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Abstract— Autonomous mobility for micro rovers is becoming
critical for lunar exploration, where robots must operate under
extreme conditions such as low gravity, abrasive regolith, and
rough terrain. Because reproducing these conditions on Earth
is difficult and resource-intensive, simulation is widely used
for repeatable and cost-effective experimentation. However,
existing simulators typically prioritize either physically accurate
contact dynamics or photorealistic sensing, making it difficult
to evaluate locomotion and perception within a unified lunar
environment. This creates a gap for integrated frameworks
that simultaneously support contact-rich rover dynamics and
realistic perception-based autonomy evaluation. To address this
limitation, we propose a Dual-Simulator framework that com-
bines MuJoCo and Isaac Sim within a spatially consistent lunar
environment. MuJoCo is used for legged rover locomotion,
gait control, and contact-dynamics analysis, while Isaac Sim
provides photorealistic rendering and sensor simulation along
the same rover trajectory transferred from MuJoCo. In Isaac
Sim, synchronized RGB-D data are generated with spatial
randomization to create diverse synthetic lunar datasets.

I. RELATED WORK

A. Simulation Environments

Rather than relying on a single criterion, robotic simulators
are commonly categorized based on task-specific priorities,
such as physical accuracy and visual realism, into three main
groups: physics-oriented, photorealism-oriented, and hybrid.

1) Physics-Oriented: Physics-oriented simulators such as
Gazebo support general rigid-body dynamics [1], [2], while
specialized platforms extend these capabilities to extrater-
restrial navigation and complex terramechanics for lunar
construction [3], [4]. However, these frameworks face se-
vere computational challenges during complex collision and
deformable terrain calculations [4]. To overcome these limi-
tations, MuJoCo utilizes a constrained based architecture that
guarantees real-time computational efficiency and numerical
stability, making it highly suitable for contact-rich robotic
control [5].

2) Photorealism-Oriented: Unreal Engine and Unity are
widely used for perception and synthetic data generation [6],
[7], [8], [9], [10]. LunarSim and DUST extend these render-
ing capabilities to lunar environments [11], [12]. However,
the built-in physics infrastructures of such engines are not
designed for high-precision robotic contact modeling. There-
fore, although these platforms are powerful for visual tasks,
they are not sufficient on their own for robotic scenarios that
require precise rigid-body physics and contact analysis.
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3) Hybrid: Hybrid simulators aim to balance visual fi-
delity and physical realism. Platforms such as OmniLRS
and SensorSim incorporate advanced rendering and terrain
interaction capabilities for lunar robotics research [13], [14],
[4]. Isaac Sim [15] further combines rigid-body dynamics,
RTX-based sensor simulation, providing a strong foundation
for perception-oriented robotic validation.

Existing simulators still struggle to jointly provide ac-
curate contact dynamics and photorealistic perception. This
limits the evaluation of vision-based robotic control, particu-
larly for unconventional rovers with custom leg morphologies
that depend on complex ground contact interactions.

B. Lunar Surface Perception and Navigation

Autonomous lunar exploration requires reliable perception
and localization because lunar missions operate without GPS
infrastructure and must support long-range navigation in
visually challenging environments [3], [16]. Since purely rel-
ative localization methods accumulate drift over time, recent
research increasingly focuses on surface-aware localization
and mapping frameworks.

1) Datasets and Benchmark Environments: Recent
datasets and benchmark environments support lunar per-
ception and SLAM research through photorealistic render-
ing, orbital terrain modeling, and IMU-supported annota-
tions. OmniLRS, and RSIM generate visually detailed lunar
scenes using ray-tracing or path-tracing pipelines [13], [17],
while MoonAnything improves geometric and photometric
consistency through orbital digital elevation models and
physically based rendering [18]. LunaPolaris and POLAR-
Sim additionally provide geometric annotations and inertial
measurements for localization research [17], [19]. However,
these frameworks mainly target perception and navigation
evaluation rather than contact-rich robotic interaction.

2) Localization and Navigation Architectures: SLAM
systems play a key role in autonomous lunar navigation
under conditions such as extreme illumination changes, deep
shadows, and sparse surface features [20]. Several lunar
navigation frameworks have been proposed for both relative
and global localization. Lo-SLAM performs target-oriented
localization using image matching and segmentation [21],
while LunarNav estimates global position through crater-
map matching [3]. ShadowNav further extends crater-based
localization to permanently shadowed regions using active
illumination and particle-filter-based estimation [16].

Overall, existing studies separately address either contact-
rich simulation or perception-oriented lunar navigation.
However, the joint evaluation of realistic contact dynamics



and photorealistic perception remains limited in the litera-
ture. To address this gap, the proposed framework integrates
MuJoCo for precise contact-rich physics with Isaac Sim for
photorealistic rendering and sensor simulation, enabling real-
istic vision-based robotic evaluation in lunar environments.

