
51st International Conference on Environmental Systems
10-14 July 2022, Saint Paul, Minnesota

ICES-2022-361

Development of an Autonomous Umbilical Tending System for
Rover-Supported Surface EVAs

Nicolas Bolatto1, Robert Fink IV2, Joshua Martin1, Zachary Lachance1, Rahul Vishnoi2, and David Akin3

University Of Maryland, College Park, MD, 20742, USA

For surface extravehicular activities, no other parameter is more impactful on the design of spacesuits
than the “weight on the back,” or the weight of the suit system that must be supported by the astronaut
under gravity. The portable life support system (PLSS) alone has nearly doubled the weight of the astronaut
historically, significantly increasing the exertion required to conduct manned surface activities and drastically
curtailing the range of motion of the astronaut due to the movement of the center of mass rearwards and
upwards. Both of these negatively affect EVA performance of astronauts; as a result, the capability to offload
an astronaut’s PLSS would be of great benefit to future EVA operations. The University of Maryland Space
Systems Laboratory has been investigating one potential solution to this via its “BioBot” concept, supported
by the NASA NIAC program. The overall concept is of a rover carrying the life support system for the EVA
crew and supplying consumables via umbilicals. This paper focuses on the critical technology to make this
approach viable: the umbilical-handling robot and its associated rover-mounted life support hardware. The
robotic manipulator must support both its own weight and that of the umbilical, while keeping close enough
to the EVA crew to eliminate the need for additional slack which could snag the umbilical on surface features.
This paper details the design of the umbilical-handling robot, which must function as an Earth analogue system
for human factors testing, and the designs of the umbilical, suit disconnect, and Earth analogue life support
system. Additionally, this paper describes the sensors and algorithms for smoothly blended motion between
the manipulator and the rover, as well as the design implications for the astronaut-following rover itself. Future
design modifications are also discussed.
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I. Introduction

For extravehicular activity (EVA) on a planetary surface, such as the Moon or Mars, one of the most significant
limitations to astronaut capability is the weight of the suit system that they must support. The A7L-B suits worn on
the later Apollo missions had a mass of 96 kg, a 130% increase to a 75 kg astronaut. Of this mass, 61 kg was for the
portable life support system (PLSS), with the remainder of the mass being the pressure garment assembly itself. This
additional mass results in significant increases to wearer exertion, especially due to the upward and rearward shift in
center of gravity and resulting decrease in stability, which becomes a limitation to the duration of EVA operations,
walking distance, and productivity. In the Artemis missions, the xEMU EVA system mass is expected to double from
96 kg for Apollo to 187 kg due to the addition of a hard upper torso and other weight increases. This will result in
an Artemis astronaut increasing their mass by a factor of 3.5 during EVAs, resulting in an apparent weight on the
Moon 60% that of the crew on Earth. On Mars, the astronaut’s apparent weight during EVAs will be the same as
in shirtsleeves on Earth, notwithstanding losses in muscle tone during 9-12 months of microgravity on the way to
Mars. Thus, the “weight on the back” of astronauts will be an even greater concern in the coming human exploration
missions.

Figure 1. Artist’s concept of the original BioBot reference con-
figuration.

Earlier missions, such as those of the Gemini pro-
gram, utilized umbilical systems to provide the neces-
sary life support equipment during microgravity EVAs.
While it was necessary to control and manage the umbil-
ical in this design, it allowed for greater ease of motion
of the crew due to the reduction in bulk and mass of the
overall system. In surface missions, umbilicals were dis-
missed due to the limitation of needing to remain in close
proximity to the lander system. An umbilical system for
life support during astronaut surface operations that did
not have the limitations of umbilical management and
range restriction would allow for greater surface EVA
capability and reduced astronaut exertion without limi-
tation. This is the goal of the University of Maryland
BioBot system: a mobile, astronaut tracking platform
that utilizes a robotic arm to tender an umbilical for as-
tronaut life support offloading, shown conceptually in
Figure 1.

This paper details the umbilical tending Earth-analogue design of the BioBot system: the Active Rover Mounted
Life Support System (ARMLiSS). This 5-degree-of-freedom robotic manipulator supports the umbilical above any
potential obstacles prevent snagging, removes the umbilical weight from the astronaut, and manages the umbilical
positioning utilizing astronaut tracking and following software. The arm can be mounted in a static position for
localized EVAs, such as on a lander or on a separate support stand, or it can be mounted on a rover system for long-
distance capability. Details of a rover specifically designed as the basis for a BioBot system, with specifics regarding
suspension and active payload roll and pitch control, can be found in a concurrent paper [1].

II. Concept Development

Initial testing of the BioBot umbilical tending system focused on three preliminary designs: a passive single lifting
point catenary design, a passive pantograph-type kinematic chain, and an actively-controlled manipulator with passive
yaw control. These three designs can be seen in Figure 2.

