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ABSTRACT
We present the outcome of a study on the energetic
expenditure of quadrupedal gaits in the gravitational scenarios of Earth, Mars and the Moon. The study was
performed in simulation on a fully controlled 30 kg-class
robot. We compared the mechanical power required for
locomotion by using a static walking gait, dynamic gaits
without full flight phases (trot, dynamic lateral walk) and
dynamic gaits with full flight phases (running trot, pronk)
at velocities up to 1 m/s. Additionally, we conducted a
field test which compared the energetic expenditure and
ground contact forces of a trot and running trot on a sandy
terrain against the laboratory environment and the simulation results.
Generally, gaits with full flight phases become increasingly efficient in reduced gravity scenarios. The study
revealed that a running trot outperforms the gaits without full flight phases at forward velocities of 0.55 m/s on
Mars and 0.4 m/s on the Moon. Executing a trot on the
real robot showed that the energetic expenditure is 1.2-1.4
times higher on a coarse, heterogeneous sand compared
to the lab environment. The field test revealed that the
point feet design is not optimal for gaits with full flight
phases on compressible soil due to high contact forces and
increased ground penetration, which leads to stuck situations.
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INTRODUCTION

So far, wheeled systems have been used for planetary exploration due to their relatively low complexity.
However, these systems reach their limit when it comes
to the exploration of scientifically interesting yet unreachable places, such as craters with steep slopes, highlands or
caves. Meanwhile, dynamic legged locomotion for terrestrial application has advanced rapidly over the last decade.
Robots such as Boston Dynamics’ Spot, ETHZ’s ANYmal
[1] (Fig. 1), the MIT Cheetah [2] or IIT’s HyQ [3] have
demonstrated the potential of versatile locomotion in unstructured or man-made environments [4].
A number of space legged robot prototypes such as
DFKI’s SpaceClimber [5] and Scorpion [6], FZI’s Lauron
[7] and NASA’s Athlete [8] have already been developed
until now. While the systems are able to traverse challenging terrain, they make sole use of static gaits.

Figure 1. : ANYmal trotting on a coarse sand track with
velocities up to 0.3 m/s.

Static gaits are very safe since at least three feet are in
contact with the ground at all times and the balancing is
not computationally demanding.
Recent terrestrial legged robots, as well as animals and
humans, make use of dynamic gaits. Dynamic gaits allow
for having less than three feet in contact with the ground.
This approach allows moving energy efficiently at higher
speeds and a generally larger variety of possible motions.
Gaits have an energetic optimum and animals as well as
humans change gaits intuitively to optimize their energetic
expenditure depending on the environment and the desired
speed [9]. For example, a horse transitions from walking
to trotting at roughly 1.7 m/s and ultimately to a galloping gait at 4.6 m/s [10]. In different gravitational scenarios, energetic optimality of gaits changes. For example,
astronauts have reported that a hopping gait was more energetically efficient than the heel-to-toe work performed
on Earth [11]. Studies have been performed on finding
energetically efficient gaits for bipeds and planar robots
by formulating a constrained optimization problem [12].
A good overview of state of the art robotic gait optimization can be found in [13]. A brief investigation of design
parameters and gait optimization for a simplified planar
low-gravity legged robots was made in [14]. The focus of
the robotic optimization studies lies mostly in finding optimal gaits and design parameters in a reduced-complexity
simulation without taking a fully modelled and controlled
robot into account.
The goal of this study is to investigate how the energetic expenditure of a number of hand-tuned gaits change
in low-gravity scenarios, including a real robotic system
with full control architecture and hardware constraints. A
secondary objective is to identify discrepancies between
simulation and reality and to determine hardware requirements for a low-gravity locomotion subsystem.

This work serves as an extension of previous work on the
scalability of dynamically walking legged robotic systems
for space exploration [15].
The paper is structured as follows: Section 2 describes
briefly the robot and control architecture; Section 3 describes the calculation of energetic expenditure; Section 4
gives a summary of extraterrestrial surface characteristics;
Section 5 describes the simulation and field test setup and
Section 6 the respective findings. Finally, a conclusion is
drawn in Section 7.