II. METHODS

A. System Overview

The proposed framework is illustrated in the diagram in
Figure 1. The framework leverages MuJoCo for accurate
locomotion dynamics and gait control, while using Isaac Sim
to generate visual and depth data under realistic lunar lighting
conditions.
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Fig. 1. Dual-Simulation data generation pipeline.

B. Physics Simulation in MuJoCo

MuJoCo is selected as the physics engine for locomotion
simulation due to its efficient and accurate rigid body contact
dynamics which is crucial for modeling the ground contacts
of spoke-leg model of our rover. MuJoCo’s constrained based
contact solver provides stable simulation of the repeated
impact and release events at each spoke tip, while its gen-
eralized coordinate formulation enables precise computation
of joint torques and reaction forces even under low gravity
conditions. These properties make MuJoCo well suited for
generating physically realistic motion trajectories.

We model the legged micro rover in MuJoCo and develop
a phase based gait controller for stable locomotion over
the simulated lunar terrain. Leg morphology is inspired
from RHex robot [22], each leg consists of three spokes, a
rigid multi-spoke structure driven by a single motor, where
spokes alternately contact the ground as legs rotate. The
lunar terrain is obtained from the OmniLRS LargeScale
simulation environment, and imported into the MuJoCo as
surface terrain by a high-resolution mesh conversion.

The controller implements a periodic walking gait across
four legs, where each leg’s motion is governed by an inde-
pendent normalized phase variable ϕi ∈ [0, 1). A shaping
function maps the raw phase to a spoke-angle trajectory,
which parameterized by the duty factor (the fraction of the
cycle spent in stance), foot width (the angular displacement
per stance phase) and smoothing coefficients for flight and
stance segments of the trajectory. This approach provides
flexibility in continuous tuning gait characteristics without
redefining the underlying trajectory profile.

Leg phase offsets are specified via a configurable gait
array, enabling trot or other multi-leg coordination patterns.
In our experiments, robot’s specific gait pattern is set to be
diagonal trot where off-diagonal legs having a phase offset of
0.5. During locomotion, each leg’s phase advances at a rate

proportional to the commanded speed. Turning is realized
differentially by introducing a duty factor offset between
left and right legs, which causes asymmetric stance duration
while ensuring the phase offsets between the legs to be kept
constant. Control loop consists of: (i) phase error feedback
term that corrects motor tracking errors which ensures the
physical leg angles remains synchronized, (ii) a feedforward
velocity term obtained by the slope of the shaping function,
and (iii) and a velocity feedback term.

Throughout the simulation, we obtained the following
data at each timestep (i) body pose trajectory: position
and orientation of the rover chassis in the world frame; (ii)
joint states: per-leg angles and angular velocities; and (iii)
IMU data: simulated body frame linear acceleration and
angular velocities. These signals are passed to IsaacSim for
photorealistic rendering and serve as ground truth data for
evaluating SLAM and navigation algorithms.

To simulate realistic sensor degradation we have aug-
mented the simulated IMU outputs with a standard noise
model following the continuous time formulation of [23].
The accelerometer and gyroscope measurements are cor-
rupted by additive white noise and a slowly drifting bias

ã(t) = a(t) + ba(t) + na(t),
ω̃(t) = ω(t) + bg(t) + ng(t)

(1)

where a(t) and ω(t) are the true linear acceleration and
angular velocity, na(t), ng(t) are zero mean Gaussian white
noise with spectral densities σ2

a, σ2
g , and the bias evolves

as a random walk driven by coefficients σba , σbg . These
parameters are set to values representative of an IMU.

C. Photorealistic Rendering in Isaac Sim

While MuJoCo provides accurate contact modeling and a
physical foundation for locomotion, it is limited in terms
of photorealism. In our framework, we use Isaac Sim to
generate realistic vision and depth data required to evaluate
the autonomous navigation capabilities of rovers under lunar
analog conditions.

An important contribution of our framework is that, in-
stead of using scene depth as seen from that camera position,
we take left and right stereo pairs and apply a Semi-Global
Matching (SGM) [24]. This process introduces artifacts such
as occlusion holes, matching noise in low-texture regions,
and temporal inconsistencies similar to a real stereo camera
hardware. The resulting disparity map is illustrated in Figure
2, along with the corresponding RGB frame and default
disparity map provided by Isaac Sim. This design choice
creates a challenge for the robustness of the SLAM pipeline
by exposing it to realistic failures inherent in physical
sensors. Isaac Sim provides a realistic lunar environment for
modeling extreme illumination conditions on the Moon. The
absence of an atmosphere reduces light scattering, resulting
in directional illumination and sharp shadow boundaries.
Within our framework, we randomize the incident light
direction, focusing on low elevation ranges between 0◦

to 15◦ to replicate conditions near the lunar poles. These



(a) RGB Observation (b) Isaac Sim Disparity Map (c) SGM  Disparity Map

Fig. 2. An example RGB observation taken from Isaac Sim, corresponding
stereo depth output, and SGM stereo matching output.

conditions are known to degrade the performance of vision-
based navigation algorithms due to elongated shadows and
high dynamic range. We systematically vary the simulation
parameters to generate a diverse and physically consistent
dataset.

