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Abstract. Mobility on asteroids by multi-limbed climbing robots is ex-
pected to achieve our exploration goals in such challenging environments.
We propose a mobility strategy to improve the locomotion safety of
climbing robots in such harsh environments that picture extremely low
gravity and highly uneven terrain. Our method plans the gait by decou-
pling the base and limbs’ movements and adjusting the main body pose
to avoid ground collisions. The proposed approach includes a motion
planning that reduces the reactions generated by the robot’s movement
by optimizing the swinging trajectory and distributing the momentum.
Lower motion reactions decrease the pulling forces on the grippers, avoid-
ing the slippage and flotation of the robot. Dynamic simulations and
experiments demonstrate that the proposed method could improve the
robot’s mobility on the surface of asteroids.

Keywords: Climbing robots, Asteroid exploration, Gait planning, Mo-
tion planning

1 Introduction

Asteroids have been one of the many celestial bodies receiving attention in space
exploration activities, mainly due to their potential to unlock scientific, commer-
cial, and safety benefits. They are relatively small rocky bodies orbiting our Sun,
composed of water, metals, and other rare materials, making them appealing for
scientific missions and space mining. Asteroids could also be a threat to our
planet due to impact hazards. Having the ability to prevent such risk is a tech-
nology we need to keep our home planet safe [1].

A deep understanding of the nature and detailed composition of asteroids
is needed to achieve our objectives, and it is necessary to conduct in-situ ex-
ploration and observation missions. Robotic exploration is effective and efficient
for such hazardous environments for humans, as demonstrated by previous and
current space exploration missions to the Moon, Mars, and other celestial bod-
ies [2].
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Fig. 1. Concept image of a climbing robot exploring the surface of an asteroid.

Space agencies conducted many missions to orbit or to fly by asteroids to
study their characteristics. The Japanese missions Hayabusa and Hayabusa2
were the first to collect and return surface samples to Earth [3,4]. NASA also
performed the first planetary defense test with the DART mission, changing the
trajectory of a small asteroid through kinetic impact [5].

Mobile robots would be necessary for a more extensive in-situ exploration of
asteroids, but these small celestial bodies present some unique challenges. The
low gravity, usually more than a thousand times smaller than Earth’s, means
that traditional mobility methods are unsuitable on the surface of asteroids. The
lack of atmosphere of these small bodies makes air-based locomotion systems un-
feasible. Additionally, extremely rough and unknown terrain shapes with fragile
and porous structures present additional challenges for surface mobility [6].

1.1 Related Works

Different studies have investigated the use of alternative mobility systems to
explore asteroids. Hopping robots is one creative option, as it uses low gravity in
its favor to generate a jumping motion with small mechanisms. The MINERVA-
II-1 robots aboard the Hayabusa2 mission performed the first surface locomotion
exploration on an asteroid, demonstrating the feasibility of the hopping method
in actual exploration missions [7]. However, once the robot jumps, it can rebound
in an unpredictable direction due to the uneven nature of the terrain.

Multi-legged climbing robots were also proposed as a locomotion solution for
asteroid exploration missions, as pictured in the conceptual image in Fig. 1 [8].
Although walking robots are more complex and heavier due to the multiple
actuators, the possibility of achieving precise mobility is sufficient to attempt
this solution for asteroid exploration. Moreover, the legs (or more precisely, the
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limbs) of the robot can also act as manipulators to handle objects, such as
surface samples or tools for analyses. Adding spine-type grippers to the robot can
improve its stability, enhancing its motion capability to avoid undesired flotation.
NASA JPL proposed a gripper with multiple microspines to be integrated into
the LEMUR series robots for asteroid exploration [9].

The locomotion planning of multi-limbed robots for asteroid exploration
needs to consider the effects of the low gravity to perform mobility without
flotation failures caused by the grippers’ detachment. The quasi-static analysis
is a general solution for slow movements [10], but even low-speed motions could
cause the grippers to detach. Another proposed method considers equilibrium
conditions from the Zero Moment Point (ZMP) and estimation of contact forces
to plan the robot’s motion [11]. However, estimating contact forces in unknown
environments could be challenging, and ZMP analysis is not trivial for uneven
terrains. As another alternative for mobility in microgravity, reactionless con-
trol was proposed for bipedal climbing robots [12]. However, this method did
not account for multiple contact points and showed problems with kinematic
singularities.

