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Abstract— In-space assembly (ISA) is the next step to build-
ing larger and more permanent structures in orbit. The use
of a robotic in-space assembler saves on costly and potentially
risky EVAs. Determining the best robot for ISA is difficult as
it will depend on the structure being assembled. A comparison
between two categories of robots is presented: a stationary
robot and robot which crawls along the truss. The estimated
mass, energy, and time are presented for each system as it,
in simulation, builds a desired truss system. There are trade-
offs to every robot design and understanding those trade-offs
is essential to building a system that is not only efficient but
also cost-effective.

I. INTRODUCTION

Scientists and engineers have been expounding the benefit
of large space structures for years; whether talking about
large solar panel arrays, large aperture telescopes, or large
habitats [8], [3], [2], [7]. However, launch vehicle diameters
are not increasing in size to meet these desires. For example,
the James Webb Space Telescope (JWST)’s primary mirror
has a final size of 6.5m while the launch vehicle has a
diameter of 5m[18]. JWST, like many other space systems,
deploys to reach its final size. However, as space structures
become larger it is generally accepted that deployments will
become too complex and the risk of failure too great[11],
[6], [1], [4], [7].

In-space assembly (ISA) is a method of building large
structures on orbit without relying on complex deployments
or requiring a larger launch vehicle diameter. The Inter-
national Space Station (ISS) was assembled on orbit by
humans with help from robotic systems. Today, robotic
ISA is a natural alternative to humans performing risky
extravehicular activities (EVAs). Generally, the research into
robotic systems for ISA falls into one of three categories:
stationary or rigid mounted manipulators, free-flyers, and
crawling/walking systems. This study focuses on stationary
manipulators and crawling systems.

Stationary manipulators mount to the primary structure
such as a satellite or space station and their base remains
stationary relative to their workspace. The Japanese Remote
Manipulators System (JEMRMS) is one such system. It is
rigidly mounted on the ISS and is used to move pallets to the
outdoor environment[10]. Power, communication and other
functions are provided by the ISS.

Other examples of stationary manipulators include CIRAS
and TALISMAN. CIRAS (Commercial Infrastructure for
Robotic Assembly and Services) was a study done by Orbital
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ATK that uses two 15m TALISMAN (Tension Actuated Long
Reach In-Space Manipulators), precision EBEAM welding,
and a special jigging assembly robot to attach and detach
a solar array[19]. Both these examples use very long ma-
nipulators (> 10m) because the workspace of a stationary
manipulator is limited by the length.

An alternative to the stationary manipulator design are
free-flyers, small self-contained satellites with robotic manip-
ulator(s). These systems have their own propulsion system
which can greatly extend the workspace without increasing
the length of the manipulators. However, free-flyers must
carry their own power and are limited by propellant usage.
ETS-VII was a free-flyer that studied robotic motion and
assembly on orbit [9]. Suri et al. show that a free-flyer can be
used, albeit with much development, for automated assembly
in space [21].

Crawling systems are robots that adhere or grab onto
the structure and move around. The individual ’legs’ and
’feet’ move from mounting point to mounting point or use
end-effectors to grasp the structure. This offers some of
the freedom and wider workspace of the free-flyer without
being completely self-contained. The Space Station Re-
mote Manipulator System (SSRMS) moves hand-over-hand
(inchworm style) limited only by number of power-data-
grappling-fixtures (PDGFs). Others, such as Carnegie Mellon
University’s Skyworker [20], do not require special grappling
fixtures to walk along the structure. Lee et al. describe
a 100m assembled telescope which can be assembled and
maintained using a hexbot, a six-legged multi-arm system
[12].