In this testing, the single point catenary design was deemed to be overly difficult for EVA crew to manage, as
the astronaut was required to support half of the umbilical weight which resulted in a downward and backward force
applied to the attachment point. There were also concerns about the lateral swinging of the umbilical catenary, which
was demonstrated to induce cyclical side loading. Both of these effects had negative impacts to motion and comfort
for the test subjects. Thus, the other two designs were developed to reduce the physical and cognitive loads of the
system on the user.

While the conclusion from the phase 1 study was that both the active and pantograph designs performed sufficiently
and were recommended for development for phase 2, the phase 1 team preferred the pantograph design. It was

2
International Conference on Environmental Systems



Figure 2. Phase 1 preliminary designs: (L-R) single point catenary design, pantograph-type kinematic chain design, and
actively-controlled manipulator[2].

determined that this design was significantly simpler, as the active system introduced much greater control and power
requirements. However, the pantograph system was cited as having insufficient torsional stiffness and experienced an
over-center “latching” effect, as well as being “kinematically complex” [2].

All of these systems were meant to function in a proof-of-concept role; thus, materials such as plywood were
utilized which are unsuitable for the final design. Furthermore, the use-case of the arm being positioned on a slope
was not considered by the phase 1 study, with all testing being done on relatively level terrain. Thus, upon development
for the phase 2 design, it was determined that the drastic increase in weight necessary to meet the functionality
requirements while simultaneously minimizing the overall impact of the umbilical to the astronaut ruled out the passive
design. On slopes of 10 degrees for an Earth analogue system, the yaw torque increases substantially to over 400
Nm (see Section V-2). This is sufficient to pull an astronaut over if not actively controlled, especially in a lunar
environment, and also risks tearing the umbilical. As a result, the passive design was ruled out and the actively
controlled system was selected for further development.

III. Umbilical Design

In order to offload as much equipment from the astronaut as possible while maintaining the highest EVA perfor-
mance and comfort possible, the umbilical was designed with five separate components contained within one overall
structure. These consist of two tubes for the air loop, two tubes for the cooling fluid loop, and communications/avionics
electrical connections. Air and cooling fluid are cycled through the system via pumps located on the rover or stand.
All of these connections are passed through an umbilical connection hard-point on the astronaut’s suit to integrate with
the suit-based loops and electronics (the cooling and airflow systems on the suit side remain unchanged from current
suit designs other than interfacing with the umbilical itself instead of a backpack PLSS).

The concept of operations for BioBot includes the ability for the user to release the umbilical and perform certain
operations using a short-duration portable life support system (PLSS) on the suit backpack. One of the major objectives
of the current BioBot research is to perform analogue field tests to better understand the operational environment and
safety implications of short-term untethered operations, then recharge the backpack consumables when the user is
attached to the umbilical again. This testing, which has not yet been conducted and will be detailed in a future paper,
will be used to determine the efficacy of this short-duration PLSS and to determine the optimal concept of operations
surrounding its use in relation to tethered operations. The process of being able to unhook and reengage the umbilical
puts design constraints on both the interfaces and on the operation of the ARMLiSS system. Since the EVA crew will
require a highly reliable means of performing the umbilical interactions, the umbilical will mate to the chest area of
the spacesuit to be within the dual-hand working envelope. The details of the umbilical interface are presented in a
separate paper [3]; however it is worth noting here that engaging the umbilical interface is a one-handed motion, but
releasing it requires independent coordinated motion of both hands to ensure prevention of inadvertent release.

Since the umbilical will mate on the chest of the spacesuit, the end of the umbilical will be a rigid external structure
that goes under the helmet, over the left shoulder, and upwards to mate with the rest of the umbilical. In this way, the
end of the umbilical cannot intrude on the user’s vision, or present a snag hazard to the EVA crew’s arms or hands. The
rest of the umbilical will be conventional, consisting of separate tubing for both oxygen and cooling water inlet and
exhaust, as well as wiring for suit power, communications, and data. For design purposes, the umbilical will match
studies of conceptual Artemis umbilicals, with an outer diameter of 5 cm, a mass of 1.25 kg/m, and a minimum bend
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radius of 15 cm [4].

IV. Umbilical Arm: Purpose and Requirements

The purpose of the umbilical arm design presented in the following sections is to demonstrate the BioBot concept’s
capabilities here on Earth, where field testing can show the merits of the unique system before implementation on the
Moon or Mars. In other words, the goal is to show the effectiveness of an umbilical handling arm that can offload
the life support equipment for an EVA astronaut up to 5 m away and on 30° slopes. This design however cannot be
directly compared to what a true “flight” version of the umbilical tending system would be in terms of mass, power,
and volume. Designing an Earth-analogue robot with the same capabilities as a lunar version comes at a significant
cost to structural and actuator mass due to gravity being approximately 6 times greater as shown in the design of the
VERTEX rover. This additional mass does not necessarily scale at the same rate as the change in gravity environment
due to compounding factors (such as increases in structural mass driving increases in actuator mass and power which
drive further increases in structural mass) [1]. This relationship also is expected to hold for the martian gravity case,
albeit to a lesser degree due to the gravity levels of the Earth and Mars being closer than that of the Earth and Moon.
As a result of these factors and limitations, the design of ARMLiSS is expected to be less capable in extension speed
and more massive than a flight equivalent because of the actuator gearing required for Earth gravity. As such, if this
concept is shown to improve EVA performance and comfort through field testing compared to a traditional PLSS, a
flight equivalent (without the limitations of weight and speed) is thought to be only more effective. A future goal of
this study is to design a version to lunar specifications and compare the lunar and Earth-analogue designs.

