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Abstract

While the advent of small satellites such as CubeSats have allowed for space to be-
come quicker and easier to access, the turn-around time is still insufficient for rapid
deployment. Example situations are replacing nodes in large constellations, time-
sensitive science experiments, or disaster relief imaging. A solution can be found in
on-orbit assembly. By flat packing a large quantity of snap-fit compatible boards for
a plurality of CubeSats and assembling them on-orbit, time from conception to oper-
ation can be significantly lowered. Crucial to on-orbit robotic assembly is the design
of the satellite. Traditional CubeSats, with rails, precise pin connectors, dense head-
ers, and small wires, are difficult to assemble for all but the most advanced robots.
Instead, this thesis discusses the design and testing of custom-made structures for
assembly by a Cartesian robot with an electromagnetic end effector. These struc-
tural designs need to ensure consistent, repeatable, and safe assembly of satellites,
both on the ground and on orbit. The requirements for such a system are examined
with a Systems Theoretic Process Analysis, or STPA. Additionally, different types of
compliant design features, such as sliding latches and chamfer overhangs, have their
performance analyzed by performing repeated insertion tests. It is found that, with
compliant designs, a Cartesian robot can assemble the designed structure of eight
boards and four rails in approximately four minutes.
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Chapter 1

Introduction

1.1 Motivation for On-Orbit Assembly

The accessibility of space has increased greatly in recent years with the advent of
CubeSat ridesharing programs, allowing more satellites than ever to get into orbit.
Yearly launches have been as many as 297 in 2017, and hundreds more have been
announced for upcoming years [18]. With this ease of access also comes the possibility
for individual organizations to launch greater numbers of satellites in inter-working
constellations, such as those by Planet and SpaceX. Constellations greatly increase
the amount of work that can be done in the lifespan of a low Earth orbit satellite,
both by spatially having increased ground coverage for Earth observation or other
services, as well as being able to utilize cross-link communications to optimize the
quantity of data returned to the ground. Storms could be better monitored, air traffic
control could be improved, and internet could be provided to remote locations; all
available with more ease and speed than ever before. CubeSats are the next step in
an ever-evolving industry of smaller, faster, and better satellites, but this rapid-but-
not-instant turnover offers several problems.

CubeSats are not highly reliable. Although learned best practices and flight her-
itage have increased the rate of CubeSat success from their introduction, many still
fail; as of 2018, 21% of CubeSats suffered on-orbit failure, and 12% had launch failures

[37]. These failures range in source, from antennas not deploying, to malfunctioning
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boards, to radiation to on-orbit conjunctions. As launches move to hundreds or
thousands of co-working small satellites, this problem is only exacerbated, as many
constellation missions rely on most nodes being functional for full efficiency of mission.
When a node fails, in the best scenario, the constellation has limited functionality,
with increased data latency and/or decreased data volume. In the worst case, the
mission ends. Replacement of broken nodes takes months of testing and approval,
even if that exact CubeSat design has already been launched, and waiting for a launch
opportunity that coincides with the desired orbit. The current “solution” to this prob-
lem is simply to launch more satellites in the initial release, as this redundancy can

help the mission continue even if individual nodes go down.

Launching replacement satellites is infeasible for several reasons. First and fore-
most: cost. Smaller constellations of less than ten satellites often cannot afford to
send up redundant nodes, both for the cost of the satellite itself and for the launch
opportunity. Without owning a fleet of rockets, launching more than one satellite,
and to that point, hundreds or thousands, to achieve the desired robustness to satel-
lite failure is incredibly costly. Companies such as Iridium and OneWeb have entered

bankruptcy trying to deploy their proposed constellations.

Even if money is not an issue, giant constellations for the sake of redundancies
bring dangers to the sustainability of Earth orbit. Taking Starlink as an example: as
of November 2020 Starlink has launched 895 satellites and experienced approximately
2.5% failure |20], or approximately 22 satellites. This amount is not a crisis on its
own, but as Starlink plans to continue to expand to over 40,000 satellites, and at that
level of failure, 1,000 satellites can cause conjunctions, orbital debris, and a congested

orbit.

All these factors combined creates the need to get satellites of a known design to
their required orbit faster, such that constellations can be smaller and more efficient.
An opportunity arises in on-orbit manufacturing and assembly. By building CubeSats
on-orbit, the time consuming test and launch steps can be skipped entirely, allowing
for a faster concept to space timeline. It also means that the satellites don’t need

to be designed to survive the launch environment, which allows them to be less
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Figure 1-1: A model of the proposed locker. A Cartesian robot assembles parts into
CubeSats, after which they are ejected into orbit (not shown). The parts are flat-
packed to allow for maximum volume of CubeSats able to be constructed. They
are delivered to the assembly area via a secondary robot grabber (not shown) and a
timing belt. (Mary Dahl, MIT, Rev 2, January 2022)

robust and more lightweight, opening up the design space for structures and payloads.
Constellations could be fully assembled and deployed directly into their orbital slots
by the construction unit, reducing the need for propulsion systems on the satellites
themselves. If a node in a constellation goes down, the on-orbit “factory” could
construct and deploy a replacement node.

A potential version of this system could be an orbital robotic assembly system. A
“locker” of modular CubeSat parts would be stored and, on command, a robot would
assemble them into CubeSats of different configurations. A concept sketch of this
system can be seen in Figure 1-1. This CubeSat locker could be located in several
different orbits and self-propel as necessary to deliver CubeSats into any orbit, all
without needing another rocket launch.

A locker like this naturally brings to mind a simpler solution of storing pre-made

constellation nodes on orbit and deploying them as necessary as replacement nodes.
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There are several benefits to the flexibility a robotic construction system provides.
First, flat packing satellite parts allows for more total satellites to be deployed, even
taking into account the volume the robot takes up [34]. It also allows for the locker to
perform a secondary mission of assembling simple CubeSats on command. All boards
on the locker would be compatible with each other, so, utilizing a simple payload
such as a camera or an Al board, a custom CubeSat could be constructed for an on-
demand satellite missions. This could be utilized for any number of purposes, such
as rapid imaging responses to natural disasters or for performing technology tests for
educational purposes.

To perform on-orbit satellite construction, four key areas must be explored: robot
programming, modular structure design, locker system design, and operation sched-
ule and optimization. Previous and ongoing work is examining different aspects of
programming, structural designs, and operations [34] [35] [36], but an in-depth anal-
ysis of a modular structure design is still necessary. A 3D printed, custom CubeSat
structure that can be assembled in different configurations for different types of mis-
sions would provide the flexibility for balancing both goals of replacing constellation

nodes and rapid, simple satellite deployment for this work.

1.2 Background

There has been much work in the fields of both on-orbit manufacturing and in in-
novative, 3D printed CubeSat structures. Combining these two fields is the crux of
the work in this thesis. A structure that is designed at the same time as the robot
system offers several key benefits to performing robotic assembly; chiefly, by allowing
it to be adjusted to the needs of the robot and vice versa. Because the assembly
is entirely autonomous and performed by a relatively low-cost robot, the structure
needs to be able to be consistently put together under supervised conditions. The
main strategy employed in the design of the structure is using compliance, or features
that force alignment and connection. This allows for an amount of imprecision and

uncertainties in position and placement to be adjusted for.
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1.2.1 Robotic On-Orbit Manufacturing and Repair

On-orbit manufacturing has already begun in space from many companies. One of the
earliest examples is Made in Space, who sent the first 3D printer into space in 2014
[38], and is now working on a project known as Archinaut, a robotic manufacturing
and assembly system to aid in in-space construction of large objects [26]. Momentus
Space has been a pioneer in in-space orbit delivery, developing Vigoride, a “charter”
service to deliver satellites to specific orbits, then be available to refuel, reposition,
repair, and de-orbit them as needed [21]. DARPA has also developed multiple on-
orbit servicing projects, such as Phoenix [27], Robotic Servicing of Geosynchronous
Satellites (RSGS) [31], and the Consortium for Execution of Rendezvous and Servicing
Operations (CONFERS) program [9], all focused around service and maintenance of

on-orbit satellites with robotic arms.

