be obtained from the experimental results. As shown
in Fig. 2 (b), the condition ω(tstop) > 0 indicates that the
translational and rolling motions do not halt simultane-
ously. This situation is defined as stuck motion. During
the stuck motion, from t = tstop to the time at which ω = 0
is reached, we assume that the angular deceleration ω̇ re-
mains constant in both t < tstop and t > tstop, as represented
the black line in Fig. 2 (b).

4 Analysis and Discussion
We propose a model to estimate the force exerted on a
sphere rolling up a slope as shown in Fig. 1 (b), similar
to the model reported in [4]. We assume two forces: FR
(normal force) and Fθ (tangential force), which act at a
point where the force balance in the direction normal to
the slope is satisfied. We define θm as the slope of the sur-
face of the sphere relative to the axis perpendicular to the
surface, where FR and Fθ are acting. As shown in Fig. 2,
the sphere rolls up with constant translational acceleration
aX and angular acceleration ω̇. In this situation, the values
of FR, Fθ, and θm are calculated as described below.

According to the rolling equation of motion, the force
in the rolling direction is expressed as

Iω̇ = −RFθ, (1)

where I = 2MR2/5 (M is the mass of the sphere) is the
moment of inertia of the homogeneous sphere.

By assuming the force balance in the Y direction (per-
pendicular to the slope surface), FR and Fθ obey the rela-
tion

Mg cosα = FR cos θm + Fθ sin θm, (2)

where g is the magnitude of gravitational acceleration.
By considering the translational equation of motion

along the X direction (along the slope surface), we can
obtain the relation

MaX = Fθ cos θm − FR sin θm − Mg sinα. (3)

Combining Eqs. (1), (2), and (3), we can calculate the
values of FR, Fθ, and θm using aX and ω̇, which can be
experimentally measured.

The calculated FR/Mg and Fθ/Mg are shown in
Fig. 3 (a). As seen in Fig. 3 (a), FR/Mg and Fθ/Mg
are almost independent of α or ρs. Thus, we can as-
sume that they are constant values: FR/Mg = 0.96 ± 0.04
and Fθ/Mg = 0.26 ± 0.04. The calculated θm is shown
in Fig. 3 (b). Note that θm increases with ρs. It re-
mains almost constant for α < 0.3 rad and decreases for
α > 0.3 rad. However, the value of θm for the polyethy-
lene sphere remains constant with respect to α. In this
study, we assume that the force balance in the Y direction
is always satisfied [Eq. (2)]. However, this condition may
not hold for α > 0.3, especially in the high ρs regime. As α
increases, L decreases due to the greater influence of grav-
ity. With increasing ρs, δ increases [5], and the motion can
no longer be approximated as purely in the X direction.

Note also that θm increases with ρs as δ also increases
with ρs [5]. Next, we examine the relationship between
θm and δ. To this end, we introduce the angle θf to char-
acterize the contact zone with the glass beads. This an-
gle satisfies cos θf = 1 − δR . The relation between θm (for
data with α < 0.3) and θf is shown in Fig. 4. By fitting
the data to a squared relation, we obtain the expression
θm = 0.28+0.12θf2 [Fig. 4]. Note that θm, which is related
to the resistance force of the sphere, is determined by δ
(and its function θf ). The detailed origin of this curve is
discussed in APPENDIX. This curve differs from that of
Texier et al. [4] in functional form and intercept, likely due
to the difference between rolling up and down the slope.

