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Abstract— Small-scale planetary exploration missions have
been attracting significant attention in recent years. To maxi-
mize the scientific return from these missions, compact rovers
are required. Hopping is a promising locomotion strategy for
achieving both high traversability and compactness. However,
hopping on soft granular terrain such as regolith is challenging
due to significant energy dissipation into the medium. The dy-
namics of sand flow during hopping are not yet well understood,
especially for diagonal trajectories. This study investigates sand
behavior during diagonal hopping using the Discrete Element
Method (DEM) simulations. We focused on how the added-
mass effect and the effective friction coefficient vary with the
hopping angle. Our results revealed a fundamental trade-off:
shallower hopping angles decrease the inertial resistance from
added mass, yet simultaneously increase effective friction, which
enhances propulsive force. In addition, we applied the observed
friction behavior to hopping simulations and confirmed its
effectiveness. A reduced-order simulation incorporating this
variable friction behavior reproduced the experimental hopping
efficiency (0.31 in simulation versus 0.35 in experiment) more
accurately than the fixed-friction model. These insights provide
a physical basis for the development of more efficient hopping
mechanisms for future planetary rovers.

I. INTRODUCTION

In recent years, there has been a growing trend in plane-

tary exploration toward using small, cost-efficient landers.

Advances in technology are enabling precise landings in

scientifically valuable but challenging terrains, a capability

demonstrated by the success of the Japanese SLIM lander

[1]. To explore these landing sites, small rovers that can be

easily deployed by such landers are required. In addition,

a swarm of small rovers can outperform a larger rover in

terms of coverage and time efficiency, by applying swarm

robotics [2]. However, the traversability of small rovers is

limited. As the rovers become smaller, obstacles appear

larger relative to their size. One way to improve traversability

is to employ hopping motion. Several hopping robots have

been applied to space exploration [3], [4]. In addition to

space exploration, many kinds of hopping robots have been

developed [5], [6], [7], [8], [9], [10], [11]. Hopping motion

offers two main advantages over traditional wheeled or

tracked rovers. First, hopping rovers can traverse obstacles

significantly larger than themselves. The obstacle-clearing

capability of wheeled or tracked rovers is typically limited

by their physical size, whereas that of hopping rovers is
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primarily limited by their energy-per-mass ratio, making

this approach especially suitable for small systems. Second,

they can escape from being stuck. Wheeled and tracked

rovers have a tendency to get stuck in loose regolith, and a

hopping motion provides an effective means of escape. For

example, JAXA deployed the LEV-1 hopping rover to the

lunar surface and successfully demonstrated the effectiveness

of a small hopping rover[3]. However, hopping performance

on regolith, which is common on planetary surfaces, is

poor because the regolith absorbs energy during the jump.

Therefore, it is necessary to design a hopping mechanism

suitable for use on regolith.

The interaction between robots and granular media

has been extensively researched. Resistive Force Theory

(RFT)[12], an empirical model, is widely applied to simula-

tions of robot locomotion on granular media[13]. The theory

was also applied to the design of foot grousers of hopping

robots[14]. In the study, diagonal hopping was simulated

by means of RFT and optimized grouser shape parameters.

While RFT is easily applicable to complex shapes and mo-

tions, such as diagonal hopping, it is based on the assumption

of quasi-static movement and therefore cannot accurately

model dynamic events like hopping motion.

To address such dynamic interactions, Aguilar and Gold-

man have studied hopping on granular media, proposing

a model that includes the added-mass effect and inertial

resistance [15].

However, their study focused exclusively on vertical hop-

ping (intrusion), not diagonal hopping, which is inevitable

for rovers to move forward. Therefore, understanding the

ground interaction during diagonal hopping is of practical

importance. The present study expands on this by investigat-

ing not only vertical but also diagonal hopping motion, which

has not yet been fully explored. The objective of this study

is to better understand the dynamic flow induced by hopping

motions and how the flow affects the hopping performance,

especially during diagonal hopping. This insight will con-

tribute to the design of leg mechanisms that can maintain

high hopping performance even on regolith. In this study,

we conducted Discrete Element Method (DEM) simulations

of hopping motion to directly observe individual particle

behavior and gain insights into sand flow dynamics during

a hop. The DEM framework also enables us to compute

the forces acting on each surface of the intruder (plate)

respectively, providing detailed information by separating

bulldozing resistance and frictional resistance. Furthermore,

by visualizing particle velocities, we can directly identify

the shape and size of the added-mass region formed around
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the intruder, allowing a more comprehensive understanding

of the momentum transfer during hopping. Additionally, we

conducted a simulation of a hopping robot using the reduced-

order observed dynamics and validated the model through

comparison with experimental results.