A report by IDA [5] emphasizes two benefits that on-orbit manufacturing gives
to the space industry: building larger and building less rigidly. While this work does
not look to building larger, it certainly takes advantage of the lower rigidity that is
available by not needing to survive launch fully constructed. Launch loads, vibrations,
and shocks are by far the greatest stresses that are put on a CubeSat. By skipping

those, the CubeSat can be designed much simpler, allowing for ease of construction.

There have also been several proposals and discussions around smaller-scale on-
orbit manufacturing and repair, such as a CubeSat spacecraft for telerobotic surgery,
utilizing similar technology as Phoenix [25], a small swarm of CubeSats outfitted
with robot arms to construct a larger satellite [14], or a 3U satellite with robot arms,

designed to perform construction onboard the International Space Station (ISS) [16].

This project enters this space in different and important ways. First, this is the
only project that strives to construct small satellites on orbit. Second, many of these
on-orbit repair missions rely on using robots that are robust to a number of different
satellite configurations for those they are repairing. By instead developing a CubeSat
structure in conjunction with the robot, we remove many difficulties of needing to

adapt to unknown or poorly compatible systems.
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1.2.2 3D Printing on Satellites

Made in Space’s 3D printer is not the only 3D printed material that has been to space;
many satellites have been designed to utilize the technology. Actively 3D printing on
orbit, such as the work done by Made in Space, or proposals for building projects in
space, such as a parabolic reflector [40], is not the focus of this work, as the locker is
designed to house structures pre-fabricated. More detail on the reasons behind this
decision can be seen in Chapter 2.

There are many satellites that have been designed to be partially or entirely 3D
printed. Omne of the earliest was RAMPART (Rapidprototyped MEMS Propulsion
And Radiation Test), a 2U CubeSat whose main body and solar panel were 3D
printed [22], although it never launched. Its direct descendent was PrintSat [§], a
1U satellite whose structure was fully 3D printed and plated in nickel. PrintSat
unfortunately also never made it to orbit, as it was lost in launch failure [30]. The
same people behind PrintSat also made KySat-2 [8], a 1U satellite that was launched
in 2013. KySat-2 had multiple 3D printed parts on it, specifically the imaging system
mounting. Another satellite was Tomsk-TPU-120 in 2016, a Russian satellite whose
body was 3D printed. It was launched by hand from the ISS [11].

Although these all leveraged additive manufacturing, none of them had designs
that would be impossible to construct out of other materials; most were simply tech-
nology demonstrations. A more unique example is MakerSat [15], a 1U CubeSat that
was designed to be snapped together by an astronaut on the ISS after 3D printing
the rails for it. This design could almost certainly only be made with 3D printing.
Another unique structure design that was developed is called SnapSats, [32] which in-
tegrate electronics directly into the CubeSat boards. These boards are then snapped

together by hand.

1.2.3 Compliant Design for Robotic Assembly

The main strategy that will be employed for the structure assembly are compliant

design techniques. Compliant features are flexible mechanisms that deform elastically
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to ease assembly of parts by guiding things into the proper position. Compliant design
allows for us to simplify our robot and algorithms, as they increase the number of
acceptable insertion configurations. These compliant features can be used both on
the robot and on the parts being assembled.

A commonly found feature for a robot is a remote center of compliance [12], a
device which causes parts being inserted into holes to slide and rotate into proper ori-
entation when they experience external moments from improper placement. Another
compliant feature is the ability for a gripper holding a part to slide. An example of
this is if a robot is attempting to place an item in a precise location. If a wall is
placed to form a corner, the robot should be able to push the item against it with-
out dropping it, ensuring it is in the right location without needing extremely high
precision.

On the structure, a compliant feature could be something like a button that only
goes into a hole in one orientation or a latch that snaps around a part to hold it in
place. Compliant design features heavily in the custom structure. These features are
integral in creating a structure that is robust to minor flaws in alignment to ensure

consistent, repeatable assembly.

1.3 Thesis Objectives and Organization

In this work, we analyze the set up for a Cartesian robot and custom structure, the

testing, and the repeatability of assembly. We seek to:

Determine the requirements for safe assembly

Design a CubeSat structure that can be assembled by a robot

Assess the time it takes the robot to assemble a full CubeSat

Assess the reliability and repeatability of assembling the structure

With the success of this work in developing the CubeSat structure, a functional

satellite can be assembled with a robot, a key step to assembly and deployment of
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multiple variants of CubeSats on orbit. This thesis begins by detailing the require-
ments and design of the CubeSat structure (Chapter 2), then determining the safety
requirements by performing a STPA (Chapter 3). The test procedure is then detailed
(Chapter 4), the results are presented and discussed (Chapter 5), and final conclusions
are made (Chapter 6).
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Chapter 2

Approach

In this chapter, the approach for designing the structure and programming the robot is
discussed. The requirements for the structure are created, and the resulting structure
design is presented. The structure design considers different 3D printing materials
and compliant design features. It is designed considering the expected forces during
construction. Next, the robot test set up is presented, including the hardware and

software utilized.

2.1 Structure

2.1.1 Design Requirements

CubeSat assembly on orbit requires structures that ensure compatibility with the
robot and the low gravity environment. Requirements are developed for the CubeSat
structure, listed and discussed in Table 2.1. The strategy is to consider the minimum
capabilities of a robot to perform assembly, and modify requirements as necessary

once the robot specifications matured.
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Table 2.1: Requirements for the CubeSat structure and given rationales.

Requirement

Rationale

1. The structure shall be able to be
manipulated by the robot. It shall
be compatible with both a finger grip-
per and an electromagnetic gripper.
The finger gripper requires a maxi-
mum part size of 4 cm, and the elec-
tromagnet requires a magnetic target
on each part surface.

In development, it was not clear
whether a finger gripper or a electro-
magnetic gripper would yield better
results. It was determined that the
structure should be compatible with
both for comparative testing.

2. The structure shall be able to be
assembled without fasteners such as
screws or springs. It shall not have
wires to be manually connected using
the end effector.

It is certainly not unreasonable for a
robot to install screws using compliant
design [24| and with Cartesian robots
[29]. However, the low gravity environ-
ment on orbit introduces several fac-
tors of risk that makes use of small fas-
teners undesirable. Losing a screw in
the locker creates foreign object debris
(FOD), which may cascade to failures
later in assembly. It also would require
more parts to be stored in the locker.

3. The success for the robotic assem-
bly of each part shall have a signifi-
cance level of 0.05 (5%) during the pro-
totype phase.

The success of the robot to repeatedly
perform assembly is crucial to becom-
ing fully autonomous. During the pro-
totype phase, where there is no feed-
back from cameras, it was determined
a significance level, or the probabil-
ity of it being random chance that the
robot is succeeding at assembly, of 5%
would be sufficient to be confident of
continued performance with this de-
sign. If a structure failed to meet this
criteria, it underwent redesign.

4. The robot shall be able to assemble
the CubeSat without the aid of com-
puter vision algorithms.

This requirement comes from the de-
sire to make the assembly procedure
robust once it is fully autonomous. Al-
though computer vision will be neces-
sary for closed loop control and verifi-
cation, the robot should be capable of
assembling a CubeSat without it.
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5. The CubeSat structure shall be
compatible with commercially avail-
able CubeSat boards.

One use-case for this project is to be
able to have backup CubeSats on or-
bit for constellations. These constella-
tions likely use boards that are of sim-
ilar size to commercial ones.

6. The CubeSat structure shall be able
to hold at least 6 boards.

A typical 1U CubeSat has 6 boards
(command and data handling, elec-
tronic power system, batteries, com-
munications, ADCS, payload)

7. Assembling the CubeSat structure
shall automatically mate all electron-
ics, including boards and solar panels.
Doing so will not power the satellite.
The structure shall have a mechanism
to allow power to flow after assembly
is completed.

The amount of precision required to
attach wires from one board to another
exceeds the abilities of the Cartesian
robot. Power flowing through a par-
tially assembled satellite is likely to
cause electrical damage the boards.

8. Any hole where a peg must be in-
serted shall either have a radius 1.5
mm greater than the radius of the peg
or it shall have a minimum of a 1.5 mm
chamfer on all sides.

