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Rolling resistance of a spherical pod on a granular bed
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Abstract The motion of a spherical ball rolling with-

out slipping or plowing on a granular bed is studied. We

propose a definition of the rolling resistance force and

torque, and carry out experiments with a basketball

and medicine ball rolling on a bed of gravel to mea-

sure the corresponding rolling resistance coefficients.

These experiments reveal, in good agreement with lit-

erature, coefficients that are velocity-independent, and

show that little to no plowing of the spheres into the

granular substrate occurs. This indicates a regime of

motion distinctly different from those treated in previ-

ous works. A simplified model correctly predicts the ve-

locity independence and suggests an inverse dependence

of the rolling resistance coefficient on the reduced iner-

tia of the ball. These predictions match the experimen-

tally observed behavior. Numerical simulations based
on soft-sphere DEM shed more light on the mechan-

ics of energy dissipation that occur in this no-plowing

regime, and reveal a mass dependency that is not cap-

tured by the model. Our results provide insight into an

unstudied regime of motion, and are of interest to the

mission design of spacecraft to explore the surfaces of

asteroids and comets.
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1 Introduction

The deployment of instrumentation packages to the sur-

faces of asteroids and comets can be achieved with low-
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risk, low-cost, spherical lander pods that ballistically

descend to the surface and settle following a number of

bounces and a period of rolling motion [1,2]. To enable

development of appropriate pod and mission designs,

it is necessary to characterize this rolling motion with

realistic models of the interaction between a pod and

the asteroid surface, in the microgravity environment

of the asteroid.

Numerous studies have analyzed the motion of small

spheres, with sizes ranging between a few millimeters

and a few centimeters, rolling on a thin granular bed;

these studies are briefly summarized here. Rolling spheres

experience a force that reduces their rotation and ve-

locity, called rolling friction or rolling resistance [3].

The set-up where a single layer of grains is glued to

an inclined plane, a situation in which plastic defor-

mation and grain-grain interactions do not occur, has

been frequently documented. Centimeter-sized spheres

rolling on such inclined beds of sand demonstrate three

regimes of motion, each occurring at different ranges of

the angle of incline [4,5,6,7,8,9]. At intermediate-to-

high inclinations, the rolling resistance force behaves

viscous-like and is strongly dependent on velocity [10].

In contrast, at small angles of inclination, the force is

found to be constant for small spheres rolling on sand

at velocities higher than 0.2 m/s [11]. This friction force

allows for the definition of a coefficient of rolling fric-

tion, in analogy with the coefficient of sliding friction,

as done by [12], where its value is developed analytically

for a viscous sphere rolling on a hard, flat plane.

Comparatively few works have investigated the mo-

tion of a sphere rolling on a loosely packed bed of

sand, where individual grains are free to move and in-

teract with each other. Experiments with centimeter-

sized glass and steel spheres rolling on an inclined sand

bed again revealed a constant coefficient of rolling re-
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sistance, between 0.45 and 0.65 for the various spheres

tested [3]. In this configuration, the spheres’ plowing

into the sand was found to be the main mechanism

for energy dissipation and the source of the observed

rolling resistance force. This was shown through a mea-

surement of the depth of the sand grooves created by

the rolling spheres, which reach several millimeters for

centimeter-sized spheres. The authors of [3] suggest an

extension of their work to the motion of larger spheres

on similar granular beds.

This paper covers the regime of motion of such larger

spheres, which is observed to be differentiated from

that of smaller spheres through their relative levels of

plowing. We carry out experiments at 1g with spheres

roughly the size of pods proposed for small-body mis-

sions, measure the magnitude of their rolling resistance

coefficients, and examine the spheres’ level of plow-

ing into the granular substrate. Concurrently, a sim-

ple model is developed, based on the dynamics of con-

tact between the sphere and the grains in the absence

of plowing. Finally, numerical simulations are used to

gain further insight into the motion of the spheres and

the effect of their masses. Using this combination of

experiment, theory, and simulation, we provide insight

into what factors govern contact dynamics under the

assumption of no plowing, and provide an order-of-

magnitude estimation of the rolling resistance coeffi-

cients. Our results extend the existing knowledge on

the mechanics of rolling resistance by probing a previ-

ously unstudied regime of motion. They are relevant to

geophysical applications and simulations of lander tra-

jectories to the small bodies of our Solar System, such

as asteroids, comets, and small moons.