2

SYSTEM DESCRIPTION

ANYmal is an accurately torque-controlled, dynamically walking robot with a mass of 30 kg. Each leg
is actuated by three custom-designed Series-Elastic Actuators (SEA), called ANYdrives, which allow the robot
to control Hip Adduction/Abduction (HAA), Hip Flexion/Extension (HFE) and Knee Flexion/Extension (KFE).
The actuators can produce up to 40 Nm and 12 rad/s and
have a fixed spring-stiffness. The Robot Operating System (ROS) serves as a robotic middleware on the system.
To execute the dynamic locomotion tasks used in this paper, a whole-body controller is implemented [16], which
generates reference torques by solving a cascade of prioritized tasks. The motion references are produced by a
nonlinear optimization framework [17], which relies on
approximated dynamics to efficiently generate online motion plans.

2.1

Modeling and control

• Torque and force limits τmin ≤ τ ≤ τmax , λ ∈ C
Torques are constrained by the limits τmin and τmax
defined by the actuators. Contact forces λ are constrained to lie in the friction cone defined by C to
avoid slipping.
h
i
• Operational-space tracking J 0 ξ = r̈re f − J̇u
Operational space references r̈re f (e.g. swing leg reference state or torso trajectories) are tracked by constraining the whole-body accelerations u̇ through the
appropriate task Jacobian J and its time derivative J̇.

2.2

The motion controller framework implemented on
ANYmal tracks operational-space motion references by
taking the full dynamics of the multi rigid-body system
into account. The generalized coordinates q and velocities u of the floating based system are defined as
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q =  qIB  ∈ S E(3) × Rn j , u = B ωIB  ∈ Rnu ,
(1)
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where I rIB is the position of the base frame B (which is
rigidly attached to the torso of the robot) with respect to
the inertial frame I, B ωIB is the angular velocity of frame
B relative to the inertial frame I, qIB is the unit quaternion
which represents the orientation of frame B with respect
to frame I, and q j and q̇ j are the generalized joint positions and velocities. The full system dynamics are then
described by
M(q)u̇ + h(q, u) = ST τ + JTs λ,

stack of Jacobians of the contact locations, and τ and λ
are the actuation torques and the reaction forces, respectively. The whole-body controller described in [16] and
used in [17] and in this paper computes the vector of optimal generalized accelerations and contact forces u and
λ respectively. We stack them in on vector of optimized
iT
h
parameters ξ = uT λT . These are obtained by solving
a sequence of prioritized Quadratic Programming (QP)
problems. The list of tasks employed in this work is set
as
h
i
• Equations of motion M f b −JTsf b ξ = −h f b
This task guarantees that the optimal solution vector
ξ lies on the manifold defined by the floating base
system dynamics M f b , J s f b and h f b . These are the
first six rows of the whole-body mass matrix M, the
stack of Jacobians of the contact points J s and the
vector of Coriolis and gravity terms g respectively.

(2)

where M(q) is the whole-body mass matrix, h(q, u) is the
vector of Coriolis and gravitational terms, ST is a selection matrix which selects the actuated joints, JTs is the

Motion generation

The optimization-based approach described in [17]
and employed in this work generates stable trajectories for
the whole-body center of mass (COM) by solving an online Sequential Quadratic Programming (SQP) problem.
The software framework treats the robot as a velocity controlled system, i.e. locomotion is driven by highlevel reference velocities vre f (e.g. originated by a user
controlled joystick or by a navigation system). The driving velocities produce desired contact locations which, on
average, drive the robot in a certain direction with the desired speed.
The footholds, together with a contact schedule or gait
template, define a sequence of support polygons, i.e. the
convex hull of the contact locations. This information is
used by the optimization framework to constrain the center of mass trajectories such that the Zero-Moment Point,
which represents an approximation of the full system dynamics, lies within the support polygons at all times. The
optimization is efficiently solved online such that motion
plans can be tracked in a Model Predictive Control-like
fashion. This means that tracked motion references are
updated online and can react to disturbances and unexpected events, like a push or walking on uneven terrain.

This approach allows for generating of motion references
for a wide variety of locomotion maneuvers such as periodic gaits.

2.3

Gait templates

Gaits are characterized by the footfall pattern in socalled Hildebrand diagrams [18]. Namely the touchdown
and takeoff timing of each of the four feet in one cycle. The duration during which a foot has contact with
the ground is called Duty Factor. Phase Difference describes the temporal relationship between front and hind
limb. Both variables are expressed by the percentage of a
total gait cycle.
A classification of gaits can be done by separating
static walking gaits (i.e a minimum of three feet in contact with the ground at all times), dynamic walking gaits
without full flight phases (i.e phases with less than three
feet but minimum one foot in contact at all times) such as
trot and dynamic lateral walk, and dynamic running gaits
which include full flight phases (i.e. phases in which no
foot is in contact with the ground) such as running trot and
pronking.
The aforementioned static gait and the four different
predefined dynamic gaits (Figure 2) are considered in this
investigation.