There have been many proposed robotic designs for ISA
in each of these categories. New ISA designs are generally
presented as single design points and do not offer comparison
to other types of ISA systems. Although Nanjangud et
al. [16] describes some of the trade-offs between different
robotic assembly systems, this paper objectively compares a
stationary and a crawling system as they construct a large
space structure, a long truss made out of pre-constructed
truss-segments. The goal of this paper is to study the trade-
offs between a stationary and a crawling robot and how each
design influences the payload structure and how the payload
structure influences the robot designs. Section II presents an
overview of the different robotic systems while Section III
goes over the sizing for payload truss, the payload bay and
the individual manipulators. Section IV briefly discusses the
simulation and Section V presents the results for comparing
the two robotic systems. Future work and conclusions can
be found in sections VI and VII, respectively.
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II. OVERVIEW

In order to quantitatively compare the stationary and
crawling robotic systems, they are designed to assemble the
same planar space truss. Due to the planar nature of this
study, all manipulators have two main links and 3 degrees-of-
freedom (DOF). The last DOF, near the tool-tip, is to ensure
the tool can attach to a payload at a pre-determined angle. For
the dexterous arms, the desired tool-tip angle is determine
by the structural design of the truss segments. Similarly, the
angle for the positioning leg(s) is determined by the structural
design of the payload bay.

The stationary robotic system is similar in design to many
existing long-reach space manipulators with the exception of
the payload bay. It consists of one positioning leg, a payload
bay which holds all the truss segments, and two dexterous
arms which handle the payload segments that are used to
assemble the truss. The positioning leg is rigidly mounted to
the primary structure and is used to move the payload bay
and the two dexterous arms into position. Once in position,
the two dexterous arms lower a truss segment from the
payload bay into the final assembly. The dexterous arms then
retract back to their starting location and the positioning leg
moves the payload bay to the next location. Once the truss is
assembled, the positioning leg returns to the initial position.

Fig. 1. Stationary Robot System

The crawling robotic system has two positioning legs, a
payload bay, and two dexterous arms. The two positioning
legs start at the same mounting point as the stationary system.
After placing the first truss segment, the legs re-locate one at
a time to the edge of the newly attached truss segment. After
both legs have moved, they work together to re-position the
payload bay readying them to place the next truss piece, see
Figure 2. Once in position, the two dexterous arms lower
the truss segment into place using the same motion as the
stationary system. In this study, the arms and legs do not
move at the same time. However, more complex motion
planning can utilize the legs and the arms and provide full
body motion. The position leg(s) can aid in the assembly
task by adjusting the payload bay, reducing forces transferred
to the truss. This is one of the large benefits of having
positioning legs rather than using the arms for crawling and
assembly.

Once the robot has completed the assembly, it returns back
to the original starting location. This requires the system

Fig. 2. Crawling Robot System

to crawl back along the truss; during this movement the
dexterous arms remain still. Thus both the stationary and
crawling systems start and end at the same point.

III. SIZING THE SYSTEM

A. Payload Truss Structure

While an ISA robot may be used for repairs, servicing,
and inspection, the main task is assembly. Rather than focus
on assembling individual trusses from beams, this study
focuses on assembling completed truss segments together.
This reduces the number of assembly steps that must be made
and verified. Doggett et al. describes a Tri-Truss system, a
structure which can collapse for packing and then be easily
deployed [6]. One of the benefits is that these segments
can have the science payloads, such as a telescope’s mirror
segments, mounted prior to launch. In addition, a large
number of these segments can fit into one payload bay
without greatly increasing the size. The two dexterous arms
release the truss segment from the payload bay, deploy it to
its final size, and lower it down into a desired position.

Many researchers are proposing the 10-25m range for the
next large in-space telescope [2], [17], [15]. Here, the 20m
truss is made up of a number of equal length segments
which have attachment mechanisms allowing them to mount
to each other. This case study focuses on building a 20m
long rectangular truss structure.

Stiffness is an important factor when constructing long
truss structures. The height and width of the final truss is
based on a required minimal stiffness. The frequency for the
completed structure can be found in equation 1. The material
is assumed to be uniform throughout the structure with a
Young’s modulus of E. Istructure is the moment of inertia for
the completed structure. Lstructure is the total length of the
constructed structure; in this study Lstructure is 20m. Mstructure
is the mass of the structure and α is a coefficient based on
the boundary conditions.

ω =
α

2π

√
EIstructure

MstructureL3
structure

(1)

Mikulas et al. [14] has established a method for estimating
the diameter of a long truss based on the number of longerons
and the desired stiffness. Figure 3 shows how this diameter
relates to the actual shape of the truss. In this example, a
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rectangular truss is used. The moment of Inertia can then be
found using equation 2.