1.2 Objective and Contributions

Despite the progress in robotic mobility for asteroid exploration, a significant
opportunity for further improvement and development remains. This study aims
to propose an alternative for limbed robot locomotion on asteroids that addresses
the limitations of current methods while being capable of moving precisely in
rough terrains.

Traversing over a rough surface requires planning the footholds and base pos-
ture that generates feasible configurations for the robot. Mobility in microgravity
also requires planning to reduce the reactions induced by the robot’s motions to
prevent flotation.

We propose a locomotion strategy for asteroid exploration that combines
gait and motion planning for climbing robots to achieve safe mobility on rough
surfaces under microgravity. The gait planning selects the base pose that provides
a feasible motion based on the limbs’ contact points on the uneven surface.
The motion planning includes reaction-aware techniques to enhance locomotion
safety in microgravity to avoid the robot’s flotation, keeping precise and feasible
mobility.

The main contributions of this paper are the following:

1. Locomotion strategy that reaches a precise location on an asteroid’s sur-
face, lowering risks of mobility failure. This strategy includes gait planning
that selects a feasible robot’s posture, and motion planning that reduces the
induced motion reactions.

2. Validation of the proposed mobility strategy by dynamic simulations of a
multi-limbed robot moving on a rough surface and experiments with a mi-
crogravity emulating facility.
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Fig. 2. Scheme for the desired motion of the robot’s main body, based on the linear
regression plane of the contact points.

First, we present the mobility strategy, presenting the techniques to select
footholds and base posture to achieve feasible motions. We also introduce motion
planning that reduces the flotation risk by using reaction-aware methods to
minimize the motion reactions. Then, we present simulation and experimental
studies to validate the proposed methods.

2 Mobility Strategy in Microgravity

Unlike Earth-based walking robots, locomotion on an asteroid’s surface requires
additional or alternative approaches to achieve safe mobility. The lack of gravity
makes it necessary for a robot to control its movements carefully. Otherwise,
it could generate pulling forces, causing the slippage of the grippers in contact
with the ground. The significantly rough surface requires the robot to constantly
adapt its posture to achieve feasible configurations as the limbs contact the
surface at different heights.

2.1 Gait Planning

Planning the sequence of steps and movements of a limbed robot requires defining
which limb is moving at what time, where should its landing position be, and
how to conduct the robot’s base motion. Usually, climbing robots require a more
complex strategy, as the terrain is uneven and the available graspable points are
sparsely distributed.

In general, the gaits of climbing robots are non-periodic, allowing the robot
to adjust to the discrete points’ distance and availability around each given
limb. The selection of the next grasping point can also follow different crite-
ria, such as the robot’s stability, the desired moving direction, and the feasible
workspace [13]. For asteroid exploration robots, the gripper’s capabilities and
terrain shape define if the graspable points are discrete. In this paper, for sim-
plification purposes, we assume that the robot can grasp any location on the
surface, assuming the robot has a mechanism capable of attaching to concave
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and convex shapes [14]. However, any leg sequence should be applicable to the
strategy presented here as long as it ensures feasible motions.

As for the base movement, we separate the base and limb swinging motion,
allowing the base motion to be used during the swinging phase, as shown later
in the motion planning strategy. Therefore, after each step of the robot, a base
adjustment is included during the supporting phase. This work considers that the
swinging and supporting periods are equal, producing a total period T = 2nTsw,
where n is the number of limbs, and Tsw is the swinging period.

We define the desired base pose x′
b ∈ R6 for each supporting phase from

the supporting polygon defined from the contact points. As shown in Fig. 2, the
supporting polygon is the linear regression plane of all the contact points p1, p2,
. . . , pn [15]. The centroid position pc ∈ R3 of the contact points defines the
horizontal components x and y for the desired base position. The base height
x′
bz

is the nominal stance height hn added to the supporting polygon vertical
position at the centroidal location pcz . The desired attitude of the robot is the
same as the orientation of the supporting plane, defined by the regression plane’s
coordinate frame Σp.