Through empirical testing, it was de-
termined the highest minimum deflec-
tion of the Cartesian robot axes was
the X axis with a deflection of 0.15
mm. A safety factor of 10 was placed
on this based on initial testing results.

One notable exclusion to these requirements is for the constructed CubeSats to
follow the Cal Poly CubeSat standard [10]. Because we are not planning on using
P-POD launchers or going through rideshare programs, it was deemed unnecessary;
the deployment system on the locker will be customized to match the needs of the
structure and the locker itself. The final 1U CubeSat exceeds the standard by its
outer dimensions, being larger by approximately 20 mm on each side. It is feasible to
scale down the structure if a traditional deployer is necessary, although it would also

need to be reformulated to survive launch loads fully constructed.

2.1.2 Materials and Method

In order for the structure to be constructed without fasteners, it must be able to

mate with itself as it is being put together. Features that could allow this include
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magnets, latches, and slots. Latches and slots, which require pliable material, make
the use of 3D printing attractive. 3D printed material also offers many advantages over
materials such as machined aluminum. First, it allows flexibility in the prototyping
phase. Rapid prototyping allows for fast and efficient redesigns as problems arise.
Second, it is less expensive than machined aluminum parts, supporting the low cost

goals of the project.

There are various types of 3D printing, each of which results in different material
properties. Fused filament fabrication (FFF) involves material being extruded and
deposited in layers to create a solid. FFF printers have been used in space, such
as on the ISS [4], using materials such as acrylonitrile butadiene styrene (ABS),
polyphenylsulfone (PPSF), polycarbonate (PC), Ultem 9085 [38], and polylactic acid
(PLA) [23]. The other type of 3D printing considered is selective laser sintering (SLS).

SLS printers use a laser to sinter polymer powder into a solid.

In order to use a material on orbit, it needs to adhere to outgassing standards set
by NASA and other space agencies to ensure the safety of electronics and lenses from
captured gases inside structures. Material properties databases exist on both NASA
[3] and the ESA websites [1]. Although many 3D printed materials have successfully
used on orbit, outgassing is still a major concern. When FFF parts are constructed
on Earth, it is possible for gases to become trapped in between layers [13]| and cause
the parts to fail. (As a note, FFF done on orbit or in a vacuum does not have this

same issue, as there are no gases to become trapped.)

Several materials were examined for use with this project, looking at their struc-
tural strength, outgassing properties, and use on previous missions. The material

trade study can be found in Table 2.2.
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Table 2.2: Trade study between 3D printed materials, including structural properties,
outgassing properties, and prior use on orbit

Material Tensile Modulus | Tensile Strength | Outgassing Precedent Manufacturing

[MPA] [MPA] Technique
Acrylonitrile Bu- | 1681 33.9 Mixed — results | MakerSat [15]', | FFF
tadiene Styrene of failure [13] | Plastic CubeSat
(ABS) and passing [28] | [28]
Polyetherether- | 3738 99.9 Passes ESA  CubeSats | FFF
ketone (PEEK) 6]
Polyamide 12 | 1700 45 Unknown?, but | Tomsk-TPU-120 | FFF
(PA12/Nylon there is prece- | [11]
12) dent for its use

on orbit

Polylactic  Acid | 2200 50.8 Passes [3] None FFF
(PLA)
ULTEM 9085 | 2200 72 Passes [33] COSMIC-2 [2] | FFF
Windform  XT | 8928.2 83.84 Passes [39) PrintSat, SLS
2.0 KySat2 (8]

Ultimately, it was decided to use ULTEM 9085 for the final satellite and PLA for
prototyping. The best precedent for use on orbit can be found in ULTEM 9085 and
in Windform XT 2.0. ULTEM 9085 was more attractive for this process due to its
lower stiffness, allowing for a structure designed to bend and not break. ULTEM 9085
also has similar structural properties to PLA, which is easier to obtain and prototype

with. All testing was done with PLA structures with 30% infill.

'The failure of ABS is from constructing the parts outside of vacuum and putting them in vacuum.

MakerSat was 3D printed in a vacuum and thus does not have the same issue.

2While Nylon is in the NASA outgassing database as passing requirements, it does not specify if

it is 3D printed. It is unlikely, as the other 3D printed materials in the database are marked.
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Figure 2-1: The design of two early satellite designs. They were both ultimately
rejected because of their incompatibility with the robot. Revision 1 (left) utilized a
spring-loaded rail system that was too small for the robot to actuate. Additionally, the
"foot" at the base of the rails that held them in place would have to be prohibitively
large to function properly. Revision 2 (right) utilized one-way buttons that were often
too difficult for the robot to press together and were unreliable when assembled.

2.1.3 Rejected Prototypes

The structure went through several prototyping phases over the course of the project,
each attempting different compliant designs. Because of 3D printing, these structures
could be constructed quickly, tested, and redesigned as necessary. The two most
developed ones prior to the design utilized in this thesis are shown in Figure 2-1. Both
were ultimately rejected, either due to incompatibility with the robot or inconsistent

performance in holding itself together.

2.1.4 Current Structure Design

The current structure, Revision 3, followed the principles set out by the requirements
and the materials. The general design of the satellite is to have stacked layers of

boards that are attached with cantilevered latches that can only be inserted one way.

Design

The Revision 3 CubeSat mockup is shown in Figure 2-2, both with and without solar

panels. The structure is constructed via the method shown in Figure 2-4.
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Figure 2-2: The design of the custom satellite structure. On left, there is the satellite
with the solar panels installed. On right, there is the satellite without panels. The
key parts are the bases (orange), the rails (purple), the board adaptors (grey) and
the solar panels (yellow). Dimensions are in mm.

There are five main parts to the structure: bases (orange), rails (purple), board
adaptors (grey), and solar panels (yellow). Within these, the bases have two types
(the bottom and the top), and the adaptors have three types (normal, extended, and

panel interface). Each part will be discussed individually and as a whole.

Holistically, the structure is capable of assembly by both an electromagnetic grip-
per and a finger gripper. Each part is placed top-down in this design, so an elec-
tromagnet on the end of the Z-axis can place each part without need for additional
degrees of freedom. A finger gripper can hold each part and place them as necessary

as well.

There are six adaptor boards, whose design can be found in Figure 2-3. There
are no external fasteners holding them together. As seen in step three of Figure 2-4,
each adaptor has a cantilever latch. The cantilevers slide over an outcropping in the
lower board, and snap underneath it to secure the part in place. There is a cantilever
and snap on each corner. A detailed view of these latches can be found in Figure 2-5.

The calculations that were done to determine the dimensions of these latches can be
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Figure 2-3: The adaptor boards, viewed from top and bottom. The corners mate
into each other, allowing for the cantilever to slide over the outcropping. There is an
indent shown in this diagram for the magnetic adaptor. All units in mm.

found in Subsection 2.1.4.

The adaptors additionally have rectangular holes to allow for electronic pass
through. Each electronic CubeSat board will be modified or designed to use spring-
loaded pogo pin connectors, which allow for electric connection when they come into
contact. An example of pogo pins in action are shown in Figure 2-6.

There are two other variants on the adaptor board. One is shown at the top of
the right image in Figure 2-2. There are small outcroppings on the top of this board
that have electronic connectors on them. When the solar panels are inserted, they
automatically plug into these connectors. The other variant on the adaptor board is
one that is twice as tall, and internal height of 30 mm rather than 15 mm, used for
taller CubeSat boards. It is otherwise identical.

The bottom and the top bases have similar designs to each other; the bottom is
shown in Figure 2-7. The bottom contains holes in each corner of the same design

as the adaptors, to allow for mating. There are chamfers on all sides of these holes.
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Figure 2-4: The six steps to performing assembly of the custom structure. Not
pictured are the magnetic targets on each part.

Figure 2-5: A detailed view of the latches in their mated position. The latch slides
around the outcropping on the adaptor below to mate.
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Figure 2-6: A demonstration of prototype boards with pogo pin connectors. These
allow for contact transfer of current and data, eliminating the need for small wire
connections or precise pin connections.

The top has cantilever latches in the same locations. Both of these bases also contain
slots for each of the four rails, with similar chamfers and slots for solar panels.