With the intention of creating a design that is as conducive to implementation on the Moon or Mars as possible,
the ability to compactly package the arm was key. Keeping within the VERTEX rover’s footprint so that both could be
easily transported for field testing, the maximum permissible footprint for the packed arm was 2m long by 1.5m wide.
Furthermore, to be suitable for use atop a mobile platform, the umbilical arm should be able to retract while driving
for greater stability while still maintaining a connection to the astronaut. These requirements originally removed
telescopic-boom-style arms from consideration, and SSL’s NIAC Phase 1 study showed that a pantograph design would
be costly in terms of mass and volume to scale upwards in length. A tension-cable design like NASA’s Lightweight
Surface Manipulation System could be more mass-efficient, although it would be difficult to modify for stowage and
would require significant on-site assembly by astronauts. To truly benefit surface operations, the umbilical arm must
be operationally transparent to astronauts and easy to set up for use.

Figure 3. Rover-mounted arm providing umbilical tending on up to 30° slopes
while the VERTEX rover maintains a level deck for stability.

The SSL has conducted significant
field testing on the impacts of using
rovers to aid in suit-simulated EVA as
part of Desert Field Lessons in Engi-
neering And Science (D-FLEAS) with
suited geologists traveling and collect-
ing samples with and without a trans-
portation rover [5]. These studies
demonstrated that subjects would often
be interested in locations that were ac-
cessible on foot but not for a wheeled
rover: “Test subjects routinely tra-
versed slopes of up to 30° in the ap-
proach to the vertical faces of the test
sites, and climbed slopes in excess of
60° in cases where the footing was ac-
ceptable.” [6] To enable the explo-
ration of difficult terrain that may be
beyond the rover’s capabilities, such
as rocky areas, crater rims, and other
steep faces, the arm’s workspace was
maximized. At the same time, the um-
bilical arm must retract far enough for an astronaut to drive in the front seat of the rover or to access the rover exterior
where scientific payloads may be stored. This way, the number of umbilical disconnect and reconnect operations and
potential for dust impingement is minimized.
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The umbilical arm’s principal use case is mounted on a mobile rover platform where a combination of the rover’s
motion and arm extension would be used to keep a tended astronaut within the arm’s workspace. However, there are
cases where the arm must match astronaut walking speeds by itself without the assistance of the rover, such as when an
astronaut returns to the rover to drive elsewhere, deposit samples, or deploy instruments. To accomplish this without
requiring an astronaut to slow down, the arm’s retraction speed would have to surpass the ≈ 0.6 m/s average walking
speeds of Apollo astronauts on J-missions [7]. Although new-generation suits will increase the mobility of astronauts
and possibly increase their average walking speed, it is also expected that a lunar version of the arm would be faster
because of its reduced weight. Thus, the current Earth-analogue design focused mainly on meeting the workspace and
packing requirements while making the 0.6 m/s extension speed a soft goal.

Initial feasibility studies indicated that a 5m-long umbilical arm was possible while remaining within the afore-
mentioned footprint requirements by using a 5-link over-actuated arm design. Such a design requires more resources
in terms of power, computation, and sensing; however, these costs are necessary to achieve the desired performance
while keeping the arm relatively transparent to the astronaut, as will be described in the following sections.

V. Mechanical Design

The umbilical arm is designed to position the flexible portion of the astronaut’s umbilical slightly above and behind
the astronaut’s head, with enough umbilical “slack” to connect to the suit without restricting high-frequency motions
such as bobbing while walking. Therefore the arm must be capable of supporting the weight of the extra umbilical and
quick-disconnect at the tip, in addition to the arm’s own structural and actuator weight, while simultaneously keeping
up with an exploring astronaut.

A. Joint Design and Torque Analysis

1. Pitch Joints

Figure 4. Diagram of arm joint locations, corresponding to
torques in Fig. 5. Structural links are numbered by their
proximal joint, with the vertical mast being link 0 and the tip
being link 4.

Figure 5. Torque required for each joint from the stowed con-
figuration to full extension, color-coded to Fig. 4.