Fig. 3. Estimating the moment of Inertia for Truss

Istructure =
D2

8
AlongeronNlongeron (2)

Alongeron and Nlongeron are the area and number of longeron,
respectively. Using equations 1 and 2, along with the assump-
tion that all the longerons have the same constant circular
cross-section, then the diameter, D, of the truss segment can
be calculated. Using this diameter, the height and width of
the completed truss can be easily calculated.

During assembly, the truss must be able to withstand the
force of a payload segment at its maximum acceleration. The
inner and outer diameter of each longeron is calculated by
treating the completed structure as a cantilever beam that
must not buckle when subjected to a maximal force. This
maximal force is generated by the dexterous arms moving
a payload segment at their maximum arm acceleration.
Operationally, the dexterous manipulators will not be op-
erating at their maximum acceleration when carrying a truss
segment near the rest of the structure. This simplification
was made to ensure the structure would not buckle under
worse-case conditions of the dexterous manipulators hitting
the assembled truss with the piece they are assembling. For
the crawling system, the positioning legs apply additional
forces along the truss when they move themselves at the
payload bay. The payload longerons are sized to ensure it
will survive the assembly process either from the dexterous
arms or the positioning legs.

B. Payload Bay Structure

The payload bay is assumed to be a simple structure used
to house the payload segments before they are deployed
and assembled. For a large number of truss segments (>20)
this can lead to a tall payload bay. Mounting points for
the dexterous arms and positioning legs are relative to the
bottom of the payload bay, therefore, an increase in height
does not change the total length of the manipulators. The
dexterous arms are not sized to reach all the way into
this enclosed environment. It is assumed that there is an
internal mechanism used to ensure the next un-deployed truss
segment is always at the bottom of the payload bay ready
for the dexterous arms.

C. Manipulator Sizing Estimation
Each of the dexterous arms and the positioning leg(s) are

3DOF planar revolute manipulators. This will allow each
manipulator to have full range of motion in this planar
simulation. Each manipulator has two main links and a small
tool tip. The third link, which is significantly smaller to allow
for finer motions, allows the tool tip angle to be specified
as part of the assembly task definition. As the pairs of
manipulators work together, e.g. moving the payload bay
or a payload segment into place, it is assumed the force
is divided evenly among the paired manipulators. Evenly
dividing the forces and moments is effective here because of
to the symmetrical nature of this example and the trajectories
chosen.

1) Total Length: Each of the robot systems use the same
dexterous arms for handling of the individual truss segments.
The total length of the dexterous manipulators are based
primarily on the distance between the payload bay and the
truss, which is set at twice the truss height to ensure there
is room to deploy and maneuver each truss segment. The
truss height is calculated based on the required stiffness for
the final structure and does not change based on the robot
system or the number of segments.

The number and the length of each individual truss seg-
ment is inversely proportionally to maintain a final completed
truss length of 20m. In both robotic systems, the positioning
leg(s) center the payload bay over the final position for the
soon to be placed truss segment. Equation 3 shows that the
total lengths of the positioning leg(s) depend on the type of
robot, the truss segment length, Plength, the number of truss
segments, N, and the payload height, Pheight . Cleg is a sizing
coefficient to ensure the positioning legs are not at the edge
of their workspace. This value was calculated for each truss
segment length to ensure the manipulator was able to reach
the goal while still keeping the overall total length short.
Cleg typically range from .9-1 for the stationary robot and
1.25-1.5 for the crawling system.

For a crawling robot, the positioning legs will become
significantly shorter as the number of truss segments in-
creases. However, for the stationary case the length of the
positioning leg will increase as the number of segments
increase. It should be noted that no packaging requirements
were considered and no restrictions were placed on ensuring
the individual link lengths were within any bounds of launch
vehicles. As the manipulators lengths increase it may be
necessary to add additional joints to ensure it fits within a
launch vehicle.