2 Rolling Resistance

A sphere rolling on a granular bed will experience a dis-

sipative force that resists its rolling motion. We postu-

late that this phenomenon can be captured by applying

a force Frr and torque Lrr, called the rolling resistance,

to a ball rolling on a perfectly flat surface. Frr is ap-

plied at the center of the ball and directed against the

velocity; Lrr is directed against the angular velocity.

We denote R the radius of the ball, I its massless iner-

tia and N the normal force from the surface (N = mg).

The magnitudes of the rolling resistance quantities are

defined as:

Frr = KrrN and Lrr = CrrRN (1)

where Crr and Krr, related through Crr = jKrr with

j = I/R2, are defined ad hoc and are called the coeffi-

cients of rolling resistance. This relationship must hold

in order for rolling resistance to preserve the slip state

of the sphere, which is determined by the (Coulomb)

friction force and torque. The quantity j is dimension-

less and represents the mass distribution of the ball

relative to its center. The value mR2 represents the

maximum inertia that can be reached by an object of

maximum radius R. It is in fact attained by the circle of

radius R. The quantity j varies between 0 (a ball whose

mass is concentrated at the center) and 1 (a hoop). For

a sphere of homogeneous density, j = 2/5, and for a

spherical shell, j = 2/3 [13]. Note that j ∈ [0, 1] implies

that Crr ≤ Krr.

The quantity (1+ j) is of further interest, and man-

ifests in the specific kinetic energy E of a ball rolling at

velocity V without slip, as: E = 0.5(1 + j)V 2. Applying

a force F to the center of a ball or a wheel rolling with-

out slip does not create an acceleration equal to F/m.

When rolling without slip is enforced, the friction force

partly counters the force F . In fact, the force F creates

an acceleration equal to F/(1+j)m. Remembering that

inertia is defined as the resistance an object has to a

change in its state of motion, then (1+j)m is the effec-

tive inertia of the ball, i.e. the resistance to change in

its motion. We therefore expect Krr to depend strongly

the quantity (1+j), which is seen as the reduced inertia

of the ball, while j is interpreted as its reduced moment

of inertia.

3 Experiments

Spherical lander pods have previously been proposed

for the Binary Asteroid in-situ Explorer (BASiX) space

mission, and are roughly the size of a basketball [1,2].
With this hardware description in mind, we have chosen

to use both a standard basketball and a similar-sized,

heavier medicine ball, and experimentally measure their

rolling resistance coefficients. The basketball has a ra-

dius of R ≈ 119 mm and a mass of m ≈ 0.63 kg; the

medicine ball has a radius of R ≈ 113 mm and a mass

of m ≈ 2.70 kg. We obtain measurements of the coeffi-

cient of rolling resistance by rolling these balls on a bed

of gravel, tracking their motion with a high-speed cam-

era, and processing the obtained video material with a

vision algorithm.

The granular bed consists of pea gravel with grain

sizes between 6.4 mm and 12.4 mm in size, assumed

to be distributed uniformly. This gravel was measured

to have a grain density of ρgrain = 2.62 g/cm3 and a

bulk density of ρbulk = 1.52 g/cm3, corresponding to

a filling fraction of 0.58 and a porosity of 0.42. Note

that these ratios are only valid for uncompacted and

unshaken grain samples. Finally, the angle of friction

was measured to be ≈ 41◦.
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Fig. 1 Camera distortion and calibration patterns.