The main contributions of this study are as follows:

• Clarification of the effect of intrusion angle on the dy-

namic interaction between a plate and granular medium

using Discrete Element Method (DEM) simulations,

focusing on added mass and effective friction.

• Identification of a trade-off between the effective added

mass and the effective friction coefficient that governs

hopping performance.

• Experimental validation using a hopping robot, demon-

strating that a variable effective friction model repro-

duces the observed behavior more accurately than a

fixed-friction model.

Fig. 1. Hopping robot we are now developing (a) and diamond-shape
hopping mechanism (b).

II. METHOD

To better understand the behavior of granular media in-

duced by hopping motion, observation of the granular flow

is essential. The present paper applied the Discrete Element

Method (DEM) [16] to simulate particle behavior under

hopping motion. DEM can directly simulate the effect of

microscopic parameters on macroscopic behavior providing

deep insights into granular flow. Although the computational

cost is high, DEM has been extensively applied to research

on granular media for its high reproducibility [17], [18]

DEM models the particle contact and calculates each contact

(Figure 2).

Fig. 2. DEM contact model.

A. Ground Condition

The ground consists of spherical particles. The particle

parameters are shown below (Table I). Sphere particles are

computationally highly efficient, while it lacks the ability to

model real sand shapes. To model the particle shape effect,

rolling resistance was applied [19].

TABLE I

PARAMETERS OF PARTICLES

Parameter Value

Radius 1 mm

Density 2500 kg/m3

Stiffness 1 GPa
µ (inter particle) 0.45
µ (particle-plate) 0.50

Rolling resistance coefficient 0.15

A granular sample with a low bulk density (porosity of

0.46) was prepared, since lunar regolith tends to have lower

density under low gravity, resulting in greater energy loss.

This was accomplished by applying high rotational resistance

during the packing phase. leading to a more porous structure.

The rotational resistance was reset at the beginning of the

simulation. Figure 3 shows the comparison of granular beds

at low bulk density ( used for the simulation ) and high bulk

density.

Fig. 3. Adjustment of bulk density.

B. Hopping Simulation

To simulate hopping motion, a time-varying force was ap-

plied to a flat plate placed on the granular material. The force

profile was defined by a sinusoidal function (Equation 1) to

replicate the output of a pantograph-type (diamond-shaped)

hopping mechanism (Figure 1(b)) which is commonly used

[8], [9]. We conducted simulations for three different force

application angles θ: 90, 60, and 30 degrees relative to the

horizontal plane. The plate’s motion was constrained in all

degrees of freedom, except for translation along the axis of

the applied force. The maximum force Fmax and the duration

time tend were determined based on experimental hopping

motion. The plate measured 150 mm in length and 50 mm

in width.

F (t) = Fmaxsin(πt/tend) (1)
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TABLE II

PARAMETERS OF SIMULATION

Parameter Value

θ 90, 30, 60 deg
Fmax 500 N
tend 0.1 s

Fig. 4. Modeling of hopping motion. (a) Simulation configuration (b)
Simulation parameters (c) Force applied to the plate

C. Application to Simulation

Additionally, we have implemented the friction behav-

ior observed in the DEM simulations into a reduced-order

simulation. The model applied inertial resistance, which is

proportional to the square of velocity and to permanent

deformation, on the basis of spring-damper model. As the

friction coefficient differs in response to the intruding angle,

we applied a variable friction coefficient that is linearly

interpolated. By comparing the simulated result and the

experiment of a spring drive hopping robot (Figure 5), we

confirmed the validity of the deployment. The robot used

a multi-linkage leg consists of two 4-bar linkages, whose

kicking force is similar to diamond shaped leg, while much

compact. The comparison index was hopping efficiency,

which was computed by dividing kinetic energy after takeoff

by energy used to hop. The robot suits for testing the model

because the robot’s foot during the hopping motion change

intruding angle while its inclination against horizon change is

relatively small. The experiment was conducted three times.