LLegstationary = (Plength(N−1)+PHeight)CLeg

LLegcrawling = (Plength +PHeight)CLeg
(3)

2) Robot Dynamics: The joint angles, velocities, and ac-
celerations are calculated for each of the manipulators based
on the trajectories of the payload bay, truss segment, and
the positioning leg mounting points. Using this information,
the joint torques can then be calculated based on the force
applied by each end-effector, see equation 4. Here, F is the
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manipulator’s dynamics expressed in Cartesian space where
J is the Jacobian at specific joint angles θ , Mx is the mass
matrix, Vx is the centrifugal and Coriolis terms, and Gx is
the gravitational terms. The gravitational terms are zero due
to the system only being designed to operate in space.

F = Mx(θ)Ẍ +Vx(θ , θ̇)+Gx(θ) (4)

The dexterous arms must produce the force required
to move each payload truss segment through its desired
trajectory; in this case, being lowered down from the payload
bay and into place. This required force is evenly divided
between the dexterous manipulators. During the dexterous
arms’ movement, the positioning leg(s) remain stationary and
react the force to ensure the payload bay remains in place.

The force required to move the payload bay includes
the mass of the dexterous manipulators and the remaining
number of payload segments. During the dexterous arms’
movements, the positioning leg(s) remain stationary in order
to react the forces. In the case of the crawling system, when
one leg is moving the other is stationary and reacts the forces
to the payload truss. The design force for the positioning
leg(s) depends on all of the these forces.

3) Robot Mass Estimation: In order to more accurately
model the dynamics and the joint torques, the mass of
each manipulator must be accounted for. The mass of the
manipulators the summation of the estimated motor mass,
the harmonic mass, and the structural mass.

The motor mass is found using the following mass es-
timation relations which uses the joint torque, T, and the
joint speed, S in krpm, see equation 5. These equations are
described in detail in [13]. They were found using heuristics
taken from over 100 high-end DC brushless motors. The
speed-torque curves for each motor was analyzed in order to
determine the relationship between speed, torque, and mass.
All masses are calculated in kilograms.

MotorMass=

{
0.0676+1.3788T +0.0010S |T |<3.17Nm
2.5067+0.6071T −0.2796S |T |> 3.17Nm

(5)
Each motor is geared using harmonic gearing, which are

often used in space robotics due to their compact size, light
weight, and high gear ratio. This heuristic equation was
found using data from multiple harmonic gears with ratios
from 80:1 to 160:1. The mass of the harmonic gearing system
is found in equation 6.

HarmonicMass = 0.0078T (6)

The structural mass is calculated by treating the manipu-
lator as if it were a stepped cantilever beam subject a force
and a torque at the end. Each link is sized to minimize the
robot mass while ensuring that all buckling, material, and
maximum deflection constraints are met. Here, the buckling
and the allowed maximum deflection drive the size of each
link. See [13] for more detail on the manipulator mass
estimation.

IV. SIMULATION OVERVIEW

A simulation, written in MatLAB using Peter Corke’s
Robotics Toolbox [5], is used to compare the two robotic
systems. Figure 4 shows the major components of the
simulation. The colored boxes indicate where an internal
optimization function is used, for example optimizing the
inner and outer diameter of each manipulator link while
working to minimize the mass.

Fig. 4. Simulation Flow Diagram

Three metrics are used to compare the two robotic sys-
tems: the total mass of the systems, the time to complete the
structure, and the required mechanical energy.

A. Mass Estimation

The total mass of the system includes the payload truss
segments and the payload bay. It is assumed that the payload
truss segments start in a non-deployed state so that all
the segments can fit within the payload bay before being
released. The payload bay length is assumed to be 10%
bigger than that of a single payload segment, and the height
is sized assuming each payload segment can collapse to 1/10
of its height.

B. Power Estimation

Power requirements can be a limiting factor for many
space systems. The mechanical output power needed to move
each robot is estimated, see equation 7. P is the mechanical
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output power for a single joint, q̇ is the joint velocity, and
τ is the joint torque. Mechanical output power is not the
only power needed, power for the computers and sensors is
also required. It is assumed that the power required for these
additional components is the same for both systems and are
not included in this simulation.

P = q̇τ (7)

C. Time Estimation

The total time is how long it takes to assemble the
truss and then return to the original starting position. The
maximum allowable accelerations for the payload bay and
each payload segment are defined as the same for both the
crawling and stationary systems. Under these assumptions,
the crawling robot will always take more time because it
must also move the positioning legs. Therefore, if time
the complete the task is the driving requirement, then the
stationary system is preferred.