A parametric model of the arm was created in MAT-
LAB, containing the measurements and mass of each
link bar, joint lever assembly, and linear actuator. The
additional mass of the umbilical itself was modelled as
a 2 kg/m linear density across the full length of the arm,
with a further 1.5 m of umbilical leading from the tip of
the arm to the astronaut. Margin for the mass of an um-
bilical quick-disconnect at the tip was also factored in.
By inputting a trajectory of joint angles from the stowed
configuration to full extension, an accurate model of the
torques experienced by each joint was created (Fig. 5).
The maximum torques required for each joint are sum-
marized in Table 1.

Joints 2 through 4 of the arm need to to actuate about
160 degrees and also require a large amount of torque.
Due to the high torque requirements, the joints were de-
signed to take advantage of a lever arm, rather then gen-
erating the torque at the pivot with a direct drive solu-
tion. Initial design inspiration was taken from concrete
pump trucks. They have long arms which fold compactly
onto the back of a truck. In many ways, this is similar
to ARMLiSS, except it supplies water, power, and data
as opposed to concrete. Initial designs of the arm con-
sidered two types of joints driven by linear motion, ones
driven from the outside and ones driven from the inside.
By alternating these two types, the folded volume can be
minimized. However, as design efforts progressed, the
interior style joints were abandoned. This design deci-
sion cost a few inches of vertical space when the arm is folded, but cut development time in half by discarding the
need for an additional lever design. For this Earth-analogue system, the trade-off was considered acceptable as there
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is more interest in the overall concept than the detailed design of the arm itself. Following this decision, extensive
optimization of a generic design was carried out for joints 2 through 4.

Using MATLAB to create surface plots, the distances between each pivot point were optimized to produce the
required torque. An example plot can be seen in Fig. 6. At the same time, the design also tried to minimize the lever
arm to keep the speed up and volume and mass minimal. The optimized dimensions were then verified for a safety
factor of at least 1.6 and optimally 2. As iterations were made, the CAD models were updated and verified with FEA,
and various linear actuators were considered. This produced more accurate mass estimations, allowing for further
refinement of the parameters.

Joint 1 differs from the other joints in that it is a simpler first-class lever. It serves mostly to keep the arm clear
of the astronaut’s head and contributes very little to extending the arm and folding compactly, unlike the other joints.
Because of this, joint 1 does not need the range of motion that the other joints do and is not as space constrained. Like
the other joints, the design was optimized for torque and speed, and it was analyzed to ensure that it could actuate
sufficiently throughout its entire range.

2. Yaw Joint

As described in Section II, testing of a passive yaw arm in Phase 1 indicated that, for a lightweight wooden test arm
structure on flat terrain, passive control was a feasible option. However, the significant increase in arm weight (which
in the current design is approx. 85 kg) compared to that initial design has the potential to pull astronauts backwards
and sideways, especially on upward and cross slopes which were not investigated in the original testing. This increase
is due in large part to the speed requirements of the linear actuators to achieve the desired astronaut tracking rates.
The result is much higher forces and torques that the subject would need to contend with in a passive system on
slopes. Indeed, the risk for the umbilical pulling an astronaut over and down slope or severing the umbilical due to
tension failure would be catastrophic to the objectives of the umbilical tending concept. As such, passive control of
the umbilical arm yaw was deemed to be impractical, thus necessitating either active control through driving the joint
or locking the joint and steering the rover to maintain a fixed orientation to the subject. However, the desire to traverse
through rough terrain that would be of highest geological interest for lunar and Martian EVA applications makes yaw
control through steering the rover while simultaneously requiring the rover to follow the astronaut within a certain
distance (to avoid tension on the umbilical) impractical. Thus, the choice was made to actively control the yaw joint.

Figure 6. Example of plots used to optimize torque output.

The joint will be subjected to extremely high com-
pression forces, lateral forces, and bending moments due
to the weight of the arm and the location of the cen-
ter of gravity at full extension. On flat terrain, com-
pression forces are expected to be approximately 1.6 kN
and bending moments of up to 3.75 kNm are possible,
while on slopes the worst case lateral force is approx-
imately 0.8 kN (all reported with a safety factor of 2
included). To accommodate these high loads, a 9.5in
(24.1cm) slewing bearing with external gearing was cho-
sen due to the ability to resist all of the various loading
configurations and to be easily integrated with the re-
quired active yaw control system.

Actuating the yaw joint proved to be the most de-
manding actuation on this arm. In the worst case, the
yaw joint will need 452 Nm at 12 RPM to account for a
tip speed of 1 m/s on 10° cross slopes. The torque requirements are so high because of how far the arm’s COM is
from the base. To achieve the required torque, a spur gear and a speed reducer will be utilized, creating an effective
gear ratio of 159:1. This system is then driven by a 0.55 kW motor. This does result in a angular velocity of only
11 RPM, but that is for the highest load case on the motor. Top speed is required when the arm tip is near the base. In
that case, loading on the motor is lower and it can operate at higher RPMs. If the astronaut intends to drive the rover
on cross slopes where the deck angle will exceed 10° from horizontal, then the yaw joint will need to be manually
locked out with a pin. This design decision was made because adding a system to either control the yaw joint or
automatically lock it out with a brake at angles over 10° would have significant mass and footprint costs. Additionally
since the rover can actively control its deck angle, it is highly unlikely that it will deviate more the 10° from horizontal
in normal operation and therefore additional capability would likely be unused.
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3. Arm Speed and Position Determination