The rails are shown in Figure 2-8. They slot into the base and top and are held in
with friction from the top and bottom. They have outcroppings on each side to hold
the solar panels in place. There are slight chamfers on the top of the rails to allow

for the solar panels to slide in.

Structural Analysis

In order to size the cantilevered latches, a basic structural analysis was done. To first
solve for the force that the overhang in the cantilever latch experiences when it is
pushed over the outcropping, which has a designed deflection of 0.75 mm, Equation

2.1 is used.

PL3
5=

== (2.1)

Where 0 is the deflection, P is the force applied, L is the length of the cantilever, E

is the Young’s Modulus (same for both ULTEM and PLA), and I is the moment of
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Figure 2-7: The bottom base, which has holes for the adaptors to mate to, slots for
the rails, and slots for the solar panels. The top (not pictured) is the same, except it

has latches instead of holes.

Figure 2-8: One of four rails for a CubeSat. It mates into the base and top by friction,
and it has slots for the solar panels to slide into.
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inertia.
Next, the bending stress was calculated using Equation 2.2.
Mc

Op = T (22)

Where M is the maximum moment (equal to PL), ¢ is the half-side length, and I is
the moment of inertia.

The values from this analysis can be found in Table 2.3. Holding a factor of safety
of 1.5, both the ULTEM and PLA have positive ultimate safety margins. Testing was
performed verify that the structure did not break when assembled by assembling the

structures by hand.

Table 2.3: Values for the structural analysis of the cantilever latches. These values
ensure the latches should not snap during normal insertion procedure.

Parameter Value
End Deflection 0.75 mm
Beam Base 1.5 mm
Beam Height 2.25 mm
Beam Length 11 mm
E 2200 25
I 1.42e-12 mm*
P 53 N
Max moment 0.058 Nm
Bending stress 30.7 MPa
ULTEM Margin 0.564
PLA Margin 0.104

2.2 Robot

2.2.1 Robot Test Set Up

The Cartesian robot used for this research is shown in Figure 2-9. The Cartesian

robot was constructed in-house from COTS parts. The base is a custom frame and
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Figure 2-9: The set up for the study with the axes labeled. The gantry base contains
all of the parts pre-aligned. The robot is powered by a power source, and is controlled
by a Raspberry Pi, which communicates via a CAN network (purple cable).

threaded board for accurate alignment of CubeSat parts. Atop the base is a XYZ
gantry robot from igus, headquartered in Germany. The gantry is controlled by three
brushless DC motors made by maxon, headquartered in Switzerland. Each of these
motors has a dedicated controller, called an EPOS, routing both the power and the
data to the respective motors. Each EPOS receives its commands from a master
controller, a Raspberry Pi, through a CAN network, a robust serial bus system for
networking devices. The gripper is affixed to the end of the Z axis, and can be
commanded to move to any point in 3D space within an accuracy of approximately

0.15 mm.

The gripper is a simple electromagnet which is commanded by a second Raspberry
Pi. The electromagnet has only two states, on and off. The whole assembly is powered

by a 12 V external power source, which can provide 50 A.
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2.2.2 Robot Programming Principals

The master controller runs scripts that are written in Python, utilizing modified
versions of the commands that were provided with the maxon motors and controllers.
Commands included “move to target position” and “return current position.”

In terms of control, each motor has an individual PID controller that was tuned
according to each motor’s properties. They also have internal sensors to track their
position over time and report if the estimated position accumulated an excess of error.
The implemented motion commands worked with a timeout system: the robot is given
a position to move to and a time to get there. If the robot reaches its target before
the timeout occurred, it completes the command and moves to the next one. If the
timeout occurs while the robot is still in motion, it keeps moving. If the robot is not
in motion when a timeout occurs, it checkes if it is in the correct position. If not, the
robot concludes it has encountered an error. The most typical error that causes this is
if the controller’s estimate for its current position accumulated too much uncertainty.
If this happens, the robot has the error reset and it was given the motion command
again. This repeats until the robot reached the desired position.

The robot reports back its position, velocity, and current draws throughout its
motion. The position values are given in mm for the coordinate system shown in
Figure 2-9, the velocity values are given in mm/s, and the current draws are given in
amps. These are collected for diagnostic reasons to ensure the gantry was following
the given commands and was not experiencing unexpected spikes or drops in current

draw. All values were within expected parameters for the entirety of the tests.

2.2.3 Path Planning Algorithms

Generally, the path (as further described in Chapter 4) is simple for this assembly;
there are no unknown obstacles, and the parts are all in known locations. In theory,

the path could fully be written by hand with no calculations. However, path planning
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is still valuable for future iterations of the robot system, as rapid replanning given
unforeseen obstacles is key for a fully autonomous system. Therefore, a simple algo-
rithm was developed for this study, although it was not analyzed in detail, which is
an item for future work.

Some of the most widely used path planning algorithms for Cartesian robots are
A* D* Lite, RRT, and RRT*. RRT, or rapidly-exploring random trees, and RRT*,
the optimal version of that algorithm, both function by creating search graphs and
finding paths within them. They sample the state space and create connections
between each of the sampled points, continuing until the goal is found. RRT returns
unoptimal paths, which would waste a lot of time for a simple state space such as this
one. RRT* is optimal, but much more computationally expensive. The main reason
we use neither is because the bulk of of their computation is used for sampling, which,
while useful for state spaces with unknown routes, is unnecessary for the controlled
robot environment.

A* and D* Lite both require the state space to be fully known before being run.
A* is a best first algorithm that utilizes a weighted graph of the possible locations,

calculating the path to take according to the heuristic in Equation 2.3.

f(n) = g(n) + h(n) (2.3)

Where g(n) is the cost of the path so far, and h(n) is an estimated heuristic to the
goal.

A* is simple and well-studied, but it does not scale well to a 3D state space.
Additionally, A* must be completely restarted if an unknown obstacle is added. As
stated, the test set up is not currently robust to a changing environment, but we
would want the path planning on the fully autonomous robot to be robust to things
such as broken parts creating new obstacles (see Chapter 3).

An alternative method is D* Lite [17], a path planning algorithm that is an ex-
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tension from Lifelong Planning A*, a variant of A* which is calculated incrementally.
Like A*, a heuristic is used to estimate the path to the goal. However, D* Lite stores
all path planning calculations. If, while following the calculated path, it encounters
an obstacle, it is able to rapidly readjust to avoid it without needing to fully rerun.
D* Lite has been implemented in 3D space [7].

D* Lite is selected for this CubeSat robotic assembly demonstration. It was
implemented to find a path to place each part into the final CubeSat. The outputs
were then adjusted manually to account for compliant assembly techniques and robot

imperfections (see Chapter 4).

2.2.4 Feedback Control

Although there is internal closed loop control within the motion of motors, no feed-
back control is currently used to modify the commanded position given by the path
planning algorithm. Similar to how the path planning would need to be implemented
in future work on a fully autonomous version of this system, feedback control would
also need to be added for robustness to the assembly process. An example of such
feedback could be a camera that reports the alignment of parts before pressing them
together, or that reports unforeseen obstacles as inputs to the path planning algo-

rithm.
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Chapter 3

System Safety

In this chapter, a Systems Theoretic Process Analysis (STPA) [19] is performed. This
is done by first identifying the system boundary, both on the test bed and on orbit.
Next, a hierarchical safety control structure is identified. From this, unsafe control

actions are found, and mitigation plans are examined.

3.1 Overview

In order to ensure the safe operation of the system, a Systems Theoretic Process
Analysis (STPA) [19] is performed. A STPA uses process models to determine control
actions between individual parts of the system that can lead to the system entering
an unsafe state. Determining the combination of factors that can lead to these states
and then preventing them is key to a successful mission.

By “unsafe” state, we refer to states that put any part of the larger system in
danger — the robot, the structure, or the operators. Because the same robot will
be used both in the lab and in the autonomous spacecraft, the safety design must
accommodate both contexts, as designing for only one would inevitably lead to design
choices that would adversely affect the other.