V. RESULTS

A. Externally Constrained Payload Segment

This first case looks at when an external constraint, such
as launch loads or ground-based testing, is the driving design
requirement for sizing the structural members of the payload
truss segments. The outer and inner diameter of the truss
segments are 0.25m and 0.2m, respectively, for all cases.
Increasing the number of segments will reduce the individual
segments length and mass, but the final assembled truss
design will remain the same. There is a small 5% mass
penalty for additional segments, in order to account for the
connection points, joints, and mechanisms need to attach
each segment to the main truss.

Fig. 5. Mass of stationary robotic system with payload structure sized by
external loads and constraints

Figure 5 shows the results for a stationary robotic system
as it constructs the final truss. Increasing the number of

segments leads to a lighter weight stationary robot, however,
there is a diminishing return as the number of segments
increase.

The dexterous arms are sized to move individual payload
segments and the trajectory for each payload remains the
same regardless of the payload length. Decreasing the mass
of each segment directly decreases the forces on the dexter-
ous arms, reducing the actuator and structural mass.

The positioning leg moves the payload bay into place
and, as the number of segments increases, it must increase
in length in order to place the last segment. The mass
being handled at the furthest point is reduced which reduces
the load on the positioning leg. Increasing the length but
reducing the design loads makes it difficult to conclude how
changing the number of truss segments will affect the overall
mass of the positioning leg. In this example, increasing
the number of segments results in a small decrease in the
positioning leg mass.

Fig. 6. Mass of crawling robotic system with payload structure sized by
external loads and constraints

Figure 6 shows the results of the crawling robotic sys-
tem assembling the same structure. The total payload mass
increases exactly the same as in the previous case; thus
the dexterous arms are the same for both the crawling and
stationary robotic systems. The mass for the two positioning
legs decrease as the number of segments increases. This is
due to a reduction in leg length and in payload segment mass.
This shorter length results in a much lower structural mass
for each positioning leg.

Figure 7 compares the stationary and crawling robots as
they assemble a truss with a predefined structural design.
Both the stationary and crawling robot saw a decrease in
mass as the number of segments increased. Though each
robot system saw a large mass saving, the mass for the
additional attachment mechanisms on the payload is more
significant and, as a result, the entire system mass increases.
This case emphasizes the need that the system be viewed
as a whole and that focusing only on the robot does not
necessarily result in a minimum mass system. The payload
truss segments and the robot must be designed together.
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Fig. 7. Comparison between stationary and crawling systems for predefined
payload structure

B. Payload Segment Dictated by Assembly Loads

One of the benefits of ISA is that the final constructed
structure does not have to be assembled on Earth and that,
ideally, the design forces come from assembly and usage in
space rather than from Earth-bound requirements. This next
case looks at sizing the payload truss based on the in-space
assembly forces rather than a previously chosen design point.
The truss must be able to survive the assembly process: the
maximum force/moment which occur as the last truss piece
is added to the assembly. The payload truss is treated as a
cantilever beam with forces and moments acting on the end,
this is due to the maximum acceleration of the final payload
segment.

Figure 8 shows the mass for the stationary robot and the
truss payload when the truss is sized based on the in-space
assembly forces. Figure 9 shows the results for the crawling
robot when the assembly loads are the design forces for the
payload truss. The payload truss here has the same mass as
the stationary case because the truss is sized based on the
same assembly forces.

Results show that stationary robot always has the greater
mass of the two robotic systems except when the structure
is only made of two pieces, see Figure 10. When the truss
is made of only two segments, the stationary manipulator
system is the more mass effective system. The crawling robot
is sized to walk across each truss only grasping the corners.
As such, for a two segment truss, the use of a crawling robot
is not effective.

As the number of truss segments increase past two, the
crawling robot always has a lower mass than the stationary
robotic system. The two positioning legs in the crawling
system are significantly smaller than the single positioning
leg in the stationary system. However, mass is not the only
metric that should be considered. Figure 11 shows that the
time to complete the assembly is significantly higher for
the crawling system, though the power required a less. As
expected, the time to assembly the structure increases for
both robotic systems as the number of segments increases.