Then, we calculate the values of FR, Fθ, and θm after
tstop (vX = 0 and ω > 0). We assume that ω̇ (t ≥ tstop) is the
same as ω̇ (t < tstop), as shown in Fig. 2 (b). By consid-
ering aX = 0 and substituting ω̇ obtained from Fig. 2 (b)
into Eq. (1), FR, Fθ, and θm are calculated. As shown
in Fig. 5 (a), FR/Mg and Fθ/Mg are almost independent
of α or ρs. Thus, we can assume they are constant values:
FR/Mg = 0.96±0.01 and Fθ/Mg = 0.26±0.04. These val-
ues coincide with those before the stuck motion. Note that
seen in Fig. 5 (b), θm shows a decreasing tendency with α
and is almost independent of the density of the sphere ρs.
By fitting a line with a slope of −1, we obtain the relation
θm = 0.26 − α represented by the solid line in Fig. 5 (b).
The sum θm + α represents the angle seen from the gravity
direction; this angle can be considered as constant with a

Figure 1. (a) Schematic image of the experimental setup. By varying the initial velocity v0 = 0.2 − 0.7 m/s (and ω0) and slope angle
α = 0◦ − 20◦, we measure the maximum translational migration length L, vertical sinking depth δ, and both translational and rolling
decelerations. The X axis is along the granular surface whereas the Y direction is perpendicular to the slope. (b) Notations used in the
model. When the sphere rolls up the granular slope with acceleration aX and angular acceleration ω̇, the sphere experiences two forces,
FR (normal force) and Fθ (tangential force), at the contact point at the angle of θm (=∠AOP) in (c); θf is the contact angle from the Y
direction. (c) A partially magnified view of the panel (b). The angle γ is defined as γ = arctan(Fθ/FR). Point B must be positioned
such that OA ⊥ AB and ∠POB = γ.

Figure 2. (a) Translational velocity vX as a function of time t at
α ≃ 15◦ for a glass sphere. By performing a least-square fit to
the linear function from t = 0 to the stopping time tstop (where
vX(tstop) = 0), a nearly constant deceleration aX can be obtained.
(b) Angular velocity ω as a function of time t at α ≃ 15◦ for a
glass sphere. Similarly, by least-square fitting to a linear function
(from t = 0 to tstop), a nearly constant deceleration ω̇ can be
obtained. The black straight line extends this deceleration slope
ω̇ from t = tstop till ω = 0, assuming the same deceleration rate
during the stuck phase.

value of 0.26 rad during the stuck motion. The reason for
this constancy is under consideration.

We discuss the mechanism of the stuck phenomenon
by comparing the values of Fθ, FR, and θm before tstop and
during stuck motion. The values of FR/Mg and Fθ/Mg
are constants, independent of experimental conditions and
slipping situations. It can be assumed that the position
where the forces Fθ and FR are applied changes. However,
the reason why the angle at which the forces are applied
changes is still under investigation.

5 Conclusions

We experimentally investigate a sphere rolling up a gran-
ular slope to estimate the force acting on it. Given that
the translational and rolling dynamics of the sphere ex-
hibit constant deceleration, we use a model to estimate
the constant forces in both the normal and tangential di-

Figure 3. (a) Relations between FR/Mg (filled symbols), Fθ/Mg
(empty symbols) and α. The dashed and dotted lines represent
the averages, FR/Mg = 0.96 ± 0.04 and Fθ/Mg = 0.26 ± 0.04,
respectively. (b) Relation between θm and α. The dotted lines
indicate the average of θm in the range of α < 0.3 for each ρs.
Error bars in both (a) and (b) indicate the standard deviation of
the data for various v0 cases.

Figure 4. Relation between θm and θf from the data for α < 0.3.
Error bars indicate the standard deviation for various v0 cases
(in the range of α < 0.3). The solid curve represents fitting to
a parabolic function. We obtain a relation between θm and θf
expressed as θm = 0.28 + 0.12θf 2.
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rolling up a granular slope. Finally, we compare these val-
ues (two forces and points) before and during stuck mo-
tion.