The target tip speed was at least 0.6 m/s, the average walking speed of the later Apollo missions [7]. Tips speeds of
up to 2 m/s, the average walking speed on Earth, were considered but quickly found to be impractical and the objective
was set to 1 m/s at most. Additionally there were safety concerns about having the arm tip move at significant speeds
near the astronaut’s head. In the event that the astronaut outruns the arm, there will be slack in the umbilical and the
rover can translate to make it up. In the final design, to reach the desired tip speed most of the linear actuators selected
are overrated for the application as they move faster at lower loads. Additionally, for joint 2, two linear actuators
were put in series to double the actuation speed. This came at the cost of double the mass, but increasing the torque
produced at joint 1 to account for the added mass was trivial compared to increasing the speed of joint 2 in other ways
such as decreasing the lever arm and sourcing a higher-powered linear actuator.

All of the joints are directly instrumented with 12-bit absolute encoders. Using these encoders, the arm will be
able to report its tip position within a few inches at max extension. Higher bit count encoders were considered, but
the added resolution would have little benefit as the tip deflection at full extension would have been greater than the
pointing accuracy, rendering the additional accuracy useless without extensive and complicated control software that
could account for arm deflection based on pose. Such advanced software may prove useful for a lunar model, but for
demonstrating the concept on Earth, this capability is outside the scope of the project. Additionally given the decision
to place an astronaut tracking camera on the arm tip that was made later in the design process, the pointing accuracy
will depend very little on mechanical deflection and accumulated pointing errors from the encoders as the relative
position of the arm tip with respect to the astronaut will be well known.

Joint Torque Required (Nm) Linear Force Required (N) Actuator Capability

0 452 N/A 484 Nm
1 1650 4400 5338 N
2 830 6600 8896 N
3 320 3520 5338 N
4 45 660 890 N

Table 1. Joint summary table. Joint 0 is actuated by a revolute motor, joints 1-4 use a linear actuator and lever arm.

B. Arm Capabilities

The final arm design when mounted on VERTEX is capable of umbilical tending on 30° slopes. The umbilical line
reaches up to 4 m above the base of the arm or up to 1 m below - in either case the arm can reach up to 4.4 m away or
up to 5.08 m when the arm is not at an angle. The umbilical reaches 0.5m from the arm base at minimum extension
with the arm fully above the rover seat. This leaves enough space to service an astronaut while entering the rover
seat, driving, or walking anywhere around the rover (Fig. 9). The arm’s yaw joint pivots a full 360°, providing a total
service area of 80 m2 around the rover (Fig. 7). Taking into account only linear tip extension ±30° from the base, the
umbilical arm’s workspace is ≈270 m3. Although it would require a sophisticated tracking system, it is mechanically
possible for the arm to reach much higher or lower if it operates joints unevenly to increase its workspace. For example,
the arm in Fig. 4 could halve the angle of J3 in order to raise J4 and the tip directly overhead.

1. Center of Mass

The total prototype mass is 85 kg, with the yaw joint and related structure at the base of the arm accounting for
19 kg. The rest of the arm totals 66 kg, and at full extension the center of mass of this portion is 2.0m away from the
base. As explained in Section IV, the mass of the arm is largely tied to the gravitational forces it must support, and as
such, it is helpful to place the arm in context of its mounted rover. Acting as an Earth-analogue to an equally capable
250 kg lunar design, the total mass of the VERTEX rover is at least 690 kg [1]. Mounted on VERTEX, the umbilical
arm only shifts the total center of mass location by 0.175 m at full extension. The arm also shifts the total center of
mass upwards by about the same amount, but this is necessary to loft the arm high over the astronaut’s head to prevent
injuries.
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2. Extension Speed

In order to maintain ample clearance as the astronaut dismounts from the driver’s seat, the arm will be programmed
to pitch the first joint upwards 30° from its stowed position (Fig. 9). The second joint will then be used to follow the
astronaut as they step off of the seat and onto the ground in front of the rover. From there, the arm is free to actuate
joints 2-4 to extend at maximum velocity while joint 1 exclusively adjusts for extension angle, and the yaw joint rotates
the arm with respect to the rover. The arm generates a tip speed of 0.55 m/s while joints 1-4 actuate together in this
fashion after the astronaut dismounts.

3. Stowed Volume

Figure 7. The umbilical tending arm’s work area when mounted on a rover.