As a note, this safety analysis was done after certain pieces of hardware were pur-
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chased, and thus some inconsistencies exist between the recommendations presented
at the end of this analysis and what was constructed. One example is that the EPOS
controllers are unable to have their internal estimate of their location updated manu-
ally, making the use of a third party limit switch system difficult. This safety analysis
was done ignoring limitations from specific pieces of hardware in order to give firmer
recommendations for future hardware purchases and modifications to the system.
Notes are included where any inconsistency occurs. The analysis also includes parts
that do not exist in the current system but may in the future, such as using a finger
gripper rather than an electromagnetic one. Such a gripper would actuate to open
and shut configurations and rotate in one or more axes. The electromagnetic gripper
is hard mounted to the Z axis and can only translate linearly.

An example task list for the robot includes sequential actions such as:

1. The robot is given a command to assemble a satellite with a given set of boards.

2. The required 3D printed boards are delivered to the robot work area, either by

a secondary system on orbit or by an operator on the test bed.

3. The robot picks up the base board and places it in the assembly area, where it

is secured.

4. The robot picks up the next part and places it in the proper location on top of

the partially constructed satellite.

5. The robot aligns the part, utilizing the compliant design features.

6. The robot presses the part into place, connecting it with the in progress satellite.

7. Repeat steps 4-6 until the satellite is completed.

8. If on orbit, the satellite is deployed. If on the test bed, the operator inspects

and deconstructs the satellite.
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Table 3.1: Parts of the system in the test bed system boundary.

Cartesian Robot (gripper, motors, controllers, master controller)

Satellite parts

Human operator

Table 3.2: Parts of the system in the orbital system boundary.

Cartesian Robot (gripper, motors, controllers, master controller)

Satellite parts

Autonomous locker spacecraft

Satellite deployer

3.2 System Boundary

We define the parts of the system boundary on the test bed in Table 3.1 and the parts
of the system boundary on orbit in Table 3.2. On the test bed, the human operator is
used to monitor the robot’s performance and reset the constructed satellites between

tests. Once on orbit, all previously human tasks are performed autonomously.

3.3 Losses, Hazards, and Requirements

The primary losses are in Table 3.3. We note that L-1 and L-2 are specific losses in
the context of the first system boundary. The robot being damaged is not necessarily
considered a loss once on orbit. As long as it remains operable, it does not always
cascade to a loss of mission.

From these losses, we reach the hazards found in Table 3.4. The most important
hazards to analyze are H-1 and H-4. H-1 leads to all three of the identified losses,

making it crucial to avoid. The robot being uncontrollable is defined as any situation
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Table 3.3: The three primary losses.

L-1: Operators are injured

L-2: Robot is damaged

L-3: Loss of the mission

Table 3.4: The four system hazards.

H-1: Robot is uncontrollable [L-1, L-2, L-3|

H-2: Robot exceeds safe operating envelope for environment [L-1, L-2, L-3]

H-3: Operator appendages are near moving parts [L-1, L-2]

H-4: Robot does not maintain proper gripping strength on parts [L-2, L-3]

where the robot does not follow the expected performance of the commands that are
given to it, whether by an operator or autonomously. H-4 is a hazard that applies to
both the magnetic and finger grippers; the electromagnet may not trigger, leading to
it not picking up or letting go of the part, or the finger gripper may squeeze too little
or too firmly. Tight squeezing could lead to damage that could break the satellite
parts. While on orbit, this leads to mission failure. The robot is unable to retrieve
free-floating parts, which become unpredictable obstacles. Moreover, if either gripper
does not actuate after placing or aligning a part and moves to press it in, the existing
boards or the board to be added could be damaged, leading a similar scenario.
These hazards lead to technical system safety requirements found in Table 3.5.
The overall management or organizational requirements are directly related to
expanding the system boundary to include the prototyping phase. We develop the

following management requirements:

1. Safety considerations must be involved in technical decision making. No re-

quirement for safety may be impeded by the influence of money or time.
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Table 3.5: The four technical system safety requirements.

R-1: Robot must always respond to autonomous or operator commands. [H-1]

R-2: Robot must not exceed safe operating speeds [H-2|

R-3: Operator appendages must not be able to contact moving parts [H-3]

R-4: Robot must maintain proper gripping strength on parts. [H-4]

2. Safety analysis must be done in tandem with requirements development.

3.4 Hierarchical Safety Control Structure

The simple and refined hierarchical safety control structures for the robot prototype
(with operator in the loop) are shown in Figures 3-1 and 3-2. A version of the refined

structure for a finger gripper can be found in Figure B-1 in Appendix B.

Operator

Commands T Error messages
A

Cantrol Software

-~
Received commands,
Moves after Commands for position, current, and
operation position/speed speed data, error
v messages
Robot

Moves and snaps
together
¥ v

Sateliite Parts

Figure 3-1: A simple version of the robot control structure on the test bed, identifying
the major parts of the system boundary.

The simple hierarchical safety control structure is developed by considering the
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Figure 3-2: A refined version of the robot control structure on the test bed. This
version is for the electromagnetic gripper.

basic needs for robotic assembly. It shows a linear safety control structure; the op-
erator only directly interfaces with the control software and with the satellite parts
after assembly takes place. The control software talks with the robot, commanding

it to pick up and manipulate satellite parts.

By analyzing these system boundaries, potentially unsafe interactions are sepa-
rated out and defined, and additional control features are added to create the refined
diagram in Figure 3-2. We break the robot out into its two main parts: the motors
that move it around and the gripper that manipulates parts. Both directly inter-
face with the control software which is commanded by the operator or autonomously.
There are a number of additional features added as controls are identified. For one,
a physical acrylic barrier that is able to be moved will prevent an operator from get-
ting too close to moving parts during operation, but can be removed after operation

to perform satellite resets. Second, end of stroke switches are able to both stop the
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robot before it has a collision as well as provide feedback to the control software about
where the robot currently is located, as, otherwise, it only calculates this based on
odometry data from the motors.! The motors, controllers, and gripper, which have a
shared power source, have a current limiter to prevent over voltage damage.

Finally, the satellite assembly process is aided by alignment guides, small pieces of
plastic that show where the corners should be, to confirm proper alignment before the
gripper attempts to connect two satellite parts, preventing damage to the 3D printed
structure and improper electronic alignment. Detailed analysis of this compliant

design can be found in Chapter 2.

3.5 Unsafe Control Actions (UCAs)

Each control interaction between systems is analyzed to find the following unsafe
control actions (UCAs). There are separate UCAs for the operator and the autonomy,
and they are listed in Tables 3.6 and 3.7.

Resulting operator constraints:

1. The robot shall not begin motion into area where there are other objects in the

way (e.g. partially constructed satellite, other satellite parts, foreign objects).

[UCA-1, UCA-8, UCA-9, UCA-12]
2. The robot shall be able to handle multiple “start” commands at once. [UCA-2]

3. The robot shall have current monitors to check for proper electric flow when

powered on. [UCA-3]
4. The robot shall not move if physical barriers are not in place. [UCA-4, UCA-11]

5. Operator training shall inform proper use of emergency stop to prevent damage

to robot and user. [UCA-5, UCA-7]

1Such switches are incompatible with the controllers currently selected, but the controller software
has been modified to mimic the performance of these switches by using their collision detection.

47



Table 3.6: Unsafe control actions, as performed by the operator.