2 Material and methods
To measure the dynamics of the sphere, we use the exper-
imental data from [5] shown in Fig. 1 (a). In this setup, a
sphere rolls up an inclined bed of glass beads with a typical
diameter of 0.8 mm. The spheres used in this experiment
are made of polyethylene, polyacetal, glass, or alumina
ceramic, all with a radius R = 6.35 mm. Their densities
are ρs = 930, 1400, 2600, and 3900 kg/m3, respectively.
The dynamics of the sphere rolling up a granular slope are
investigated with varying initial velocity v0 (the velocity
when the sphere enters the granular surface) ranging from
0.2 to 0.7 m/s. The slope angle α is varied from α ≃ 0◦ to
20◦. We measure the position of the center of the sphere
and its rolling posture. We define L as the maximum dis-
tance reached in the X direction and δ as the sinking depth
along the gravity direction. For further details on the ex-
perimental setup, please refer to our previous report [5].

3 Results
In Figs. 2 (a) and (b), typical examples of the translational
velocity vX(t) and angular velocity ω(t) are shown, respec-
tively. Here, t represents the elapsed time from the mo-
ment the sphere enters the granular surface. Note that both
quantities, vX(t) and ω(t), linearly decrease over time, in-
dicating that the dynamics of the sphere on the granular
slope exhibit constant deceleration. By fitting the data
to a linear function from t = 0 to t = tstop (tstop is de-
fined by vX(tstop) = 0), the slopes of the fitting lines, aX

(translational deceleration) and ω̇ (angular deceleration),
can be obtained from the experimental results. As shown
in Fig. 2 (b), the condition ω(tstop) > 0 indicates that the
translational and rolling motions do not halt simultane-
ously. This situation is defined as stuck motion. During
the stuck motion, from t = tstop to the time at which ω = 0
is reached, we assume that the angular deceleration ω̇ re-
mains constant in both t < tstop and t > tstop, as represented
the black line in Fig. 2 (b).

4 Analysis and Discussion
We propose a model to estimate the force exerted on a
sphere rolling up a slope as shown in Fig. 1 (b), similar
to the model reported in [4]. We assume two forces: FR
(normal force) and Fθ (tangential force), which act at a
point where the force balance in the direction normal to
the slope is satisfied. We define θm as the slope of the sur-
face of the sphere relative to the axis perpendicular to the
surface, where FR and Fθ are acting. As shown in Fig. 2,
the sphere rolls up with constant translational acceleration
aX and angular acceleration ω̇. In this situation, the values
of FR, Fθ, and θm are calculated as described below.

According to the rolling equation of motion, the force
in the rolling direction is expressed as

Iω̇ = −RFθ, (1)

where I = 2MR2/5 (M is the mass of the sphere) is the
moment of inertia of the homogeneous sphere.

By assuming the force balance in the Y direction (per-
pendicular to the slope surface), FR and Fθ obey the rela-
tion

Mg cosα = FR cos θm + Fθ sin θm, (2)

where g is the magnitude of gravitational acceleration.
By considering the translational equation of motion

along the X direction (along the slope surface), we can
obtain the relation

MaX = Fθ cos θm − FR sin θm − Mg sinα. (3)

Combining Eqs. (1), (2), and (3), we can calculate the
values of FR, Fθ, and θm using aX and ω̇, which can be
experimentally measured.

The calculated FR/Mg and Fθ/Mg are shown in
Fig. 3 (a). As seen in Fig. 3 (a), FR/Mg and Fθ/Mg
are almost independent of α or ρs. Thus, we can as-
sume that they are constant values: FR/Mg = 0.96 ± 0.04
and Fθ/Mg = 0.26 ± 0.04. The calculated θm is shown
in Fig. 3 (b). Note that θm increases with ρs. It re-
mains almost constant for α < 0.3 rad and decreases for
α > 0.3 rad. However, the value of θm for the polyethy-
lene sphere remains constant with respect to α. In this
study, we assume that the force balance in the Y direction
is always satisfied [Eq. (2)]. However, this condition may
not hold for α > 0.3, especially in the high ρs regime. As α
increases, L decreases due to the greater influence of grav-
ity. With increasing ρs, δ increases [5], and the motion can
no longer be approximated as purely in the X direction.