In its “packed for flight” con-
figuration with joint 1 detached,
the arm takes up a volume of 1.0
x 2.0 x 0.25 m, or 0.5 m3, as
shown in Fig. 8. Transported
this way, on-site assembly would
only consist of connecting the
pivot between link 1 and the joint
1 actuator output and the pivot
between link 1 and the vertical
link 0 (see Fig. 4 for number-
ing definition). The umbilical
system, pre-mounted to the arm,
would also need to be attached to
the life support equipment on the
rover. Otherwise, in the arm’s
fully assembled but retracted or
“stowed” configuration, it occu-
pies 2.0 m in height by 2.2 m in
width. In this retracted pose, the
arm tip (carrying the umbilical)
lies 0.5 m from the arm base, or
just over the driver’s head when
mounted to the VERTEX rover
(Fig. 9). The seat design shown
is tentative as it is still being de-
signed at the SSL, but it does ac-
commodate the largest PLSS that
is planned for testing [8].

VI. Safety and Contingency Considerations

With BioBot being a human system, there were several design choices made for increasing the safety of the user.
The rover base itself, VERTEX, was designed around having the large umbilical arm as a possible payload. The rover
is able to actively control the vertical position of all wheels in order to maintain the chassis horizontal on slopes up to
30°. This has been shown to increase stability on slopes, especially when the combined center of gravity of the vehicle
is raised by large robotic arm payloads [9]. The rover design also increases dynamic stability by pitching into the local
gravity vector tracked by onboard accelerometers, which is also expected to provide stabilizing responses to forces on
the umbilical arm. All of these capabilities reduce the probability of vehicle rollover while umbilical tending.

Despite the benefits provided by mounting the umbilical arm to VERTEX, additional safeguards are of course
necessary in the design of both the umbilical and the arm. Further discussed in Section VII, an autonomous astronaut
tracking system will be used to maintain the umbilical arm close enough to the astronaut to prevent any pulling by the
umbilical while still maintaining a safe position above and behind the astronaut at all times. Umbilical slack between
the arm tip and astronaut will also be provided to account for motions of higher bandwidth than the arm’s response, the
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Figure 8. Umbilical arm disconnected and packed
for flight for minimum arrival assembly, occupying
a total of 0.5 m3 that the umbilical itself can also be
packed into.

Figure 9. Umbilical arm in its retracted “stowed” pose, mounted
on a cross-section of the VERTEX rover and ready for astronaut
driving.

necessary length of which will be determined through field testing. The effects of umbilical torsion on the astronaut are
unknown but will likewise be analyzed during testing. Sufficient slack in the umbilical combined with arm and rover
control schemes should prevent pulling on the astronaut in nominal-use cases, but low breakaway-force mounting
points between the arm and umbilical as well as a breakaway disconnect analogue in the umbilical itself will protect
the astronaut from being significantly affected in off-nominal situations.

In all cases, emergency stops will be present on the rover, on the test subject, and on testing observers to halt all
robot motions. The arm actuators were chosen such that, even in the event of a power loss, the arm would seize but
not collapse. The selected linear actuators operate with an ACME screw and nut rather than a ball screw, providing
superior backdriving resistance. The weight of the arm is not sufficient to backdrive any of the joints by over 50%.
In the event of a power loss or motor failure that renders the arm motionless, the astronaut would simply disconnect
from the umbilical arm, walk back to the rover, and reconnect at the rover-mounted supply. One of two short auxiliary
umbilicals would provide life support to the seated driver for the duration of the drive back to base. The interface for the
two auxiliary connections would be on opposite sides of the rover, so that one is always available in the (improbable)
case of vehicle rollover and damage to the arm.

On the umbilical arm itself, no two motors can fail in a way that would leave the arm in a seized position that
interferes with the VERTEX rover’s operations, even on slopes, because of the arm’s link lengths and height. However,
if for whatever reason the seized arm is prohibitive to the astronaut, the flight arm should be completely disconnectable
from its mounting at the base to be cast aside for emergency return to base. Because of the Earth analogue’s prohibitive
weight, this capability will only be simulated in field tests with an equivalent lunar weight - removing the Earth
analogue arm is straightforward but would require 1-2 people to hold up the arm while its 8 connecting bolts are
removed.

Since the BioBot rovers work in pairs to eliminate the need for NASA’s walk-back criteria [9], a secondary rear
seat is being designed for accommodating the driver of the second rover. This will be located behind the umbilical
arm mounting location. If either of the rovers fail, both astronauts can connect to the working rover’s life support and
return to base. In the case of one of the two BioBot rovers failing at the same time as an umbilical arm failure on
the working rover, two of the shortened auxiliary umbilicals are necessary to provide life support to both astronauts
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during the return to base. The second auxiliary also provides an alternative if one fails to make a connection due to
dust impingement.

VII. Autonomy and Control

A. Astronaut Tracking

Figure 10. AprilTags on a sim-
ulated astronaut.

Key to the BioBot’s functionality is the ability of the system to accurately identify
the position of an astronaut relative to the rover chassis. If the arm lags too far be-
hind the astronaut during surface operations, tension in the umbilical cable will cause
significant and noticeable impairment to the astronaut’s motion. As such, fast and re-
liable positioning of the arm throughout EVA is critical. Additionally, the rover must
be able to track an astronaut’s position even while the umbilical cable is not connected
to the astronaut’s spacesuit–while the tracking need not be as precise as is required for
umbilical handling, whatever solution used for astronaut tracking must achieve some
degree of accuracy without the use of the arm to facilitate astronaut exploration using
a short-duration PLSS.

