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science. Details of these operations will be outlined and 
are unique to each Guest Science Team. Regarding 
controlling the Free Flyers, each Astrobee accepts 
commands from only one Control Station at a time. 
However, additional Control Stations may monitor 
telemetry from multiple Astrobees and take control of 
them if necessary. This capability promotes safety if 
multiple Astrobee activities are occurring 
simultaneously. For example, a guest scientist may use 
one Control Station to conduct a payload experiment 
with one Astrobee, while a flight controller uses another 
Control Station to command a different Astrobee to 
search for a tool.  Both the guest scientist and the flight 
controller can observe the motions of the other free 
flyer, in addition to their own free flyer, and watch for 
interference. 

 

 
 
Fig. 11: Checkout activity with Astronaut Anne McClain 

 
V. LESSONS LEARNED 

A list of important lessons we learned after the 
completion of Astrobee and Guest Science Payloads is 
presented in this section.  

ElectroMagnetic Interference (EMI) testing at 
�1�$�6�$�¶�V���-�R�K�Q�V�R�Q���6�S�D�F�H���&�H�Q�W�H�U��on some Guest Science 
Payloads detected some exceedances, which caused a 
late redesign of the avionics and required additional 
shielding of the payloads to comply with the acceptable 
ISS operational levels. We learned that EMI tests of 
early Guest Science prototypes could have been able to 
avoid that.  

During the development of Astrobee, we realized 
that complex features or systems can have an important 
impact on the total lifecycle of the project. The addition 
of nice-to-have components on Astrobee (e.g. 
flashlights, laser pointer, microphone) should have not 
been included in the baseline Astrobee hardware, and 
maybe being added as future payloads. 

Performing plenty risk reductions tests as early as 
possible is something else we learned during the 
integration and testing of Astrobee. For example, we 
found �D�� �G�H�V�L�J�Q�� �I�O�D�Z�� �W�K�D�W�� �F�D�X�V�H�G�� �R�Q�H�� �R�I�� �$�V�W�U�R�E�H�H�¶�V��

processors to be damaged during a vibration test. A 
better definition of the test objectives might have helped 
to find this flaw earlier in the development, causing less 
delay and redesign of some of the components. 

The use of 3D printing components was very useful 
for some reasons, but we also learned that it is important 
to incorporate increased tolerances due to 3D printing 
variability and complement with post-print machining 
when tighter tolerances are needed.  

Using Commercial Off-The-Shelf components 
(COTS) was definitely a good advantage for the 
development of Astrobee. However, as the development 
of spaceflight projects is usually much longer than that 
for consumer electronics devices, some of the COTS 
Astrobee was supposed to integrate in its design, 
became unavailable before all the necessary parts were 
shipped. That caused some rework and redesign to 
integrate the new alternative part.  

 
VI. FUTURE WORK 

After the success of SPHERES being operated on the 
ISS for 13 years, we also look forward to the success of 
Astrobee during its operation on the ISS. Intra-vehicular 
robotics (IVR) will play a key role in the future 
�P�L�V�V�L�R�Q�V�� �R�I�� �1�$�6�$�¶�V�� �(�[�S�O�R�U�D�W�L�R�Q�� �S�U�R�J�U�D�P���� �7�K�H�� �I�X�W�X�U�H��
Lunar Gateway is expected to be attended by astronauts 
for only 10-15% of the time [Crusan et al., 2018]. 
NASA projects such as Integrated System for 
Autonomous and Adaptive Caretaking (ISAAC) 
[NASA ISAAC] are studying possible robotic 
caretaking use cases during uncrewed periods, including 
fault recovery, transferring cargo around the Gateway, 
and others. 
Astrobee is expected to complete the commissioning 
phase of two of the three free flyers by December 2019. 
Afterwards, two or more guest science payloads should 
be ready on the ISS to be used for their experiments. 
�7�K�H�U�H���L�V���G�H�I�L�Q�L�W�H�O�\���D���O�R�W���R�Q���$�V�W�U�R�E�H�H�¶�V���S�O�D�W�H���I�R�U���W�K�H���\�H�D�U�V��
to come. As of September 2019, more than 40 projects 
that have expressed interest in using Astrobee.  

Multi -�U�R�E�R�W�� �V�W�X�G�H�Q�W�� �F�R�P�S�H�W�L�W�L�R�Q�V�� �Z�L�W�K�� �-�$�;�$�¶�V�� �,�Q�W-
ball free flyer are currently under discussion. Sensor 
survey applications, automating repetitive tasks like 
collecting video surveys of the ISS interior sensors 
already being developed for ISS use, including acoustic 
noise, CO2 concentration, radiation, and WiFi signal 
strength [Bualat et al., 2018]. 