Fig. 8. Mass of stationary robot system with payload truss sizing
determined by the assembly forces

Fig. 9. Mass of crawling robot system with payload truss sizing determined
by the assembly forces

C. Payload Segment Dictated by Large Crawling Forces

Assembly forces (forces on the truss resulting from assem-
bling the last truss piece) are not always the driving design
forces.

In addition to these forces, the truss in a crawling system
must also be capable of reacting the forces from the position-
ing legs. These forces are from moving the payload bay and
from holding the payload bay steady as the dexterous arms
move individual pieces into place. Increasing the acceleration
of the payload bay or the positioning legs will increase the
forces the positioning legs will react to the truss. If not
limited, these forces can easily exceed the previously used
assembly forces thus, driving the design. The payload truss
design for a crawling system and a stationary system are
not guaranteed to be the same; a difference which may not
be insignificant. As seen in previous results, the difference
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Fig. 10. Comparison between stationary and crawling systems when
payload structure is sized based on the assembly force. Bottom graph is
zoomed in to better show the robotic mass difference.

Fig. 11. Time (s) and mechanical power (Ws) when payload structure is
sized based on the assembly force

between the stationary and crawling robots is on the order of
100kg and this difference is a very small fraction of the total
system mass. A small increase in the mass of each payload
segment can quickly result in the stationary system having
the lower total mass, see Figure 12. As the number of truss
segments increases, the crawling system has a lower robot
mass though the stationary system has a lower system mass.

VI. FUTURE WORK

This study focuses on planar 3-DOF manipulators. Future
work includes extending this study beyond the planar case
to include full 6-DOF. As the simulation extends beyond the
planar case, the symmetry between the manipulators is not
guaranteed. The force distribution among the manipulators
would need to be studied. Evenly dividing the forces works
when the case is symmetric, as it was in this study, but
relaxing that requirement would allow for more complex and
optimized force distribution schemes.

The current simulation assumes the truss is being built
from a unmoving truss base. This assumption holds for
trusses being built off of very large bases, e.g. a solar panel
truss on the ISS. For a stand-alone structure, like a space
telescope, the truss base will not be significantly larger than

Fig. 12. Comparison between stationary and crawling systems when forces
on the payload truss due to crawling exceed the assembly forces

the truss itself. In that case, the truss base itself needs to
react the forces in-order to remain steady, which can be a
requirement if the truss base contains the communication and
power system.

Future ISA structures will have a large variety of lengths,
based on science requirements. Here, a 20m long truss
was shown in order to determine a method for comparing
different robotic systems. Future work will include changing
this total truss length to study how the total length of the truss
also affects the assembly process and the robotic designs.
Smaller truss systems, where the robot mass contributes
significantly to the mass of the system, will be more driven
by the robot design whereas larger systems, e.g. 100m
diameter structure, will be driven by the structural design.

VII. CONCLUSION

This study compares crawling and stationary robotic sys-
tems as they assemble the same payload, a 20m long truss.
The number of segments are varied and the systems are
compared based on the mass, energy, and time it took to
complete the truss. In all cases, the majority of the total
system mass is from the payload truss mass. The robot mass
represent only a small fraction of the total system mass.

Overall, the mass of each robot system decreases as the
number of segments increases, though the delta mass savings
decreases after a couple truss segments. As the number of
segments increase, the individual segment mass decreases;
resulting in a smaller mass for the dexterous arms and the
positioning leg(s) to handle. In the case of the crawling
robot, the length of the positioning legs greatly decreases,
this further reduces the total robot mass.

The overall total system mass depends on the forces the
robot applies to the payload truss. Forces from the robot
crawling along truss can have a significant impact and can
drive the payload mass. In such a case, though a crawling
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robot may be less massive than a stationary system, the total
system mass for the crawling system could be higher if care
is not taken.

In-space assembly can be done by either a stationary
robotic system or a crawling robotic system. The payload
design and the robotic system both depend on each other
and they should be designed together as a complete system
rather than individual pieces.
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