Fig. 5. Experiment with a hopping robot.

III. RESULTS

Figure 6 and Figure 7 show intrusion depth and intrusion

speed, respectively. Smaller θ resulted in larger intrusion

depth and speed.

Fig. 6. Intrusion depth of the plate.

Fig. 7. Intrusion speed of the plate.

The flow behavior of the granular particles is visualized

in Figure 8, which shows a snapshot of the particle motion

from the simulation. The particles are colored according

to their velocity component in the direction of the plate’s

motion, normalized by the magnitude of the plate velocity

(vp-normalized). This normalized velocity, vp-normalized, is

an index of how well the particles follow the plate’s motion.

A value close to 1 (shown in red) means that the particle

is moving together with the plate, while a value close to

0 (shown in blue) indicates that it remains stationary. This

value is calculated for each particle at every time step using

the particle velocity (vp) and the plate velocity (vplate), as

defined in Equation (2). Figure 8 show the particle behavior

under the condition where the plate intrusion angle was 90,

60, 30 [°] respectively.

vp-normalized = vplate · vp/|vplate|
2 (2)

As shown in Figure 8, particles immediately beneath the

plate move almost at the same velocity as the plate (colored

red or yellow), representing the added mass region. This

region becomes thinner and shifts slightly forward as the

intrusion angle decreases. In contrast, very few particles are

observed above the plate, indicating that the rapid intrusion

leaves a cavity that particles cannot refill during the short

contact period.

Figure 9 show the normalized velocity fields, separated

into vertical and horizontal components, for the 60-degree

and 30-degree intrusion cases, respectively.
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Fig. 8. Normalized particle velocity at each condition. The particle
color represents the plate’s intruding direction component of the particle
velocities, normalized by plate velocity.

Fig. 9. Vertical and horizontal normalized particle velocity at 60 and 30
degrees. The arrows represent the positive direction of each vertical and
horizontal velocity.

Figure 9 compares the normalized vertical and horizontal

velocity components for 60° and 30° intrusion angles. In

the vertical component, upward-moving particles (blue) ap-

pear above the plate, and this upward flow becomes more

pronounced at shallower angles (30°). In the horizontal

component, particles beneath the plate move forward with

it (red), while a backward flow (blue) develops behind

the plate, particularly in the 60° case. These observations

indicate that diagonal intrusion induces asymmetric particle

motion

The effective friction coefficient, calculated using Equa-

tion (3), represents the ratio of the tangential to normal

force experienced by the plate. Figure 10 shows the temporal

evolution of this coefficient for the 60 degree and 30 degree

intrusion cases.

Although the material friction coefficient between the

particles and the plate was set to 0.5, the effective friction

coefficient deviates from this value. Notably, the coefficient

is consistently higher for the smaller intrusion angle (30

degrees) than for the larger one (60 degrees). During the

main phase of intrusion, the coefficient remains relatively

constant before changing as the plate begins to decelerate.

During the stable phase, the effective friction coefficient was

approximately 0.15 for the 60 degree case, while it showed

a higher value of approximately 0.37 for the 30 degree case.

µ = Ffriction/Nbottom (3)

Fig. 10. Evolution of effective friction coefficient.

Figure 11 shows the hopping motion of the simulation

with variable friction coefficient and fixed friction coefficient.

The foot slips more in the former, and the angle of foot

during the intrusion is different. The rear of the foot sinks

more in the simulation of fixed friction coefficient while the

forward sinks more in the variable friction coefficient. The

simulation of variable friction coefficient better reproduces

the experiment, especially in terms of slippage amount of the

foot (Figure 5). Table III shows the comparison of experi-

ment and simulations. The variable friction coefficient shows

better performance compared to fixed friction coefficient.

Fig. 11. Hopping robot simulation with variable and fixed friction
coefficient.

TABLE III

COMPARISON OF SIMULATION AND EXPERIMENT

Condition Hopping efficiency [-]

Experiment 0.35±0.01
Sim. (fixed coefficient) 0.46

Sim. (variable coefficient) 0.31
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IV. DISCUSSION

From Figure 8, it is observed that the added mass dur-

ing intrusion is smaller at shallower angles. As the angle

becomes shallower, the region of particles moving together

with the plate becomes thinner and is also slightly biased

toward the front, in the direction of motion.