Control Action

Not providing causes

Providing causes

Too early, too late,

Stopped too soon,

hazard hazard out of order applied too long
Assembly N/A UCA-1: Operator | UCA-4:  Operator | N/A
start provides start com- | provides start com-
command mand when assembly | mand before replac-
path is not clear. [H- | ing physical barriers
2 3]
UCA-2: Operator
provides start com-
mand when robot is
already in motion.
-1
UCA-3: Operator
provides start com-
mand when robot is
not fully or improp-
erly powered. [H-1]
Assembly UCA-5:  Operator | UCA-6: Operator | UCA-7:  Operator | N/A
emergency stop | does not provide | provides emergency | provides emergency
command emergency stop com- | stop command when | stop command after
mand when gripper | robot is not in mo- | conjunction has al-
enters unsafe loca- | tion. [H-1] ready occurred [H-1,
tion. [H-1] H-2|
Moving UCA-8: Operator UCA-10: Operator | UCA-11: Operator | UCA-12: Operator
satellite does not reset satel- | moves satellite parts | moves satellite parts | moves satellite parts
parts lite parts to the | without disengaging | before robot stops | to the incorrect posi-
proper locations | the gripper. [H-2, H- | moving by removing | tion. [H-2]

after assembly. [H-2|

UCA-9: Operator
does not move satel-
lite parts that are in
a collision path. [H-
2]

3|

the physical barrier.
[H-3]

6. Robot shall be tolerant to receiving stop commands when not in motion. [UCA-

6]

7. If finger, the gripper shall autonomously open if an external force is applied.

[UCA-10]

8. If finger, the gripper shall be able to be opened manually. [UCA-10]

9. If electromagnetic, the maximum strength of the magnet shall not be such that

manual removal of parts is impossible when applied. [UCA-10]

10.

ally. [UCA-10]
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Table 3.7: Unsafe control

actions, as performed by the control software.

Control Action Not providing causes | Providing causes | Too early, too late, | Stopped too soon,
hazard hazard out of order applied too long
Distance UCA-13:  Control | UCA-14:  Control | UCA-17:  Control | N/A (Distance
commands software does mnot | software provides a | software does mnot | commands do not
(move command distances | distance command | provide motion com- | have a duration).
gripper as calculated by the | that would place the | mand quickly enough
to path planning algo- | gripper beyond its | to retrieve dropped
coordinate) rithm or commanded | stroke. [H-1, H-2] part. [H-2]
by the user. [H-1]
UCA-15:  Control
software provides a
distance  command
that would cause the
gripper to intersect
the assembled satel-
lite. [H-1, H-2]
UCA-16:  Control
software provides a
distance = command
that would cause the
gripper to still be
in motion when the
battery is depleted.
[H-1]
Speed UCA-17:  Control | UCA-18: Control | UCA-19:  Control | N/A
Commands software does mnot | software provides a | software provides
provide a speed com- | speed command such | speed command after
mand as calculated | that it is unable to | motion is already in
by PID controller | stop it before a colli- | progress [H-1]
[H-1] sion. [H-1, H-2]
UCA-20: Con- | UCA-21:  Control | UCA-23:  Control | UCA-27:  Control
Gripper trol software does | software for finger | software provides | software stops apply-
commands not provide a grip | gripper provides | grip command before | ing grip command
command when at- | an excessive “close” | it is in the proper | before part is placed.
tempting to move a | command that | position. [H-1, H-2] [H-1, H-2]
part. [H-1] causes the part to
shatter. [H-4]
UCA-22: Control | UCA-24:  Control
software provides an | software applies
insufficient amount | “open” or “magnet-

of force that causes
it to drop the part.
[H-4]

off” command before
part is fully placed.

[H-1, H-2]

UCA-25:  Control
software applies
“close” or “magnet-

on” command before
gripper is in position.

[H-1, H-2|

UCA-26: Control
software applies
“close” or “magnet-

on” command when
it should have ap-
plied  “open”  or
“magnet-off”  com-
mand, or vice versa.

[H-1, H-2]
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Resulting constraints:

10.

11.

. Control software shall command exactly as is calculated. |[UCA-13, UCA-17,

UCA-20]

The robot shall not begin motion into area where there are other objects in the

way [UCA-14, UCA-15]

The control software shall take obstacles into account when issuing commands.

[UCA-14, UCA-15, UCA-18)]

The controller shall not issue commands when the battery is critically low.

[UCA-16]

Retrieval commands shall override normal path planning commands. [UCA-17|

The robot shall be able to handle multiple speed commands at once. [UCA-19|

If finger, the gripper shall have force sensors to verify grip strength that was

commanded. [UCA-21, UCA-22]

If electromagnetic, the gripper shall have external sensors to verify its state

[UCA-22]

The gripper shall be able to verify its state before moving. [UCA-23, UCA-24,
UCA-25, UCA-27|

The gripper shall not be able to operate if the robot is in motion. [UCA-23,
UCA-24, UCA-25, UCA-27]

The gripper shall be tolerant to commands for the state it is already in. [UCA-
26].
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3.6 UCA Scenarios and Recommendations

We analyze scenarios that could lead to the most concerning UCAs, and provide
recommendations. We also discuss test bed implementations that follow these rec-

ommendations.

3.6.1 UCA-1: Operator provides start command when path

assembly is not clear

Scenario 1-1: The operator is improperly trained on what the assembly path is.
There are multiple boards that are involved in CubeSat construction, and not every
one is used with every satellite assembled. A poorly trained operator may not know
that a certain part is in the assembly path if they are unfamiliar with all the possible
paths.

Recommendation: Mark all assembly paths visibly on the gantry. This can be
done by marking a brightly colored line anywhere the robot is expected to move in
any of its operations.

Implementation: During assembly tests of individual parts, blue tape was used to
denote expected paths. Once assembly for the full satellite began, however, it became
impractical to mark paths, as the entire base of the gantry was being used. Instead,
the order that things would be assembled was marked to ensure that the calculated
path would not run into other parts.

Scenario 1-2: The operator believes commanded path will not intersect with as-
sembly path when it will. Although the procedure may say that operators shall fully
clear the robot parts before beginning the robot motion, if this takes an excessive
amount of time, the operators may not perceive it as necessary. Even if the operator
knows a part is in the motion path, if they expect the robot to go above it, they may

not perceive moving it as worth their time.
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Recommendation: The gripper should either have a sensor on it that can detect if
it is about to hit something or there should be a monitoring camera that will issue
an emergency stop command if it sees the gripper is about to have a collision.

Implementation: The structures that are currently being used are cheap and easy
to replace, so effort was not yet put into implementation of this recommendation.

However, a camera has been chosen to make this autonomous in future work.

3.6.2 UCA-5: Operator does not provide emergency stop com-

mand when gripper enters unsafe location. [H-1]

Scenario 5-1: The operator does not believe the gripper is in an unsafe location.
Similar to scenario 1-2, if the operator believes the gripper will pass over or to the
side of a part, they may not press the emergency stop command.
Recommendation: Same as scenario 1-2.

Implementation: Same as scenario 1-2.

Scenario 5-2: The operator is unable to provide emergency stop command. Such
scenarios could occur if the emergency stop button does not instantly provide a stop
(for instance, many emergency stops are incorrectly wired such that power is still
flowing through the system for seconds after the emergency stop is pushed), or if the
emergency stop is not located near the operator. This could occur if the operator
sends a remote command to the robot and is unable to watch it, or if the operator is
preparing for a next test.

Recommendation: All emergency stops should be tested to ensure that they stop
the robot immediately. Additionally, if the operator station is not immediately adja-
cent to the robot, a second emergency stop should be routed to the operator’s station
to allow for remote stopping.

Implementation: There is only one operational station, which is immediately ad-

jacent to the emergency stop. The emergency stop was tested and performs instan-
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taneously.

3.6.3 UCA-10: Operator moves satellite parts without disen-
gaging the gripper. [H-2, H-3]

Scenario 10-1: The operator cannot get the gripper to disengage. This may occur
if the operator issues an emergency stop command for the motion, such that the
command to disengage the gripper does not occur. If the operator is in a rush, they
may attempt to force an actuated gripper open to remove the part quickly or pull the
part off the electromagnet. Additionally, the gripper may be unable to disengage due
to a hardware failure, such as the gripper becoming overworked and no longer being
able to actuate. It could also be caused by a software bug that causes the gripper to
stop receiving open/magnet off commands.

Recommendation: The software for both types of grippers should be able to open
the gripper/turn the magnet off on command. They should also be able to perform
a full reset to remove any commands that are unable to be overwritten. A finger
gripper should be able to be taken apart when in a “stuck” state in order to safely
remove parts and diagnose issues. An electromagnetic gripper should be able to be
powered down via the hardware.

Implementation: The electromagnetic gripper is able to be powered off manually
both through software and hardware.