With the robot’s base pose defined by the regression plane of contact points,
the robot stays closer to its nominal stance, regardless of the shape of the terrain
it is traversing. However, collisions between the base and the surface could still
happen if the ground presents obstacles on the path the main body moves.
Therefore, we include a base collision avoidance strategy, assuming the terrain
information is available to the robot’s planner. An additional elevation is added
to the base height if the planner detects a collision for the desired base pose, i.e.,
the vertical coordinate of the point on the inferior base plane is smaller than the
respective coordinate of the surface. We define the desired base height to avoid
ground collisions in (1), by adding the maximum detected collision depth dcoll,
an additional height hadd to guarantee ground clearance, and subtracting the
size blow of the lower portion of the base body.

x′
bz = pcz + hn +max(|dcoll|) + hadd − blow (1)

2.2 Motion Planning

Once we decide the desired stance of each step, including the desired positions
of all limbs and the base’s pose, the climbing robot needs to perform the motion
of its joints to reach the selected configuration. Assuming a multi-body system
with multiple rigid links connected by rotational joints, the planner has to find
a feasible movement for the actuators to achieve the desired stance. Moreover,
considering the lack of gravity on the surface of asteroids, the planned motion
needs to avoid excessive motion reactions that could provoke the slippage of the
attached grippers.

We previously proposed Reaction-Aware Motion Planning (RAMP), which
reduces the total change of linear and angular momentum of the intended mo-
tion, improving mobility safety in microgravity [16]. Fig. 3 shows a concept image
of RAMP, divided into two strategies to reduce motion reactions. The first is
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Fig. 3. Concept image of the Reaction-Aware Motion Planning.

the Low-Reaction Swing Trajectory (LRST), describing the trajectory planning
for the swinging limbs that lowers the motion reactions [17]. The second is the
Momentum Distribution (MD), representing the compensation of reactions gen-
erated by the swinging motion with the swinging momentum distribution to
other parts of the robot, i.e., the supporting limbs and the robot’s main body.

The LRST optimizes the coefficients ABj of a polynomial Bezier curve that
connects the current and desired positions of the swinging limb, minimizing the
variation of linear and angular momentum, L̇lin and L̇ang. As described in (2),
LRST also ensures the feasibility of the swinging motion by the inequalities
that guarantee the joint angles ϕsw are within the physical limits of the robot.
The objective function LRST also provides a term to increase the step height
to a predefined value hsw to avoid ground collisions of the gripper during the
swinging phase. The remaining coefficients of the Bezier curve are computed
from the boundary conditions, assuming zero velocity and acceleration at both
initial and final times, t0 and tf . The coefficients C1, C2, and C3 define the
weight of each term in the objective function.

min
AB3,AB4

C1 max
(
|L̇lin (t) |

)
+ C2 max

(
|L̇ang (t) |

)
+ C3

∣∣hsw −max
(
xe,swz

(t)
)∣∣

s. t. xe,sw(t) =

7∑
j=0

ABj

(
7
j

)(
tf − t

tf − t0

)7−j (
t− t0
tf − t0

)j

ϕsw,min ≤ ϕsw(t) ≤ ϕsw,max

(2)
While LRST defines the swinging limb trajectory, MD computes the motion

of the robot’s base. By distributing a fraction α of the momentum generated by
the swinging motion to all the remaining links of the robot, we can reduce the
total momentum change, i.e., lower the forces generated by the robot that could
induce the slippage of the grippers. From the definition of the total momenta of a



Mobility Strategy 7

multi-limbed robot in (3), we can compute the base velocity during the swinging
phase in (4). Here, Hb and Hbm,i represent the inertia of the robot and the i-th
limb, and Jb,i and Jm,i are the Jacobian matrices.