Note also that θm increases with ρs as δ also increases
with ρs [5]. Next, we examine the relationship between
θm and δ. To this end, we introduce the angle θf to char-
acterize the contact zone with the glass beads. This an-
gle satisfies cos θf = 1 − δR . The relation between θm (for
data with α < 0.3) and θf is shown in Fig. 4. By fitting
the data to a squared relation, we obtain the expression
θm = 0.28+0.12θf2 [Fig. 4]. Note that θm, which is related
to the resistance force of the sphere, is determined by δ
(and its function θf ). The detailed origin of this curve is
discussed in APPENDIX. This curve differs from that of
Texier et al. [4] in functional form and intercept, likely due
to the difference between rolling up and down the slope.

Then, we calculate the values of FR, Fθ, and θm after
tstop (vX = 0 and ω > 0). We assume that ω̇ (t ≥ tstop) is the
same as ω̇ (t < tstop), as shown in Fig. 2 (b). By consid-
ering aX = 0 and substituting ω̇ obtained from Fig. 2 (b)
into Eq. (1), FR, Fθ, and θm are calculated. As shown
in Fig. 5 (a), FR/Mg and Fθ/Mg are almost independent
of α or ρs. Thus, we can assume they are constant values:
FR/Mg = 0.96±0.01 and Fθ/Mg = 0.26±0.04. These val-
ues coincide with those before the stuck motion. Note that
seen in Fig. 5 (b), θm shows a decreasing tendency with α
and is almost independent of the density of the sphere ρs.
By fitting a line with a slope of −1, we obtain the relation
θm = 0.26 − α represented by the solid line in Fig. 5 (b).
The sum θm + α represents the angle seen from the gravity
direction; this angle can be considered as constant with a

Figure 1. (a) Schematic image of the experimental setup. By varying the initial velocity v0 = 0.2 − 0.7 m/s (and ω0) and slope angle
α = 0◦ − 20◦, we measure the maximum translational migration length L, vertical sinking depth δ, and both translational and rolling
decelerations. The X axis is along the granular surface whereas the Y direction is perpendicular to the slope. (b) Notations used in the
model. When the sphere rolls up the granular slope with acceleration aX and angular acceleration ω̇, the sphere experiences two forces,
FR (normal force) and Fθ (tangential force), at the contact point at the angle of θm (=∠AOP) in (c); θf is the contact angle from the Y
direction. (c) A partially magnified view of the panel (b). The angle γ is defined as γ = arctan(Fθ/FR). Point B must be positioned
such that OA ⊥ AB and ∠POB = γ.

Figure 2. (a) Translational velocity vX as a function of time t at
α ≃ 15◦ for a glass sphere. By performing a least-square fit to
the linear function from t = 0 to the stopping time tstop (where
vX(tstop) = 0), a nearly constant deceleration aX can be obtained.
(b) Angular velocity ω as a function of time t at α ≃ 15◦ for a
glass sphere. Similarly, by least-square fitting to a linear function
(from t = 0 to tstop), a nearly constant deceleration ω̇ can be
obtained. The black straight line extends this deceleration slope
ω̇ from t = tstop till ω = 0, assuming the same deceleration rate
during the stuck phase.

value of 0.26 rad during the stuck motion. The reason for
this constancy is under consideration.

We discuss the mechanism of the stuck phenomenon
by comparing the values of Fθ, FR, and θm before tstop and
during stuck motion. The values of FR/Mg and Fθ/Mg
are constants, independent of experimental conditions and
slipping situations. It can be assumed that the position
where the forces Fθ and FR are applied changes. However,
the reason why the angle at which the forces are applied
changes is still under investigation.

5 Conclusions

We experimentally investigate a sphere rolling up a gran-
ular slope to estimate the force acting on it. Given that
the translational and rolling dynamics of the sphere ex-
hibit constant deceleration, we use a model to estimate
the constant forces in both the normal and tangential di-

Figure 3. (a) Relations between FR/Mg (filled symbols), Fθ/Mg
(empty symbols) and α. The dashed and dotted lines represent
the averages, FR/Mg = 0.96 ± 0.04 and Fθ/Mg = 0.26 ± 0.04,
respectively. (b) Relation between θm and α. The dotted lines
indicate the average of θm in the range of α < 0.3 for each ρs.
Error bars in both (a) and (b) indicate the standard deviation of
the data for various v0 cases.