To support future multi-robot operations, there is an 
existing effort to implement robot-to-robot 
communication using DDS just like ground-to-robot 
communication is currently performed. This 
implementation is called Astrobee-Astrobee bridge. It is 
based on a modified DDS-ROS bridge connecting a free 
flyer with GDS. This communication is vital to avoid 
collisions between robots and their environment. Each 
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External communications between Astrobee on the ISS 
and the Ground Control Center or other Astrobees make 
�X�V�H�� �R�I�� �1�$�6�$�¶�V�� �5�R�E�R�W�� �$�3�,�� �’�H�O�H�J�D�W�H�� ���5�$�3�,�’���� �D�Q�G�� �W�K�H��
Data Distribution Service (DDS) middleware. Astrobee 
uses DDS protocol to communicate commands, 
telemetry, and video through the ISS data network and 
the Ku-band satellite downlink.  
 
II.II Dock Station 

The Astrobee Dock station is a recharging and high-
speed communication station, currently placed in the 
Japanese Kibo module of the ISS (Figure 2). 
 

 
 

Fig. 2: �$�V�W�U�R�E�H�H�¶�V��Dock Station installed in the Kibo 
module of the ISS. 

 
It has two separate berths to which two Astrobees 

can be left attached at the same time and in a hibernate 
mode, the third Astrobee may be stored and powered off 
in a storage module.  

The Dock berth interface to Astrobee enables 
docking with up to one centimeter error tolerance.  
Four magnets located to the corners of the interface hold 
Astrobee attached, and can be released further into the 
berth allowing undocking of Astrobee, the magnets 
automatically extend back again after a few seconds.  
The Dock Station has some AR target fiducials that are 
in view of the DockCam during docking approach, 
enabling more precise and robust localization.  

Currently, the Dock is installed near the port-end of 
the Japanese Kibo module of the ISS. This location was 
selected to minimize interruption of astronaut activities; 
it is a low-traffic area near a dead-end and far from the 
docking ports that are used for visiting cargo vehicles.  

In case the Dock needs to be moved later, its design 
includes several options for astronaut reconfiguration. 
Also, the berth posts can be tilted up or down in case the 
Dock is mounted in a confined space, allowing Astrobee 
to approach the Dock with a different path, avoiding 
possible close obstacles. 
 
II.III Ground Data System (GDS) 

The Astrobee Ground Data System (or also called 
the Astrobee Workbench) includes the Control Station, 

a graphical application that monitors and controls the 
Astrobee free flyers, and ground servers that relay and 
archive data collected during on-orbit activities.  

There are two types of the Control Station. The 
Engineering Control Station, which has the ability to 
send commands and view telemetry, and the Crew 
Control Station, designed to be used when a guest 
science experiment needs to be operated locally by an 
astronaut with minimum training.  

GDS is based on Eclipse 4 Rich Client Platform 
(RCP), derived from the Visual Environment for Robot 
Virtual Exploration (VERVE) code base, which has a 
been used in the past for space-analog testing with 
various robots [Lee et al., 2013]. It was also the basis of 
the Smart SPHERES Workbench previously used to 
control the SPHERES free flyers inside the ISS [Fong et 
al., 2013]. The Control Station has been ported to run 
both on Ubuntu Linux (mostly used internally by 
developers) and Windows (supported release for 
external users). The Control Station has several tabs, 
each of which displays a different set of controls. The 
Crew Control Station has four tabs (Overview, Run 
Plan, Teleoperate, and Guest Science), and the 
Engineering Control Station includes additional six tabs. 
Most tabs connect to one Astrobee at a time, except for 
the Overview tab and the Guest Science tabs, which can 
monitor and control up to all three Astrobees at the 
same time. 

 

 
 

Fig. 3: �$�V�W�U�R�E�H�H�¶�V���*�U�R�X�Q�G���’�D�W�D���6�\�V�W�H�P���V�R�I�W�Z�D�U�H 
 
II.IV Perching Arm 

Each Astrobee can carry an arm in its top aft 
payload bay (Fig. 4���� �>�3�D�U�N�� �H�W�� �D�O������ ���������@���� �7�K�H�� �D�U�P�¶�V��
primary function is to enable autonomous perching onto 
ISS handrails. While perched, the arm acts as a pan/tilt 
unit for forward-facing cameras (like the SciCam). 
Perching onto handrails will also reduce the power 
consumption and interference with ISS operations.  