The gravel was contained in a wooden box (1.6 m ×
1.0 m × 0.5 m); a ramp placed on one end of the box

was used to launch the balls from rest along the box’s

longest dimension (x-axis) with consistent specific en-

ergy. The motion of the balls was recorded using a Go-

Pro HERO3 Black Edition camera, which has a wide-

angle fish-eye lens capable of capturing video at high

resolution and frame-rate. The camera was mounted on

a tripod and positioned above the center of the longest

side of the box, providing an optimal overview of the

entire scene. Recording was set to a 1280 × 960 px

resolution, 100 fps frame-rate, and 127◦ field-of-view.

Moreover, a floodlight was mounted directly above the

camera to minimize shadowing, together with a wooden

casing protecting the camera from the floodlight’s heat.

Finally, both balls were spray-painted bright green to

facilitate detection in the video analysis, as discussed

further on.

Prior to running the experiments, the camera is po-

sitioned in the desired location and parallel with the

local horizontal. It is then switched on and connected

to a mobile device using the GoPro App, removing the

need for the user to physically interact with the camera

and ensuring its position remains unchanged through-

out the entire batch of experiments. The wooden cas-

ing and floodlight are placed around the camera once

it has been switched on. Afterwards, the camera cap-

tures several photos of checkerboard patterns, sequen-

tially placed at different positions and orientations in

the field of view of the camera. These photos are to be

used for calibration purposes and the definition of a ref-

erence frame, prior to processing the video recordings,

as will be discussed shortly.

The gravel surface is then flattened to the best de-

gree possible using a flat wooden board, so as to min-

imize any bias acceleration due to an inclined surface.

This flattening compacts the grains, thereby affecting

the magnitude of the rolling resistance. The grains are

therefore decompressed by gently sweeping a broom

across the surface. This returns the surface to its ini-

tial rough and uncompacted state, while still ensuring

it remains flat and level.

In each experimental run, the ball is released from

the same point along the ramp using a restraint, to

ensure a consistent initial velocity on the gravel bed.

The camera starts recording, the ball is released, and

starts rolling. It accelerates down the ramp and contin-

ues rolling across the gravel surface, decelerating under

the influence of the rolling resistance force and torque

until it comes to a halt near the end of the box, complet-

ing one experimental run. As the ball compacts some of

the grains along its path on the gravel, the surface must

be swept with a broom after each single run to ensure

proper surface roughness. These procedures are consis-

tent with those applied for experiments on mobile beds

in previous work [3]. In addition, we also re-flatten the

surface every 5 runs. This strategy is repeated 50 times

to obtain a single video batch; two such batches are

recorded for each ball, yielding a total of 200 recorded

videos.

Before proceeding with an analysis of the video ma-

terial, the camera calibration parameters are first ob-

tained using the previously captured photos and Mat-

lab’s built-in calibration tool. This calibration is nec-

essary to account for the strong image distortion that

occurs because of the fish-eye lens of the GoPro, as

shown in Fig. 1.

The recorded video material is then analyzed through

a Matlab algorithm. This algorithm first applies a se-

lective grayscale filtering which weighs particular col-

ors more strongly than others, contrary to a ‘regular’
grayscale image in which all colors are weighted equally.

It was found that bright green objects are most eas-

ily detected by the algorithm, motivating our choice to

spray-paint the balls in this color. A sample frame with

such selective grayscale applied is shown in Fig. 2.

Next, edge detection is applied to the grayscale frames

to render visible only the edges of any distinct objects

or faces in the scene, through a detection of sudden

changes in the intensity between neighboring pixels. Fi-

nally, a Hough transform is applied to fit circles to the

resulting edge-detected frames, as the target ball will

be the largest spherical object present in each frame.

With the angular and pixel resolution given, the max-

imum position error for each individual pixel is 1.2 cm

when the camera is placed at a nominal distance of 1

m from the ball. As we assume the error distribution

to be Gaussian, the circle fitting applied by the Hough

transform effectively averages this error along the edge

of the ball. The resulting position error of the center of

the ball is therefore reduced by over an order of magn-
