Scenario 10-2: The robot has run out of power and the gripper cannot function.
This is similar to scenario 10-1, but the status of how firm the gripper is holding onto
the part is unknown, as well as how manual motion may be possible. This scenario
is specific to a finger gripper, as an electromagnet is off if there is no power.
Recommendation: Instruct operators to charge all batteries before attempting to
force the gripper in any way. Additionally, as was recommended earlier, the gripper

should be easy to take apart to retrieve parts in scenarios such as this.
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Implementation: Not applicable, as an electromagnet is being used.

3.6.4 UCA-11: Operator moves satellite parts before robot
stops moving by removing the physical barrier. [H-3]

Scenario 11-1: The operator sees that the robot has performed an unsafe action
and the emergency stop is not functional. The operator believes the best course of
action to protect the robot and the parts is to interfere themselves.
Recommendation: The operator should be trained to put their own safety above
the robot’s and should not personally interfere. Additionally, the emergency stop
should have redundancy in the event that one does not function.

Implementation: All operators have been trained, with emphasis on the low cost
of the prototype structures.

Scenario 11-2: The operator believes the robot has finished its motion, but it has
not.

Recommendation: The system should have a auditory “start” and “stop” tones, as
well as a LED that changes color depending on if the robot is in a motion scenario or
not. Both of these help the operator to determine when the robot is moving.
Implementation: The robot controllers have LEDs that indicate their status, which
all operators have been trained on — blinking green for waiting for commands, solid

green for running commands, and solid red for error states.

3.6.5 UCA-14: Control software provides a distance command
that would place the gripper beyond its stroke. [H-1, H-
2]

Scenario 14-1: The software has an incorrect perception of where the gripper is.

The distance command it gives would be valid if it was correct.
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Recommendation: End of stroke switches should exist to prevent the robot from
crashing into the end of the rails, as well as to update the software with the position
of the gripper. Additionally, when this occurs, the software should replan to prevent

the robot from missing steps of assembly.

Implementation: The controllers being used have software implemented to set the
maximum allowable follow distance, meaning, if it loses localization by a set amount,
the motors automatically shut down. Unfortunately, it is currently not possible to
update the controller location with an external limit switch. Options in the case of
this error: one, the controller can be reset, which will cause it to use its last known
state as its current position. This generally works well, as the motions for assembly
do not require high precision. The robot is then are given the previous command
again. The second option takes advantage of the internal collision detection software
to mimic a limit switch. The robot can be commanded to move to the side at a low
speed to prevent damage and, if it detects a collision, the “home” of the robot for that
axis can be reset to its current location. Future choices of controller may consider

swapping to controllers that can utilize limit switches.

Scenario 14-2: An unauthorized agent hacks into the system and provides rogue

commands in an attempt to disrupt assembly.

Recommendation: Several failsafes can be put in place to monitor rogue commands.
This situation can apply both on-orbit or on the ground. On the ground, the robot
should be able to be removed from the network to prevent unauthorized access, and
additional cyber security measures can be placed on the operator controls, such as
only accepting them from a local computer. While on orbit, the robot is chiefly
being controlled autonomously, so the ability for manual controls to be sent, other
than halting all assembly, would likely not be built into the system. An additional
strategy could be to simply shut down operation if the amount of of remote commands

exceeds a set threshold or sequence.
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Implementation: This was determined to be out of scope for the current stage of

the project, but will be added to future work.

3.6.6 UCA-18: Control software provides a speed command
such that it is unable to stop it before a collision. [H-1,

H-2]

The causes and recommendations for this scenario is the same for UCA-14, only it

incorrectly calculates its speed.

3.6.7 UCA-21: Control software provides an excessive grip

command that causes the part to shatter. [H-4]

Scenario 21-1: The gripper incorrectly calculates how much grip strength it is
applying to the piece and continues to apply more.

Recommendation: For the finger gripper, this could occur when it is lifting the
gripper or pressing it into place. For the electromagnetic gripper, this can only occur
when it is pressing it into place. A finger gripper shall have a pressure sensor, either
included in the gripper or added by the user, on its fingers to verify the amount
of pressure it is applying. The pressure sensor threshold shall take precedence over
the command. Additionally, on the test bed, a pressure sensor can be placed on the
assembly area to similarly verify the pressure being applied.

Implementation: The finger gripper sensors are not applicable, as an electromagnet
is being used. The pressure sensor on the test bed shall be included in future work.
Scenario 21-2: The gripper is unable to stop the “apply grip” command, leading to
too much pressure being applied.

Recommendation: The “apply grip” command should be programmed in a way

that it has a hierarchy shut down to it, related to the pressure sensor as previously
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discussed. The pressure sensor should have a handshake protocol with the gripper,
and should be able to trigger a shutdown of the autonomous software if it doesn’t
respond to these handshakes.

Implementation: Not applicable, as an electromagnet is being used.

3.6.8 UCA-24: Control software applies “open” or “magnet-

off” command before part is fully placed. [H-1, H-2]

Scenario 24-1: The software loses localization on the gripper and incorrectly deter-
mines its position.

Recommendation: Hard stops shall be placed in the corners of the assembly area
that can aid in the robot guiding the parts into place. For example, when finding the
correct X-Y position of a part, it should have a corner that it presses the part against
to ensure it has found that correct orientation. The system can have a secondary
confirmation of its position. If it ever cannot find the stop when it thinks it should,
the robot can re-localize itself. Only after confirming its position in this way should
it apply an “open” or “magnet-off” command. Additionally, all parts shall be designed
in a compliant way that allows for corrective commands to ensure alignment.
Implementation: Initially, a large hard stop was implemented in the corner of the
assembly area. It was designed that every part needed to be re-oriented against it
before assembly, by pressing against it and dragging the part down. However, through
testing, it was discovered that the friction from this hard stop caused the robot to
enter an error state. Modifications were made to make much smaller alignment jigs,
as well as leveraging the rails as jigs, to prevent this. A more detailed description of
the assembly technique is discussed in Chapter 4.

Scenario 24-2: There is a race condition in the software leading to simultaneous
commands of motion and opening.

Recommendation: The software shall not allow for simultaneous “move” and “place”
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commands. The only simultaneous commands shall be “move” commands on all axes
and “speed” commands.
Implementation: This was implemented. The command to actuate the magnet and

move the robot are completely separate.
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Chapter 4

Robot Testing

In this chapter, the study for analyzing the robotic assembly of the CubeSat structure
is presented. The procedure for the test is described in detail, including the way
assembly for each part will be approached. The criteria for success and failure are

given.

4.1 Study Design

This study was designed to test the capabilities of both the robot and the structure.
The robot needs to have sufficient capability for repeated assembly of CubeSats, and
the structure needs to be able to be reliably put together by the robot. As stated
preciously, all testing is done open-loop for initial feasibility considerations; a closed
loop verification will be added to future work.

The layout of the testbed can be seen in Figure 4-1. Please note that the difference
in part color is a relic of filament availability; all parts are made of PLA and have
the same structural properties.

Each adaptor has tape (in blue) holding it together. This is because the clamshell
is designed to be epoxied shut after the electronic board is inserted on the ground,

prior to launch. Because the electronics are not yet included, the adaptors needed to
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Figure 4-1: The test bed with each part labeled. A is the bottom, B-F are the
adaptors, G is the top, and RSE, RNE, RNW  and RSW are the rails. The gripper is
in its starting position as well, at the origin. The assembly area is in the lower right
with the Velcro (as described in Section 4.2.1.)

be affixed together. Each non-rail part has an inset washer superglued or taped to
the center of it to allow for manipulation by the gripper. The washer is larger than
the contact area on the gripper to allow for compliant sliding when the part is being
placed, as well as maximum grip strength. The rails have similar slivers of washers
glued to their tops, which are shaved down to be fully contained within the surface
of the rail and thus able to be inserted into the top when the time comes. These
magnetic surfaces are smaller than the magnet, and thus are less easily grabbed
and manipulated (see Chapter 5). All parts have custom alignment jigs to center
the washer on a specific coordinate to ensure that each test has the same starting
parameters. The operator is expected to place the part perfectly each test by pressing
it to the corner of its alignment jig. The gripper begins at its home position, the upper

right corner, before each test.
For each trial, the part being examined in the assembly procedure is placed in
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position 20 times, with an operator disassembling that specific part in between each
trial and inspecting it for damage. If the part is damaged, it is replaced. Damaged

parts are tracked and logged.