The decrease in added-mass may be caused by shearing

of the sand and slip between sand and plate on the interface.

While the movement of plate’s normal direction is directly

transferred to the particles, the transformation of tangential

movement is impeded by sand shearing and slippage.

Added mass is a crucial component of dynamic intrusion,

and it affects the reaction force. Since a smaller added mass

results in a smaller reaction force, a larger intrusion angle

(greater θ) is more effective for hopping.

In addition, the flow in both front and rear of the plate

seen in Figure 9 may be caused by the difference in pressure.

Particles under high pressure area in front of plate intrusion

moved to surrounding region of lower pressure. This flow is

also seen at 90 degrees, which is symmetrical. At 60 and 30

degrees, the dominant flow is horizontal in rear and vertical

in front. This difference is caused by the diagonal motion

of plate. The low pressure region is placed upper in front,

while backward in rear. The increase in the effective friction

coefficient at shallower intrusion angles can be attributed

to the enhanced horizontal interaction between the plate

and the granular bed. As the plate moves diagonally, the

particles directly beneath it experience forces acting opposite

to the plate’s direction of motion, originating from both

the resistance of the surrounding medium and the inertia

of the underlying particles. These opposing forces prevent

some of the particles from fully following the plate’s hor-

izontal motion, resulting in increased relative slipping at

the plate–particle interface. Consequently, the proportion of

particles sliding against the plate grows, producing a higher

effective friction coefficient. This suggests that the elevated

friction observed at shallower angles is primarily governed

by the increased horizontal resistance and the resulting slip

behavior at the plate surface.

The improved agreement between the simulation and the

experiment can be attributed to the introduction of a variable

effective friction coefficient that accounts for the dynamic

reaction forces during intrusion. By clarifying the relation-

ship between the normal and tangential contact forces under

dynamic intrusion conditions as effective friction coefficient,

which is an aspect that has not been fully considered in

previous studies, the present model captures the dynamic

effects more accurately. As a result, this relationship can be

regarded as a constitutive representation that better reflects

the interaction between the plate and the granular medium

during hopping motion.

This study reveals that a key trade-off exists regarding

the influence of a hopping leg’s intrusion angle on its

performance. Specifically, at shallower angles, the added

mass decreases, which reduces the inertial resistance when

accelerating the leg through the sand. On the other hand,

the effective friction coefficient increases, making it easier

to generate propulsive force (tangential force) to push off

the ground without slipping. This dichotomous relationship

suggests the existence not only of a single optimal angle

but also of a more complex ”optimal kick-off motion.” The

ultimate goal of this research is to synthetically understand

these phenomena to establish a control law governing leg

motion and force application that maximizes hopping per-

formance (jump distance and height) for a given energy

input. To achieve this, it will be essential for future work

to consider the effects of the plate’s tilt (orientation) and to

systematically investigate how this relationship is affected

by other parameters, such as particle shape and friction

coefficients. These findings will significantly contribute to

the design and operation of exploration rovers on regolith-

covered planetary bodies.

V. CONCLUSION

This study investigated the dynamic interaction between

a hopping leg and a granular medium using the Discrete

Element Method, aiming to provide a physical foundation

for designing high-performance planetary rovers.

The key finding is a fundamental trade-off governed by the

leg’s intrusion angle: shallower intrusion reduces added mass

but increases effective friction. This relationship reveals that

optimal hopping performance cannot be achieved through a

single fixed angle, but rather through a dynamic “kick-off”

motion that balances inertial and propulsive requirements.

Incorporating the observed friction behavior into a

reduced-order model improved the predictive accuracy of the

simulation, suggesting that this relationship can serve as a

constitutive component in future dynamic models.

These insights establish a new framework for under-

standing and predicting leg–terrain interactions in granu-

lar environments. Future work should develop quantitative

formulations of this trade-off and extend the approach to

other locomotion modes such as legged or wheeled mo-

tion at high speed. Ultimately, the constitutive relationships

identified here lay the groundwork for physically informed

control strategies that enable agile and robust locomotion on

planetary surfaces.
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