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Abstract— We present the iMETRO Dynamic Simulation, the
first open-source dynamic simulation environment for research
in the use of robot manipulators inside space vehicles for
maintenance and logistics tasks, or intravehicular robotics (IVR).
IVR has great potential to facilitate science and exploration on
the Moon by saving crew time, but there are limited open-source
resources that would enable researchers to identify the next set of
challenges in manipulation for IVR. We provide a full-featured,
high-fidelity dynamic simulation of the real-world iMETRO
IVR test facility, which includes mockups representative of the
interior of a future space vehicle as well as an §-DoF manipulator
that serves as an example robot platform for this research.
Our modular simulator enables new software, hardware, and
operational paradigms to be tested in a reconfigurable mockup
environment. To improve the accessibility and extensibility of
this simulation environment, we also provide ROS 2 hardware
control interfaces to MuJoCo as well as a model conversion
tool such that the same models may be used with ROS 2 and
MuJoCo. To evaluate the sim-to-real transfer capabilities of
this simulation, we present an open-source example application
demonstration developed in the simulation and transfer it to
the real-world iMETRO facility in less than a day. Finally,
we identify the challenges and opportunities in modeling a
real-world facility to aid future simulation efforts. The open-
source simulation and application can be found at https:
//github.com/NASA-JSC-Robotics. The MuJoCo and
ROS 2 integration tools have migrated to the ros-controls
organization and can be found at https://github.com/
ros—controls/mujoco_ros2_control. NOTE: This is an
abridged version of a full paper accepted to ICRA 2026.

I. INTRODUCTION

As NASA plans to return humans to the Lunar surface by
2028, the use of robots for surface and orbital maintenance and
logistics tasks has emerged as a promising way to save crew
time and facilitate exploration objectives [1]. In particular,
intravehicular robotics (IVR), or the use of robots inside
space vehicles and habitats, has the potential to improve
mission outcomes leveraging existing technologies. Unlike
the algorithms required for extravehicular robotics (EVR),
those required for IVR can assume stable lighting conditions,
reliable access to sensing and power, and a relatively well-
known environment. Similarly, hardware for IVR need not
consider certain environmental conditions of space, such as
lunar dust or large temperature fluctuations. IVR research is
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key to identifying the next set of challenges for robots to
advance mission objectives in space. NASA has recently
made efforts to open-source aspects of real or realistic
intravehicular environments [2, 3] to facilitate research in
this area, but further effort is required to create a realistic,
publicly-accessible testbed for a breadth of IVR research.
To fill the gap of open-source dynamic simulations, which
model sensor observations and contact dynamics in addi-
tion to a robot’s proprioception, for intravehicular robotics
research, we introduce the iMETRO Dynamic Simulation.
Based on NASA'’s open-source iMETRO facility resources
[3], our dynamic simulation provides a modular simulation
environment in which new robotics software, platforms, and
operational paradigms can be evaluated for IVR use cases.
Our simulation includes a high-fidelity model of an 8-DoF
robot manipulator; ROS 2 control hardware interfaces for the
simulated robot and its sensors; and modular, high-fidelity
models of real-world space vehicle mockups. We also provide
an open-source application demonstration of a logistics task
using the 8-DoF manipulator which is used to test sim-to-real
transfer. In summary, our contributions are as follows:

« We present the first open-source dynamic simulation
environment for robot manipulation research in IVR
applications;

« we provide tools for MuJoCo and ROS 2 integration that
facilitate the integration of new software and hardware
components into the simulated environment;

« we demonstrate the sim-to-real transfer capabilities of
the dynamic simulation environment through an example
application demonstration;

« and we isolate and discuss the challenges we faced to
aid future simulation efforts.

II. RELATED WORK
A. Benchmarking and Simulation for Robot Manipulation

Driven by the rapid progression of algorithms and learned
policies for robot manipulation, the robotics research com-
munity as a whole has identified the need for widely-
accessible, standardized benchmarks for robot manipulation.
High-fidelity dynamic simulations have emerged as the most
common platforms for these benchmarks [4-12] as well as
training arenas for new learned policies. Existing benchmarks
and simulation environments are not suitable for IVR research,
as the mechanisms and objects present in an IVR scenario
vary greatly from the commercial off-the-shelf (COTS)
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mechanisms and objects usually found in home or industrial
environments. Namely, hardware found on a space vehicle is
typically custom designed to meet spaceflight requirements
such as space and weight saving or serve spaceflight-specific
purposes such as cabin pressurization. Further, benchmarking
environments for manipulation primarily focus on tabletop
manipulation, while IVR operates on a larger scale.