The contributions to the total work, Wtot consist of
the purely mechanical work from the actuators to move
the COM of the robot Wcom , the internal work of the system Wint (electrical energy for computation, electrical heat
losses, internal friction losses etc.), and the work done on
the environment Wenv (overcoming slippage, deformation
of soil etc.) (Eq. 3).
Wtot = Wcom + Wint + Wenv

(3)

From this, the cost of transport (COT) is calculated
according to Eq. 4. The COT is a dimensionless quantity which describes the energy efficiency of transporting
an animal or a robotic system from one place to another.
The COT is inversely proportional to velocity and thus infinitely high at rest.
COT =

Pmech,mean
Wcom + Wenv
=
mr gi d
mr gi vmean

(4)

where W = Positive work
d = Distance travelled
P = Mean mechanical power
mr = Mass of the robot
gi = Gravitational acceleration of reference system
v = Mean forward velocity
In this investigation, measurements are taken directly
from the mechanical power generated in the joints Pmech
according to Eq. 5, which does not take internal work into
account. In simulation, neglectable work is done on the
environment (see Sec. 4.3).
Pmech,mean =

Si
N
X
1 X
max {0, τi ωi }
S i j=1
i=1

(5)

Figure 2. : The dynamic gaits considered in this study.
where N = Number of actuators
S i = Number of non-zero samples of actuator i
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τi = Torque of actuator i

ENERGETIC EXPENDITURE

There are multiple contributions to the total work required to move with respect to the environment. These can
be analyzed in a similar fashion as studies performed on
human and animal gaits [19]. One has to be careful when
comparing energetic expenditure values from real robots
or simulations to values found in literature for animals or
humans, which usually use the metabolic rate to calculate the power consumption [20]. The metabolic rate in
animals is usually calculated by oxygen consumption. It
therefore consists of environmental losses as well as internal energetic expenditure not related to locomotion [21].

ωi = Angular velocity of actuator i
(6)

4

ENVIRONMENTAL INFLUENCES

Besides different gravitational accelerations, the surface topology of the Moon and Mars has an influence on
the energetic expenditure due to the soft contact dynamics
expected on the regolith and the work done on the environment. In the following, a brief summary of the surface
topologies of the Moon and Mars is given.

4.1

Moon topology

The surface of the Moon is covered with craters ranging from old, relatively shallow ones with smooth edges
and slopes from 10◦ -15◦ to steep, sharp-edged craters with
slopes up to 40◦ -45◦ that are littered with many large boulders with sizes around 0.8 m [11]. Generally, the surface
has to be found to be easily traversable by astronauts, the
biggest hazards being fresh craters with steep walls and
many boulders on the rims [11].
The Moon is covered with several to tens of meters of
loose regolith with bedrock underneath [11]. The regolith
is relatively uniform in terms of composition, and the mechanical properties of the grains vary only slightly between the mare and the highland regions [22].

4.2

Mars topology

The surface of the Mars is more diverse and can be
distinguished between the relatively flat northern lowlands
with few craters, which comprise around one-third of the
Martian surface, and the highly unstructured and heavily
cratered highlands of the southern hemisphere [23].
Locally, Mars is covered by fine dust and sand, and due
to the occurrence of dust-storms, the soil composition is
similar across the planet. Boulders, rocks and exposed
bedrock are visible on the surface. In contrast to the
Moon, moving dunes can be observed. Dunes and ripples consist in general of dust and very fine soil in which
the Martian exploration rovers (MERs) got stuck due to
high slippage events [24]. On the other hand, areas with
coarse regolith, exposed bedrock and small rocks on the
surface exist. Sharp, immobile rocks have lead to wear on
the MER’s wheels in the past [24].