Another function is to allow future guest science 
research on robotic manipulation. Each arm has three 
degrees of freedom: two for the arm pitch joints, and 
one for the gripper.  
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The arm length and joint arrangement are designed 
to maximize the range of pan/tilt motion when Astrobee 
is grasping a handrail, while also allowing the arm to 
stow fully inside the top aft payload bay, within the 
volume protected by the bumpers (Fig.4).  

The gripper is sized for grasping a handrail, but the 
geometry is also optimized to successfully grasp a wide 
variety of object shapes [Ciocarlie et al., 2014].  

The autonomous perching scenario consists of the 
following steps. First, the Astrobee navigates to a pre-
selected perching approach point using general 
navigation. Once there it starts station keeping. 
Afterwards, it may switch to perching navigation mode. 
It can now deploy the arm and open the gripper. 
Astrobee will then fly straight toward the handrail until 
the gripper palm makes contact. The gripper now closes, 
and a test of the grasp is performed, by verifying that 
Astrobee does not move when propulsion thrust is 
applied. At this point, propulsion finally turns off. 

�,�Q�� �S�H�U�F�K�L�Q�J�� �Q�D�Y�L�J�D�W�L�R�Q�� �P�R�G�H���� �W�K�H�� �$�V�W�U�R�E�H�H�¶�V��
position estimator uses the DepthMap localizer, which 
�S�U�R�Y�L�G�H�V�� �X�S�G�D�W�H�V�� �R�Q�� �W�K�H�� �$�V�W�U�R�E�H�H�¶�V�� �S�R�V�L�W�L�R�Q�� �U�H�O�D�W�L�Y�H�� �W�R��
the handrail by extracting the geometry of the handrail 
and wall from 3D point clouds produced by the 
PerchCam [Lee et al., 2018]. The PerchCam position is 
optimized relative to the arm so that it has continuous 
viewing of the handrail throughout the perching phase. 
If needed for guest science, an astronaut can swap out 
the gripper module on-orbit.  
The three arms launched to the ISS with SpaceX 18 
cargo resupply mission in July 2019. Future guest 
scientists could also mount two perching arms in the top 
and bottom payload bays of a single Astrobee. 
 

 
 

Fig. 4: Astrobee�¶�V Perching Arm in phase of deployment, 
mounted in the top payload bay. 

 
III. GUEST SCIENCE PAYLOADS 

Within the context of the Astrobee research 
platform, Guest Science is the work Guest Scientists do 

using the Astrobee platform, which may involve a 
combination of hardware and software.  

In [Mora et. al., 2018], the Guest Science Program 
describes how Guest Scientists can develop Guest 
Science software for Astrobee.  

 
III.I REALM  

�1�$�6�$�¶�V���-�Rhnson Space Center (JSC) REALM team 
is developing the Recon activity: a Radio Frequency 
Identification (RFID) reader payload to be installed in 
�$�V�W�U�R�E�H�H�¶�V�� �E�R�W�W�R�P�� �I�R�U�Z�D�U�G�� �S�D�\�O�R�D�G�� �E�D�\���� �,�W�� �D�L�P�V�� �W�R��
expand RFID coverage area and refine Astrobee 
localization estimates [SAWG0719, 2019]. The 
Astrobee Facility has supported REALM in various 
fronts: integration and testing at Ames Research 
�&�H�Q�W�H�U�¶�V Granite Laboratory as well as Electromagnetic 
Interference (EMI) tests at JSC. It has also supported the 
�G�H�Y�H�O�R�S�P�H�Q�W�� �R�I���D���V�H�W�� �R�I���$�V�W�U�R�E�H�H���‡�V�N�L�Q�V�·���L�Q�F�R�U�S�R�U�D�W�L�Q�J��
�5�)�,�’���D�Q�W�H�Q�Q�D�V���Z�K�L�F�K���F�R�Q�Q�H�F�W���W�R���5�(�$�/�0�¶�V���S�D�\�O�R�D�G�����D�V��
shown in Fig. 5.  

The REALM team has developed their own control 
center at JSC, which includes also a 3D operator 
interface focused on their payload that listen to the same 
telemetry as the baseline control station. Additionally, 
REALM can be operated in a variety of modes, e.g. 
RFID surveys and homing search. 
 

 
 
�)�L�J���� ������ �5�(�$�/�0�¶�V�� �*�X�H�V�W�� �6�F�L�H�Q�F�H�� �3�D�\�O�R�D�G���� �2�Q�� �W�K�H�� �O�H�I�W����

the integrated payload with Astrobee. On the right, 
�5�(�$�/�0�¶�V���F�X�V�W�R�P�L�]�H�G���$�V�W�U�R�E�H�H���V�N�L�Q-antenna. 