B. Testbeds and Simulators for Intravehicular Robotics

Few suitable and accessible testbeds exist for IVR. Due to
the unique conditions of space vehicle environments, tests of
IVR systems often occur on the International Space Station
(ISS) [13-16]. For earlier-stage research, NASA robotics
researchers and their close collaborators often use realistic,
large-scale ground mockups, such as the Granite Lab at
Ames Research Center [17] or the iMETRO test facility at
Johnson Space Center [3]. For most researchers, however,
the cost or requirements for access to these resources can
be prohibitive. Meanwhile, due to the lack of open-source
real or realistic models of the inside of a space vehicle,
there are few simulations of IVR environments. NASA and
JAXA have both open-sourced IVR-focused ISS simulators:
the Astrobee simulator [18] and the Int-Ball2 Simulator [19],
both based in Gazebo [20]. While both simulators provide
photo- and depth-realistic simulation of the ISS, the models
are not articulated, and they therefore are not suitable testbeds
for IVR manipulation. Open Robotics provides a Gazebo
model of the ISS [21], including graspable handles, but there
are no large-scale articulated assets for testing IVR logistics
and maintenance tasks. Finally, NASA has also open-sourced
models of the aforementioned iMETRO facility [3] but only
simulate robot kinematics. Therefore, contact dynamics and
uncertainty are not considered for manipulation applications,
and sensor data cannot be simulated to represent the state of
the simulated world.

III. DESIGN OF THE IMETRO DYNAMIC SIMULATION
A. MuJoCo and ROS 2 Integration Tools

We build the iMETRO Dynamic Simulation off of MuJoCo
[12], an open-source physics simulator with a strong focus
on contact dynamics and real-time performance on CPUs,
facilitating our goal of providing realistic simulation for
manipulation while also remaining extensible for new appli-
cations. We extend MuJoCo’s accessibility and features with a
ROS 2 control hardware interface for MuJoCo, which provides
expanded functionality compared to previous open-source
implementations [22], including support for RGBD cameras,
LiDAR, and force-torque sensors. Further, we provide a tool
to convert unified robot description format (URDF) files,
which are commonly used in ROS 2, to the MICF file format
used by MuJoCo. As a result, robots currently being used in
ROS 2 can easily be integrated into the simulation.

B. Realistic Models of Real-world Mockups and Robot

The iMETRO Dynamic Simulation simulates the real-
world space vehicle mockup environment found in the
iMETRO facility. These mockups provide some of the unique

mechanisms with which a robot may be expected to interact
in an IVR scenario, including hatch handles, drawer pull
mechanisms, a locking latch on the MERLIN freezer door,
and hatch pressurization wheels. A mockup of a cargo transfer
bag (CTB) is also included as a free body in the environment;
while the CTB can deform slightly in the real world, it
is modeled as a rigid object for simplicity. The default
environment found in the simulation can be reconfigured using
xacro [23] and our provided unified robot description format
(URDF) to MuJoCo MICF conversion tool. The mockups
are assigned mass properties based on estimated material
densities, and frictional properties are approximated based
on visual inspection of the mockups’ behavior in simulation
relative to observations in the real world.

While the iMETRO facility is designed to be robot agnostic,
the facility provides an example robot consisting of a UR10e
manipulator on a Vention linear rail [24] and an Ewellix
vertical lift kit [25], and we simulate these assets. The robot
also features a Robotiq Hand-E parallel jaw gripper with
custom fingers designed for IVR [26], a force-torque sensor
located at the tool flange, and two RealSense cameras mounted
at the wrist and vertical lift.

C. Open-source Application Demonstration

Finally, we provide an example application, including
procedures to run the application in simulation and in
the physical iMETRO facility. This example application
highlights key features of the simulation, demonstrates a
typical approach to robot behaviors in the iMETRO facility,
and validates the sim-to-real capabilities of the dynamic
simulation. The example application uses Movelt [27] and
other open-source software packages, making it extensible to
new applications. The methods used to create the example
application demonstration are described below.

IV. APPLICATION DEMONSTRATION TECHNIQUES
A. Planning and Perception

The example application demonstration is executed via
a series of waypoints, including robot joint configurations,
end-effector poses, and relative moves in the end-effector
frame. We use the OMPL [28] planners in Movelt for
motion planning due to their integration with ROS 2. Both
in simulation and on the real robot, we use a digital twin for
motion planning. In simulation, the MuJoCo-to-ROS2-control
hardware interface publishes joint states for these mockups
onto ROS 2 topics, keeping the state of the digital twin up-
to-date. When running the application demonstration on the
real robot, we call a ROS 2 service within the application
demonstration to update the world model’s state once the
bench seat open is complete, enabling safe motion planning.