The output of this stage is synchronized data collected by
our rover’s sensor suite over simulated trajectories. This data
is valuable for evaluating perception algorithms under chal-
lenging visual conditions encountered on lunar exploration
missions. Our dataset includes photorealistic stereo RGB-
D data, noisy IMU measurements, and 6-DOF ground truth
pose information.

III. RESULTS

The results include a comparison of rover locomotion dy-
namics in MuJoCo and Isaac Sim under identical conditions,
as well as an evaluation of autonomous lunar navigation
performance using ORB-SLAM3 under different simulated
terrain conditions.

A. Dual-Simulator Locomotion Validation

To motivate the use of MuJoCo for locomotion in Dual-
Simulator design, we compared the simulated pitch response
of the rover body in MuJoCo and Isaac Sim under the same
high-level velocity commands on perfectly flat terrain. As
shown in Figure 3, the MuJoCo response contains a sharp
transient at the beginning of the motion. This behavior is
caused by the initial body jerk when the robot starts moving
from rest, which is also observed on the real robot, and
is captured by the low-level gait controller implemented
directly in MuJoCo. This transient is followed by a repetitive
oscillatory pattern caused by the periodic contact sequence
of the spoke-like legs. On the other hand, the Isaac Sim
response is smoother and less periodic, suggesting that the
velocity-command interface and internal motion control in
Isaac Sim do not capture the same contact dynamics.

B. Autonomous Navigation and SLAM Evaluation

To further demonstrate the ability of our framework for
benchmarking autonomous lunar navigation, we conducted
a representative experiment using state-of-the-art SLAM
algorithm ORB-SLAM3 [25]. Table I summarizes the ORB-
SLAM3 evaluation under monocular and stereo configura-
tions for three simulated terrain conditions. In the baseline
terrain, both configurations achieve similar sub-decimeter
accuracy, with ATE RMSE values of 0.0519 m for monocular
and 0.0507 m for stereo. The feature-sparse terrain produces
the largest error in both cases, indicating that reduced
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Fig. 3. Pitch-angle response of the rover body on flat terrain under identical
high-level velocity commands.

TABLE I
ORB-SLAM3 EVALUATION UNDER MONOCULAR AND STEREO

CONFIGURATIONS.

Scenario Mono. ATE [m] Mono. Scale Stereo ATE [m] Stereo Scale
Baseline Terrain 0.0519 23.068 0.0507 0.967
Feature-Sparse Terrain 0.1365 48.532 0.1445 0.833
Low Albedo Terrain 0.0511 4.745 0.0263 0.965

structure and fewer distinctive visual landmarks make pose
estimation more challenging. In the low-albedo terrain, stereo
achieves the lowest error of 0.0263 m, showing that metric
stereo constraints can remain effective even under reduced
appearance contrast.

The scale estimates also highlight the expected differ-
ence between monocular and stereo SLAM. The monocular
configuration requires Sim(3) alignment and produces large
arbitrary scale factors due to scale ambiguity, while the stereo
configuration estimates scales close to one in the baseline
and low-albedo terrains. Overall, these results show that
the proposed simulation framework can generate controlled
visual conditions with different levels of SLAM difficulty,
making it suitable for evaluating visual navigation algorithms
in lunar-like environments.

IV. CONCLUSION

This work presents a dual-simulator framework with high-
fidelity locomotion of MuJoCo with photorealistic perception
of Isaac Sim for lunar exploration missions.

Experimental results demonstrated that MuJoCo captures
locomotion dynamics that are not clearly represented in Isaac
Sim under identical motion commands, supporting the use of
MuJoCo for locomotion-focused studies. In addition, ORB-
SLAM3 experiments under multiple simulated lunar terrain
conditions showed that the framework can generate con-
trolled visual environments with varying levels of navigation
difficulty, enabling systematic evaluation of visual SLAM
performance.

Overall, the proposed framework provides a flexible plat-
form for studying both rover locomotion and autonomous
navigation in lunar-like environments. Future work will focus
on integrating additional sensor modalities, more realistic
terrain interaction models, reinforcement learning-based nav-
igation and locomotion policies, and sim-to-real gap evalua-
tion within the Dual-Simulator framework.
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[25] C. Campos, R. Elvira, J. J. Gómez Rodrı́guez, J. M. M. Montiel, and
J. D. Tardós, “Orb-slam3: An accurate open-source library for visual,
visual-inertial and multi-map slam,” IEEE Transactions on Robotics,
vol. 37, no. 6, pp. 1874–1890, 2021.


	Related Work
	Simulation Environments
	Physics-Oriented
	Photorealism-Oriented
	Hybrid

	Lunar Surface Perception and Navigation
	Datasets and Benchmark Environments
	Localization and Navigation Architectures


	Methods
	System Overview
	Physics Simulation in MuJoCo
	Photorealistic Rendering in Isaac Sim

	Results
	Dual-Simulator Locomotion Validation
	Autonomous Navigation and SLAM Evaluation

	Conclusion
	References