To ensure the rover knows the relative position of the astronaut, an array of cam-
eras onboard track fiducial markers on the astronaut’s spacesuit (Fig. 10). AprilTags,
a fiducial marker architecture integrated with open-source robotics software, is used
for this applications as a calibrated camera can use a single AprilTag to identify both
the relevant position and orientation of the tag and, in this case, the astronaut by ex-
tension [10]. While the optimal positioning of the AprilTags on the spacesuit is cur-
rently being experimentally investigated, they are being positioned with larger tags in
high-visibility, low-mobility areas like the spacesuit chest, back, and helmet. Multiple
AprilTags will also be made visible simultaneously regardless of astronaut orientation
so that the camera system has multiple measurements to compare, enabling the system
to better reject some noise, inaccuracies in the system, or obfuscation of one or more fiducial markers.

AprilTags present several limitations when it comes to usability in the field: glare and dust will obfuscate them,
and the vision algorithm that identifies them as-written is not tolerant to such noise. Alternative means of tracking
astronauts are discussed in greater detail in the discussion of future work in Section VIII to provide supplemental–but
perhaps less accurate–means of identifying an astronaut’s precise pose. However, for testing of the overall mobile ma-
nipulator control system, AprilTags provide a convenient and comprehensive method of identifying astronaut position
and pose. As any alternate solution will similarly yield the position and orientation of the astronaut with respect to
the rover chassis, AprilTags can easily be replaced by any alternate method of astronaut position identification without
further modifying the control software due to the software’s modular architecture.

Two camera systems are used for tracking the astronaut: a turret-mounted camera onboard the rover follows the
astronaut at all times, and a secondary camera mounted at the end of the manipulator arm always looks straight down
and ensures that the astronaut is always in view when the arm is positioning the umbilical. The first camera is always
in use, following the astronaut’s movements and reporting the position of the astronaut’s body as a position goal to the
rover and umbilical handling manipulator. Whenever the astronaut’s position would be obscured by part of the rover,
the system coordinates with the autonomous astronaut following capabilities of the rover and shifts the rover chassis
and manipulator to keep the astronaut within the rover’s field of view. However, AprilTags have limitations: at long
distances, their position readings tend to become less accurate in practice (even for well-calibrated cameras), as was
determined by an investigation by a University of Maryland freshmen team affiliated with the SSL. To compensate
for this lack of accuracy at distance, the second camera onboard the arm will provide position data at a much shorter
range. Combined with the encoders present in the arm, the camera will report the position of the astronaut relevant to
the rover base, allowing the arm to be positioned above the astronaut at all times. For nominal operations, this camera
system will look for an AprilTag at the top of the astronaut’s helmet; however, it can similarly use any AprilTag on the
spacesuit in the event of the astronaut being in an unexpected angle or orientation.

B. Arm Kinematics, Positioning, and Control

Being a 5-degree-of-freedom serial manipulator, the arm possesses simple kinematics that can be solved onboard
the robot to yield desired joint behavior during control of the system. The manipulator has the following modified
Denavit-Hartenberg (DH) parameters described in Fig. 11 and Table 2 below.
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Figure 11. DH parameters of the umbilical han-
dling manipulator, shown in stowed position.

Joint i αi−1 (deg) ai−1 (m) di (m) θi (deg) θstow (deg)

0 0 0 1.512 θ0 0
1 -90 0.048 0 θ1 -44.85
2 0 1.433 0 θ2 161.77
3 0 1.344 0 θ3 -158.19
4 0 1.326 0 θ4 169.43

End 0 1.126 0 4.075 4.075

Table 2. DH parameters of the umbilical handling manipulator, as well
as joint angles in the stowed position. Each joint is revolute. The table
follows the modified DH format described in Criag (2005) [11].

Key to the control of the arm is making sure it is positioned above and behind the astronaut at all times, ensuring
astronaut safety and minimal interference from the umbilical cable during surface operations. As discussed above,
the astronaut tracking system produces a transform from the astronaut’s position to the camera frame in the robot’s
description and, therefore, the astronaut’s position and orientation with respect to the rover and arm. As the arm is
limited in its degrees of freedom and by the presence of the umbilical cable, it is commanded only to position the end
of its final link and, therefore, the umbilical above the astronaut with respect to the local gravity vector (reported by
IMU’s onboard the rover), without preference for the angular position of the end of the manipulator relevant to the
astronaut.