We do not hard-code the waypoint for the CTB grasp; we
instead identify a grasp point for the CTB by segmenting
the image from the wrist-mounted RealSense camera into
named colors [29] and identifying the centroid and depth of
the red tape marking the CTB handle. The demonstration
can therefore accommodate small variations in the CTB’s
location in the facility.



Fig. 1: Side-by-side images of the 8-DoF manipulator placing the CTB into
the bench seat in simulation (top) and in the real facility (bottom).

B. Demonstration Procedure

The example application demonstrates a logistics task
within the iMETRO facility using its 8-DoF manipulator.
First, the robot approaches and opens the bench seat. The
robot then traverses across the facility to approach the CTB.
Using the color segmentation approach, the robot identifies a
grasp pose on the CTB handle, grasps the CTB, and lifts the
CTB. Finally, the robot carries the CTB to the bench seat
and places the CTB upright in the seat’s stowage area.

V. RESULTS

To evaluate the sim-to-real transfer capabilities of the sim-
ulation, we transferred the example application demonstration
described above to the real-world iMETRO facility, as shown
in Figure 1. In this section, we describe the results of this
experiment. Here, success for each step of the demonstration
is defined as completing the action without unintended contact
between the robot and its environment or in-hand objects and
the environment, and overall task success is defined as the
CTB being placed in an upright, stable position in the bench
seat once the robot has retreated from the bench seat.

Prior to transferring the application demonstration to the
real world, four trials were run in simulation with a task suc-
cess rate of 100%. After the changes made to the simulation
and behaviors as a result of real-world tests, two trials were
run in the real-world iMETRO facility, and both were fully
successful. To ensure changes made to the behaviors on the
real robot did not impact task success in simulation, three
additional trials of the adjusted demonstration were run in
the updated simulation, and all were fully successful.

Transferring the example application demonstration built
only in the iMETRO Dynamic Simulation was completed
in less than a day. The sim-to-real transfer experiment of
the application demonstration was used to identify modeling
shortfalls, as described and categorized in Table I; however,
we found that some of these shortfalls result from multiple

contributing factors and are best mitigated through changes
to the robot behaviors.

Demonstration Step

Failure Mode

Modeling Shortfall

Bench Seat Open

N/A

N/A

Traverse to CTB

E-stop due to robot’s
proximity to obstacles

Unmodeled camera
cable housing

CTB handle out of

Unmodeled

CTB Grasp

camera frame structural beams on
CTB Lift Failure to plan floor
CTB Place CTB collision with CTB modeled as

mockups rigid

TABLE I: Failure modes that occurred during each demonstration step in
the iMETRO facility and their associated modeling shortfalls.

VI. LESSONS LEARNED

Identify changes to models. The iMETRO facility is a
dynamic, complex, and modular environment; the robot, the
mockups, and other assets in the facility may change at any
time. Detecting changes to semi-structured environments is an
open problem in IVR research, and perception-based methods
for detecting discrepancies between a model and a real-world
environment may be used for this purpose [17, 30].

Simulate uncertainty. In benchmarking literature, bench-
marking problems are often procedurally generated with
some degree of variation to evaluate generalization [4, 8,
31]. Extensions of this work should consider procedurally
and reproducibly embedding uncertainty into the simulation
environment, both to better simulate the real world and to
improve the robustness of behaviors developed in simulation.

Maintain state of the world. Future work should consider
methods of maintaining an up-to-date world state that lends
itself to both geometric and symbolic representations, such
as using AprilTags to identify both the position of a hatch
door and whether it is fully open, partially open, or closed.

VII. FUTURE WORK

High-fidelity simulation of complex mechanisms. We
provide a variety of complex mechanisms with which a robotic
manipulator may interact, and in future work, we plan to
evaluate the sim-to-real transfer of interactions with these
mechanisms and to better model the behavior of complex
features in the environment.

Quantitative evaluation of simulation fidelity. Quantitative
methods must be used to fully characterize the properties of
the robot and mockups in simulation and the real world.
Force-torque sensor data, proprioceptive data, and proposed
system identification tools [32] can be used to evaluate the
fidelity of the robot and mockups.

Model additional robot embodiments and sensors. In
ongoing work, we model a dual-arm mobile manipulator
in the iMETRO Dynamic Simulation to explore simulation
challenges such as localization, contact dynamics between
mobile robots and the ground, and sensing modalities such
as LiDAR and IMUs. Future work should leverage additional
sensing modalities beyond the RGBD camera used in this
work to identify the next set of simulation and sim-to-real
transfer challenges.
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