4.3

Contact dynamics

To the authors’ knowledge, no analytical terradynamic model exists that would allow an accurate mapping
of the diverse topology and soil properties to a universal
interaction model. A specific terradynamic model for interaction between legs and ground can be found in [25].
However, the complex nonlinear functions become dependent on the state of the system and the coefficients of the
equations need to be empirically tuned.
In the scope of this work, terradynamic is not included
in the simulation. A simple viscoelastic Kelvin-Voigt
lumped parameter model is used to model contact dynamics (Eq. 7). The spring-damper coefficients are almost impossible to match with actual environmental parameters
and are tuned for numerical stability of the simulation.
A field test campaign is conducted in which the difference between simulation and hard contacts (laboratory
environments) and soft contacts (coarse sand track) is
investigated.

Fc = k p (rc − rc0 ) + kd ṙc

(7)

where Fc = Contact force
rc0 = Position of first ground contact
k p = Stiffness of the ground
kd = Damping of the ground
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TEST SETUP

5.1

Simulation setup

We performed the investigation within the simulation
environment Gazebo with the underlying physics engine
ODE. The gaits are performed with the gravitational acceleration of Earth (gEEarth = 9.81 m/s2 ), Mars (g Mars =
3.71 m/s2 ) and the Moon (g Moon = 1.62 m/s2 ) acting on
the robot over varying velocities up to 1 m/s. In order
to measure the power consumption, the measured torques
and velocities of the twelve actuators are sampled at f =
400 Hz for a period of 10 s at steady state forward velocity.
The specific footfall timings of the gaits can be found in
the appendix (Table A1). The following boundaries apply
to the simulation (Table 1).
Table 1. : Simulation boundaries
No.
1
2
3
4
5
6
7

5.2

Boundary
The ground is perfectly flat
A linear-viscoelastic contact model is used
Coefficient of friction is set to 0.8
Joints are perfect torque sources
Energy is not recuperated
Perfect state estimation of the robot
Apogee of the feet trajectory is set to 0.15 m

Field test setup

Field tests were conducted to evaluate the discrepancy
between the measured energy consumption in simulation
against a realistic environment, and to evaluate and validate the control performance. The trot and running trot
were performed with the robot on sand and in the laboratory. As in the simulation, actuator torques and velocities were acquired at f = 400 Hz for a period of 10 s
at steady state forward velocity. A flat and loosely compacted 4 m × 1 m trail was constructed consisting of a heterogeneous and coarse sand (Figure 6). The robot was
placed at the start of the track and commanded forward
with velocities up to 0.3 m/s (Figure 1). Before the collection of each dataset, the sand was flattened for coherent
initial conditions. A secondary test was performed in the
laboratory on a thin carpet floor.

Simulation results

A dynamic lateral walk and a trot show similar performance in all tested gravitational scenarios, with a slight
difference on the Moon. The minima of the COT curves
of most gaits tend to move to lower velocities. At lower
gravitational acceleration, gaits with full flight phases become significantly more efficient while gaits without full
flight phases have a slightly increased COT. The low gravity environment allows for decreasing the duty factor of
gaits with full flight phases while increasing the stride duration, which results in a significant increase in efficiency.
On Mars, a running trot outperforms a trot at a velocity
of 0.55 m/s and on the Moon at 0.4 m/s. The running
trot shows generally promising performance in terms of
energy efficiency and stability during motion execution.
Pronking, while highly inefficient on Earth, becomes comparably efficient to a running trot on the Moon.
The explosive movement of the pronking gait asks for the
maximum power of all actuators at the same time. This is
a demanding requirement for the power consumption and
power distribution system. The desired torso height had
to be lowered during pronking to minimize uncontrollable
rotation around the pitch axis of the robot during the flight
phase. A solution could be to implement pitch/roll control mechanisms to allow larger leaps. A static walking
gait might present an efficient solution for low velocities
up to 0.1 m/s. The power consumption of all gaits decrease with reduced gravitational acceleration, but the difference is especially visible at gaits with full flight phases
at higher velocities. The power consumption graph generally converges towards a minimum value in low-velocity
regimes.