The SSL has significant experience in developing Cartesian controllers for robot manipulators and, as such, is able
to leverage existing control software to command the arm to a desired position. The unique DH parameters of the
arm, as well as the more general link-joint description, are used to determine the desired joint positions based on a
manipulator kinematics solver written using Orocos-KDL [12]. These desired joint positions and velocities are then
forwarded to individual joint controllers via Robot Operating System (ROS)-based control software and the ros control
package for tracking on the joint level [13]. All of the SSL’s robot manipulators operate at the velocity control level
when commanding individual joints, enabling accurate tracking of astronaut position over time.

The Cartesian position controller the arm runs on is separate from that of the ground motion of the rover upon
which it is mounted: the rover itself follows an astronaut autonomously over rough terrain with the goal of remaining
within the reach of the arm, while the arm controller continuously solves the inverse kinematics needed to position
itself above the astronaut. For more details into the overall software architecture and the SSL’s extensive software, see
the full overview of the BioBot rover architecture [1].

Before hardware testing is conducted, the software will be run in a simulated environment to ensure it behaves
as expected independent of hardware. The use of ROS and ros control enables simulation of the system via several
means and the testing of software in sim before hardware integration: both SSL’s own kinematics simulator and the
Gazebo physics simulation environment allow for the system software’s effectiveness to be explored prior to hardware
completion [14]. Critically, Gazebo also enables the simulation of camera inputs and targets, allowing for AprilTags
given movement commands by the simulator to be read by camera systems on the rover and be tracked by the arm, all
purely within simulation.

Implementing the control software on physical hardware does lead to several changes from the idealized simulation
model. The fact that the true dynamics of the arm links and joints will be different from that in simulations means that
individual PID gains on each joint must be tuned differently on hardware for accurate control. More significantly, the

11
International Conference on Environmental Systems



simulation idealizes the joints as simple revolute joints driven by rotary actuators, while the physical manipulator’s
joints are instead driven by linear actuators. While the joints are equipped with rotary encoders to measure joint
position directly, the software must convert desired joint positions and velocities to linear actuator positions and
velocities when running on the physical hardware. This occurs between the motor command and hardware interface
software levels using the same simple algorithm utilized for the rover suspension system itself [1].

VIII. Future Work

Presently, the manipulator and rover function using simultaneous but independent control processes: an astronaut-
following controller and motion planner for the rover that tries to remain within manipulator-reach of the paired
astronaut, and the manipulator controller discussed in this paper. While this serves as a functional solution for ensuring
the manipulator’s position, closer coordination between the two systems may be beneficial by reducing total system
energy usage, increasing system robustness, and better tracking the astronaut as both human and rover move in rough
terrain. In the future, a full-body mobile manipulator controller for the rover-manipulator system may be desirable and
will be investigated as a means of improving the system.

The exclusive use of AprilTags for vision could also be supplemented to make the system more robust. While
fiducial markers function well in a pristine laboratory environment, an investigation by SSL-affiliated students showed
that they are not robust to environmental changes or obfuscation by dust or glare common in lunar environments:
as little as 5% noise (digitally added to AprilTag images to mimic the effects of environmental factors) rendered
the algorithm unable to detect the tags at all ranges. As such, poor camera calibration or obfuscation of AprilTags
may make AprilTag-based detection alone difficult or inaccurate. To combat this, future work will involve the use
of alternate software tools and image preprocessing to ensure the astronaut’s position is properly tracked at all times.
Common tools like OpenCV will enable tracking of patterns on the astronaut’s suit that are more robust to noise than
AprilTags [15]. For more complex and robust tracking, more developed algorithms like YOLO can be used to find
the contours of the astronaut’s silhouette, a method that will be more robust than looking for specific patterns that
can be more easily blocked or obscured [16]. The presence of high lighting contrasts and glare still present technical
challenges for any vision system, so methods like using radio beacons on the suit or other means of locating the
astronaut (less accurately but more robustly than vision methods) are also being investigated as alternatives for when
accuracy is not as critical, such as navigating the rover base to the astronaut independent of the manipulator system
itself.

Lastly, testing to compare the performance and ease-of-use of the umbilical handling arm will be conducted in the
coming months at several locations. Testing of the arm on a stationary stand will be done at UMD to see how effective
the system is without being mounted on a mobile platform, serving as an analogue for umbilical tending around a
lander or lunar habitat. The rover-mounted umbilical arm will also be tested as part of D-FLEAS or GEODES to collect
human factors data with test subjects wearing suit simulators, much like previous SSL field-testing [6]. Additionally,
this testing will be used to drive the design parameters for future modifications and revisions of the system. Also as a
part of this testing, investigation will be conducted into the best operational mode for the BioBot system: remaining
tethered throughout the EVA or utilizing the system to refill a smaller PLSS while driving and disconnecting when
walking around an area. While the latter would be significantly easier from the standpoint of BioBot, it is currently
theorized that the time required to recharge the life support system that the astronauts carry will be longer than the
time that is spent driving. Thus, this would necessitate remaining connected throughout the majority of the EVA as
opposed to just when seated on the rover; however, future testing will be required to be able to make any conclusions
about the best methodology to utilize the system.
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