 
III.II SoundSee 

Astrobotic and Bosch worked in the development of 
SoundSee, a payload targeting deep audio analytics for 
ISS operations. SoundSee will work with Astrobee on 
assessing noise levels and monitoring equipment health. 
SoundSee plans to accomplish this through the 
generation of spatiotemporal mapping of the ISS 
acoustic environment. The Astrobee Facility team has 
supported the development of tests at ARC and JSC. 
Similar to REALM, SoundSee experienced exceedances 
during EMI testing. These issues were solved by 
revising avionics and shielding of the payload walls as 
seen in Fig. 6. All the walls were covered in copper-
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based adhesive substantially reducing its 
electromagnetic emissions. 

 

 
 
Fig. 6: SoundSee payload. On the left, SoundSee 

avionics shielding. On the right, SoundSee 
integration test at NASA ARC. 

 
 
III.III Gecko 
�6�W�D�Q�I�R�U�G�¶�V���$�X�W�R�Q�R�P�R�X�V���6�\�V�W�H�P�V�� �/�D�E�R�U�D�W�R�U�\�����$�6�/�����K�Ds 
developed a flat-surface gecko-inspired adhesive 
gripper that can be integrated with Astrobee to test it on 
the ISS. ASL aims to demonstrate the capabilities of the 
gripper for manual and autonomous perching of the 
robot onto ISS walls and other flat surfaces. The 
Astrobee Facility has supported the software 
development and hardware integration and testing of the 
Gecko gripper, as well as their EMI testing at JSC and 
�Y�H�U�L�I�L�F�D�W�L�R�Q�� �W�H�V�W�L�Q�J�� �D�W�� �$�5�&�¶�V�� �*�U�D�Q�L�W�H�� �/�D�E���� �*�H�F�N�R�� �Z�D�V��
launched on SpaceX-18 in July, 2019 and are waiting 
for on board checkout and operations. 
 

 
 
Fig. 7: Gecko gripper integrated with Astrobee (left), 

Gecko gripper overview (right). 
 
III.IV RINGS 

Florida Institute of Technology leads the RINGS 
project, aiming to demonstrate vision-based navigation 
for formation flight of free flyers on the ISS, using 
electromagnetic propulsion. RINGS is at an early stage 
of development where it has demonstrated autonomous 
alignment of two different free flyers.  

A 3D view of the RINGS is shown in Fig. 8.  
 

 
 
Fig. 8: Rendering of RINGS, attached to Astrobee on top 

view (left) and bottom view (right). 
 
III.V Astrobatics 

NPS aims to demonstrate that free flyers like 
Astrobee can perform manipulator based hopping 
maneuvers �R�U�� �‡�$�V�W�U�R�E�D�W�L�F�V�·���� �7�K�L�V��maneuver developed 
at NPS has already demonstrated initial hopping with its 
own manipulator arm. The Astrobee Facility has 
provided guidance on software development and further 
its support by providing the necessary avionics NPS will 
�U�H�T�X�L�U�H�� �W�R�� �U�H�S�O�L�F�D�W�H�� �$�V�W�U�R�E�H�H�¶�V�� �S�H�U�F�K�L�Q�J�� �D�U�P���� �7�K�L�V�� �W�R�R�O��
will  considerably accelerate NPS development and 
testing process.  
 

 
 
Fig. 9: Astrobee free flyer executing the three phases of 

a hopping manoeuvre on the ISS. 
 
III.VI JAXA  

The JEM Internal Ball Camera or Int-Ball is an 
experimental, autonomous, self-propelled, and 
maneuverable ball camera in the Japanese Kibo module 
of the ISS. It has been developed and deployed by 
JAXA since 2016 [Tanishima et al., 2018]. Since 2017, 
�1�$�6�$�� �$�5�&�� �K�D�V�� �E�H�H�Q�� �F�R�O�O�D�E�R�U�D�W�L�Q�J�� �Z�L�W�K�� �-�$�;�$�¶�V�� �,�Q�W-
Ball team to create a heterogeneous team of free-flying 
robotic activities using Int-Ball and Astrobee. The Int-
Ball team has been introduced to the Astrobee Robot 
Software and has already run experiments using their 
�G�H�Y�H�O�R�S�H�G���+�/�3���D�S�S�O�L�F�D�W�L�R�Q�V���D�W���$�5�&�¶�V���*�U�D�Q�L�W�H���/�D�E������ 
 