Figure 4. Relation between θm and θf from the data for α < 0.3.
Error bars indicate the standard deviation for various v0 cases
(in the range of α < 0.3). The solid curve represents fitting to
a parabolic function. We obtain a relation between θm and θf
expressed as θm = 0.28 + 0.12θf 2.

3

EPJ Web of Conferences 340, 02011 (2025)	 https://doi.org/10.1051/epjconf/202534002011
Powders & Grains 2025



Figure 5. (a) Relations between FR/Mg (filled symbols), Fθ/Mg
(empty symbols) and α during the stuck motion. The dashed and
dotted lines represent the averages, FR/Mg = 0.96 ± 0.01 and
Fθ/Mg = 0.26 ± 0.04, respectively. (b) Relation between θm and
α during the stuck motion. The solid line indicates a fitting line
with a slope of −1, θm = 0.26 − α. Error bars in both (a) and (b)
indicate the standard deviation of the data for various v0 cases.

rections. We introduce two forces (tangential Fθ and nor-
mal FR) and the angle θm. From the experimental results,
the constant normalized forces are obtained as FR/Mg =
0.96±0.04 and Fθ/Mg = 0.26±0.04. The angle θm remains
nearly constant for α < 0.3 rad, and θm and θf follow a
quadratic relation. The angle θf represents the contact area
when the sphere sinks by δ. This suggests that θm, which
is correlated with the resistance force, is related to δ.

Based on the experimental observations, we conclude
that ω̇ (t > tstop) during the stuck motion remains the same
as before becoming stuck, ω̇ (t < tstop). According to
this assumption, Fθ, FR, and θm are computed. The con-
stant normalized forces obtained are FR/Mg = 0.96±0.01
and Fθ/Mg = 0.26 ± 0.04. They are identical to those
before the sphere becomes stuck. We also observe that
θm decreases with α and θm remains nearly independent
of ρs. By applying linear fitting, we find the relation
θm = 0.26 − α. This suggests that the angle where the
forces are applied relative to the gravity direction remains
constant at 0.26 rad during the stuck motion. The univer-
sality of this value should be investigated in future studies.

By comparing the values of Fθ, FR, and θm at t < tstop
and t > tstop, we analyze the mechanism of the stuck phe-
nomenon. We find that the magnitudes of the forces Fθ and
FR remain unchanged, but the angle at which these forces
are applied changes. Consequently, the force required for
forward motion is no longer generated.
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APPENDIX

We derive the relation between θm and θf by comparing
the current model with that of [5]. To estimate the nor-
malized energy dissipation in translational direction, they
considered the energy balance in translational motion [5].
Accordingly, µd (an effective friction coefficient) can be
expressed as

µd = −
aX/g + sinα

cosα
+

δ

L cosα
. (4)

By combining Eqs. (2), (3), and (4), we obtain the re-
lation,

µd −
δ

L cosα
= tan(θm − γ). (5)

Here, γ satisfies γ = arctan(Fθ/FR), as shown in Fig. 1 (c).
Note that δ

L cosα is the intrusion angle. Given that tan(θm −
γ) ≃ θm − γ (for θm − γ ≃ 0), the right side of Eq. (5) can
be approximated as θm − γ. In [5], the relationship µd ∝
δ/R is confirmed. By assuming that the term δ

L cosα can be
neglected, the left side of Eq. (5) becomes proportional to
δ/R. Given that cos θf ≃ 1 − θf 2

2 (for θf ≃ 0), it follows that
δ/R ∝ θf2. Thus, we obtain the relation, θm − γ ∝ θf2.
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