6.2

Studies have been performed with humans walking
and running on sand, which we use for comparison. Zamparo et al. [26] found that humans walking on sand require
up to 1.8 times more energy compared to hard ground
while Lejeune et al. [19] reported ratios up to 2.1-2.7.
Interestingly, both authors agree that the increased energetic expenditure of running on sand in relation to running
on the hard grounds is less significant than walking, with
about 1.2 [26] and 1.6 times [19] higher expenditure. This
strongly suggests that a further gait parameter tuning has
to be done considering the real feet-soil interaction.
It was not possible to move at a constant velocity with
a running trot on the sand. The current point feet design
in combination with increased impact forces (Figure 7)
results in increased sinkage of 6 cm on average compared
to 4 cm during trotting (Figure 6). Furthermore, the fixed
apogee of the feet trajectories does not always allow the
feet to fully step out of the pit during the swing-phase,
they are rather drawn back into it (Figure 5). This suggests
that in case of high impact forces an increased surface area
of the feet should be considered.
1.5
Trot on sand
Trot in laboratory
Trot in simuation

1

COT [-]
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TEST RESULTS AND DISCUSSION
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Field test results

The measured mechanical power consumption of the
real robot is generally higher than in simulation (Figure 3).
The power consumption is 1.15-1.4 times higher for a trot
in the laboratory and 1.6-1.75 times higher for a trot on
sand compared to the simulation. Trotting required 1.21.4 times more power on sand compared to the hard, laboratory ground. A general correlation between the measurements can be observed. The increased effort in simulation against the laboratory environment can be explained
by model deviations, sensor inaccuracies and imperfect
state estimation causing increased control effort and actuation power to balance the robot. The increased power
consumption on sand results from the work that has to be
done against the viscosity of the ground.
Figure 7 illustrates that despite an observable offset in
the contact force, the overall shape matches with the real
world which indicates the validity of the control algorithm
in both scenarios.
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Figure 3. : The COT and mechanical power consumption
for a trot was compared between simulation, laboratory
environment, and on a sand track.
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Figure 4. : Simulation results for COT and mechanical power consumption on Earth, Mars and the Moon using various
gaits. The graphs show how gaits with full flight phases become increasingly effective with reduced gravity. On gaits
without full flight phases, the energetic optimum moves to lower velocities. Power consumption decreases generally with
reduced gravity and especially at high velocities.

Figure 6. : While trotting on sand, the average sinking of
a foot is roughly 4 cm (Running trot: 6 cm).
Figure 5. : A running trot is performed on sand. The robot
has difficulties following the commanded forward velocity
as the feet get repeatedly stuck in the sand.
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CONCLUSIONS

We have shown the energetic expenditure of dynamic
gaits in simulation on Earth, Mars and the Moon with a
full robot model and compared the results to a field test
campaign. We can draw the following conclusions:
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• Gaits with full flight phases like running trot or
pronking become increasingly efficient with decreasing gravitational load.
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• The point of minimum COT of gaits without full
flight phases moves to lower velocities.
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(a) Contact force during trot at 0.21 m/s ± 0.01 m/s.

• A pronking gait demands means of pitch and roll
control in low-gravity scenarios to allow larger leaps.
• Gaits without full flight phases become slightly less
efficient with decreasing gravitational load.
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• A dynamic lateral walk and a trot are almost equally
efficient in all gravitational scenarios.
• A static gait can be considered for low velocities up
to 0.1 m/s.
• Simulation results serve as a baseline, but further gait
optimization will need to take the full soil interaction
into account.
• Feet should be specifically designed for interaction
with granular media.
The results show that a dynamically walking legged
system provides versatile and energy efficient locomotion
at high velocities when compared to a purely statically
walking legged system.
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(b) Contact force during running trot at 0.13 m/s ±
0.03 m/s.

Figure 7. : The vertical component of the contact force
on one foot was compared between simulation, laboratory environment and the sand test bed for a trot (a) and a
running trot (b). While having a similar shape a general
offset is visible between the simulation and the real world.
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Table A1. : The following table provides the gait parameters used in this paper. The values indicate the the liftoff and
touchdown timings of each foot within a gait cycle normalized to one. Values larger than one indicate a touchdown in the
beginning of the following cycle. The stride duration indicates the duration of a cycle in seconds. Multiplication of the
gait timings with the stride duration yields the gait timing in seconds.
Earth:
Mars:
Moon:
LF liftoff/touchdown:
RF liftoff/touchdown:
LH liftoff/touchdown:
RH liftoff/touchdown:
Stride duration

Dynamic lateral walk
Dynamic lateral walk
Dynamic lateral walk

Trot
Trot
Trot

Running trot

0.00 / 0.45
0.25 / 0.70
0.50 / 0.95
0.75 / 1.20
0.85 s

0.02 / 0.48
0.52 / 0.98
0.52 / 0.98
0.02 / 0.48
0.85 s

0.00 / 0.64
0.50 / 1.14
0.50 / 1.14
0.00 / 0.64
0.52 s

Pronk
Running trot
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