L = Lb +Lsup +Lsw

= Hbẋb(t) +

nsup∑
i=1

Hbm,iϕ̇i(t) +

nsw∑
i=1

Hbm,iϕ̇i(t)
(3)

ẋb(t) = −α

(
Hb −

nsup∑
i=1

Hbm,iJ
+
m,iJb,i

)−1 nsw∑
i=1

Hbm,iϕ̇i(t) (4)

By numerically integrating the base velocity to obtain the base pose xb(t), we
can define the robot’s configuration at each instant during the swinging phase.
During the supporting phase, when only the main body moves, we generate a
simple polynomial trajectory for the base pose until the desired pose, defined in
the gait planning to avoid collisions using the linear regression plane.

In our previous work, the operator defined the momentum distribution factor
alpha according to the robot’s inertial and locomotion parameters. In this paper,
we propose an improvement by automatically setting the distribution factor at
each time step during the swinging phase. If the robot is close to a kinematic
singularity, the distribution factor has to be decreased to avoid mobility failures.
Therefore, we propose using the manipulability measurement defined in (5) as
an element to specify how much momenta can be distributed from the swinging
limb to the remaining parts of the robot.

wi(t) =
√

det (Jm,i(t)Jm,i(t)T ) (5)

A simple linear function defines the value of the momentum distribution
factor at each instant in (6) from the maximum and minimum values of manip-
ulability and the minimum manipulability at that time min (wi(t)), considering
all possible limbs.

α(t) =
min (wi(t))− wmin

wmax − wmin
(6)

3 Simulated Case Studies

We performed dynamic simulations to validate our proposed mobility strategy
for climbing robots on asteroids. ClimbLab is a numerical simulator developed
for climbing robots using MATLAB©, allowing rapid implementation of new
gait and motion patterns [18]. For the model of the robot, we chose HubRobo, a
quadruped climbing robot developed by our group [19]. And for the environment,
a fractal surface with a standard deviation of 30 mm for the terrain elevation
and gravity level of 10−6 G. The surface contact force is modeled by a compliant
model, where the stiffness and damping coefficients are 4000 N/m and 1 Ns/m,
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(a) Motion without proposed strategy

(b) Motion with proposed strategy

Fig. 4. Snapshots of simulations

respectively. Assuming a maximum holding force of 0.9 N, the robot’s gripper
detaches if the contact force exceeds this value in a pulling direction.

The robot walks with a periodic gait, moving first the rear limbs, then the
front ones. The total cycle period T is 14 s, leaving each swinging and supporting
phase with 1.75 s. With a stride of 8 cm and a step height hsw of 4 cm, the robot
can cover the surface with a velocity of 0.57 cm/s.

Fig. 4 shows the results of simulations with and without the proposed meth-
ods. In the first case, the robot swings its limbs with a regular polynomial trajec-
tory, not moving the base to distribute momentum during the swinging phase and
not adjusting the main body to avoid ground collisions. The second simulation
implements all strategies proposed in this paper, with an additional height hadd

of 2 cm for the ground clearance in case of detected collisions, LRST coefficients
C1 = 7, C2 = 1.75, and C3 = 30, and maximum and minimum manipulability
of 1.2 mm and 2.5 mm, respectively.

The results show that the robot’s grippers detach when moving without the
proposed method after walking only a few steps. This result shows how the reac-
tions generated by the dynamic motion of a climbing multi-limbed robot could
induce failure on asteroids due to the lack of gravity. The result of locomotion
with the proposed method shows two essential improvements for asteroid ex-
ploration with climbing robots. The first is the reduction of reactions through
RAMP, allowing mobility without grippers’ slippage. The second is collision
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(a) Max. Contact Force (b) GIA Margin

Fig. 5. Comparison graphs between simulations with and without the proposed strat-
egy for mobility on asteroids.

avoidance using the base pose adjustment of the proposed gait planning, pre-
venting impacts that could also provoke detachment and flotation of the robot.
Additionally, the robot avoids unfeasible configurations automatically by updat-
ing the momentum distribution factor using the manipulability index.

Fig. 5 shows graphs comparing the simulation results of the motions with and
without the proposed trajectory. The first graph displays the maximum contact
force, considering all possible grippers attached to the ground. The second one
shows the Gravito-Inertial Acceleration (GIA) margin, a metric to define the
dynamic equilibrium of climbing robots [20]. Both results validate the proposed
method as a viable solution to reduce motion reactions and increase locomotion
safety by decreasing the risk of gripper slippage. In both graphs, we can also
observe the moment failure happens for the first simulated case when the maxi-
mum contact force overcomes the maximum holding limit of the gripper or the
GIA becomes zero. While for the motion with the proposed strategy, detach-
ment does not occur because the GIA margin is always positive, and the ground
reaction forces are always under the gripper holding limit.

4 Experimental Case Study

Experimental evaluation for microgravity conditions is challenging on Earth, and
testing in actual microgravity environments is expensive. We used an air-floating
system to emulate microgravity in a two-dimensions planar configuration. A
robotic platform mounted with air bearings can levitate to create a thin layer
of air between the robot and a flat surface, eliminating friction forces to create
an effect similar to microgravity in the horizontal plane [21]. Two robotic arms
are mounted on the floating platform to simulate a limbed robot. The robotic
arms have pinching grippers capable of grasping fixed structures that emulate
the ground surface of an asteroid.

We use the air floating system to test our proposed mobility strategy, com-
paring it with a regular baseline locomotion method for climbing robots. In both
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(a) t = 0 s (b) t = 20 s

(c) t = 28 s

Fig. 6. Snapshots of experiments

cases, the robot walks with a periodic gait, using 5 s to release the gripper and
another 5 s to grasp the new target. Swinging motion and base movement period
also take 5 s each, for a period T = 40 s, as the robot has only two limbs. The
stride and step-height are 10 cm and 4 cm, respectively. Due to the simple linear
arrangement of the grasping targets, the proposed gait planning does not per-
form any adjustment to avoid collisions. As for motion planning, using RAMP
generates a different trajectory and changes the base posture during the swing-
ing phase to minimize motion reactions. The trajectory optimization coefficients
are C1 = 40, C2 = 0, and C3 = 8, while the momentum distribution factor is
0.3 throughout the swinging phase as a conservative measure to avoid kinematic
singularities.

Fig. 6 and Fig. 7 show the snapshots of the two experiments performed,
using the baseline mobility and the new proposed mobility strategy for multi-
limbed robots for asteroid exploration, respectively. The result for the baseline
case shows that the robot fails to walk one cycle, detaching from the ground
surface, similar to the simulation study presented in the previous section. As the
motion reactions generated by the non-optimized swinging movement are exces-
sive, the robot fails to grasp its target, failing to achieve the desired locomotion.
The motion with the proposed reaction-aware planning reduces the reactions,
completing the walking cycle while avoiding the slippage of the grippers.

Fig. 8 compares linear and angular acceleration data of the robot’s base for
both experiments obtained from an IMU sensor. We observe a smaller maximum
value for both graphs as the robot uses our proposed method, indicating that it
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(a) t = 0 s (b) t = 20 s

(c) t = 38 s

Fig. 7. Snapshots of experiments

(a) Linear Acceleration (b) Angular Acceleration

Fig. 8. Comparison graphs between experiments with and without the proposed strat-
egy for mobility on asteroids.

can decrease the reactions caused by the movement of a robot in microgravity
conditions.

5 Conclusions

The method we proposed to improve the mobility of multi-limbed robots on the
surface of asteroids is based on two main characteristics. The first is the gait
planning that avoids collision with the ground while decreasing the chances of
kinematic singularities, adjusting the base pose to the surface conditions. The
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second is the Reaction-Aware Motion Planning which reduces reactions, mitigat-
ing the risk of gripper slippage, with an automatic selection of the momentum
distribution factor based on the manipulability index.

This work validates the proposed mobility strategy using dynamic simula-
tions and experiments with a system that emulates microgravity. The suggested
method performed better in both cases, avoiding robot flotation and ground
collisions for safer locomotion.
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