4.2 Procedure

The assembly procedure is:

1. Place bottom (A)

2. Place rail (RSE)

3. Place adaptor (B)

4. Place adaptor (C)

5. Place adaptor (D)

6. Place adaptor (E)

7. Operator places adaptor F and G into adaptor C and D’s alignment jigs.

8. Place adaptor (F)

9. Place adaptor (G)

10. Place rail (RNE)

11. Place rail (RNW)

12. Place rail (RSW)

13. Place top (H)
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Figure 4-2: The procedure for installing the bottom. First, it is brought to the
assembly area, where it may be slightly askew (due to incomplete grip in the magnet,
improper initial placement, or other anomalies). It is aligned using the alignment jig.
It is then pressed in, engaging the Velcro.

The solar panels would be inserted between steps 12 and 13 in a full assembly,
but their insertion is not included for these tests, as it is impossible to lift them from
the top with the current implementation of the magnetic gripper (this is discussed in
more detail in Chapter 6). Details and strategy for each of these steps are in sections

4.2.1 through 4.2.5.

4.2.1 Place bottom

Placing the bottom only requires the robot to move it from the starting position to
the assembly area, where it is joined to the base of the gantry. It needs to be affixed
both to make a stable area for assembly, as many of the compliant techniques involve
sliding, as well as to meet on-orbit requirements, where gravity will be low. For these
experiments, the bottom (A) is attached with Velcro. The alignment for the bottom
is done with an alignment jig, which the bottom’s corner is pressed against. The
compliance between the washer and the electromagnet allow the magnet to slide as
the part itself is centered. After this, it is placed down, engaging the Velcro. This

procedure is shown in Figure 4-2.
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Figure 4-3: The procedure for installing the rails. First, it is brought to the assembly
area, where it may be slightly askew (due to incomplete grip in the magnet, improper
initial placement, or other anomalies). It is pressed to the hole in the base, which
has chamfers around it to account for the error. It is then pressed in, allowing the
chamfers to guide it to the correct position.

4.2.2 Place rail

Ideally, every item on the satellite would have an alignment jig similar to the bottom to
help with assembly. However, because the satellite needs solar panels on the outside,
it would require a complex external jig to align the adaptors.!. Instead, the rails
are used not only to hold the solar panels in place, but to double as an alignment
jig; because the rails are flush with the adaptors once installed, they can act as a
corner to press into. The rail has compliance with the chamfers surrounding the hole
it enters on the base. These chamfers were sized to account for the known precision
of the robot; if the robot is commanded to place the rail into the center of the hole,
even if it is off by the maximum amount of imprecision, the chamfers will guide it
into place. For the non-southeast rails, the same procedure can be followed, with one
additional benefit: the already-placed adaptors can act as alignment jigs for the rails,

by pressing the inner corners together. This procedure is shown in Figure 4-3.

IThis was considered. A jig could be designed such that the bottom base would slide underneath
it, with an overhanging wall to press the adaptor against for alignment. A simple mock-up of this
can be seen in Figure B-2 in Appendix B. After placing all adaptors, the whole satellite would be
moved out to add the rails and the solar panels. This procedure was deemed to be too time intensive
compared to simply using the rail.
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Figure 4-4: The procedure for installing an adaptor. First, it is brought to the
assembly area, where it may be slightly askew (due to incomplete grip in the magnet,
improper initial placement, or other anomalies). It is aligned using the rail. It is then
pressed to just touching, after which the “wiggle” maneuver is performed. Then, it is
pressed in.

4.2.3 Place adaptor

Each “place adaptor” procedure is the same. The adaptor is brought to the assembly
area and pressed against the rail previously placed to line it up with the holes that
are on the base or adaptor beneath. It is then lowered so it is just touching the
surface of the part beneath it. A maneuver nicknamed “wiggle” is done to ensure
the latches have been properly placed in their holes, by moving the adaptor slightly
in four directions in the X-Y plane. The adaptor is then pressed in from the center,
which should engage all four latches. To cover cases where a latch is not fully engaged,
the gripper is then moved to press the adaptor in on the positive and negative Y sides
by pressing down on the adaptor and sliding down the X axis. This is a secondary
insertion method, and is often not required, but is designed to catch any anomalies.

This procedure is shown in Figure 4-4, and the press-in step is shown in Figure 4-5.

4.2.4 Place solar panel

Although solar panel assembly is not done in this study, it was still considered. The
solar panels would be gripped from the flat side to allow for a larger target area. Each
rail has a chamfer at the top of it to allow the solar panel to slide into, where it is

pressed into a slot in the base. Doing this should automatically engage the electronic
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plug. It is possible an extra “wiggle” maneuver would be required to ensure it is
aligned with the plug. In order to perform this, either the magnet needs to be able to
be able to rotate to be in the X-Z or Y-Z planes, or the entire CubeSat would need
to be rotated to slide the panels in sideways. Further discussion of this can be found

in Chapter 6.

4.2.5 Place top

The top of the satellite presents an additional challenge, as it doesn’t have any dedi-
cated alignment jig to place it. Instead, it relies on the same methods used to insert
the rails by centering the top and allowing the chamfers to cover any uncertainty
in positioning when it is lowered into position. It is then pressed from the center,

engaging the latches on its underside.

4.3 Performance Metrics

The primary method of assessing the success of the assembly is with qualitative
analysis, whereby each trial was given a ranking of full success, partial success, or
failure.

A full success is defined as a placement of a part with no faults, misalignments,
or breakages. The part was placed properly the first time and fully inserted. There
is no need for readjustment or modification. Examples of full success can be seen in
the procedure diagrams (Figures 4-2, 4-4, and 4-3).

A partial success is defined as a placement of a part that was initially incorrect,
but was corrected by the compliant design. Usually, this is seen as a latch that was
not initially placed into its corresponding hole, but was able to be lined up up before
it was inserted, either by a “wiggle” maneuver or the extra press-in step. Ultimately,

the part was successfully placed. For the purposes of assessing the success of the
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test procedure and the parts, a partial success is the most desirable outcome, as it
indicates the compliant design features are successfully leading to assembly. One such
partial success can be seen in Figure 4-5, where the adaptor would only go in with

the extra press-in step that engages the chamfers.

Figure 4-5: A partial success for an adaptor. After it is placed, it is askew (it could
also be askew on the other side). Pressing it in on the sides engages the latches
properly by having them slide along the chamfers.

A failure is defined as one of two things. The first is the placement of a part in
which it does not reach the proper position by the time the robot moves on to the
next step. It is very likely that, if assembly continues, the next part will not be able
to be attached properly. Examples of this involve a rail missing the hole and still
being attached to the end effector when it moves to the next part, an adaptor being
knocked askew when it is placed, causing all the latches to miss the hole, and others.

The second type of failure is if a part is broken. This includes if a part is seemingly
placed properly, but when it is taken apart to be examined, something had broken
in the process. One example of this is if a latch was snapped after being pushed into
place.

A statistical analysis is then performed on the performance to determine the
significance level of the assembly. As was stated in the requirements in Chapter 2,
we consider a part assembly that gets a significance level of 5%, or there being only a
5% chance the successes are random, as performing as planned. Each assembly was

also timed, from the time the robot begins moving to the time it finishes moving.
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Chapter 5

Results and Discussion

This chapter looks at the results of the robotic assembly tests, both qualitatively and
with statistical analysis. First, it shows the results of each of the twenty trials for
each part. Then, it discusses the performance of each of those parts in turn. Finally,
is looks at some additional flaws and challenges that were encountered during and

after the assembly tests.

5.1 Assembly Results

The results of the robotic CubeSat assembly tests are shown in Table 5.1. There
are twenty trials for each part, and each is given a rating of success (green), partial
success (yellow), or failure (red) (as described in Section 4.3). The average time given
is the average of all successful and partially successful assembly times. Many of the
failures did not result in assembly being completed. Additionally, all times are given
with adjustments so that any times the robot was in an error state are removed (see
Section 5.4). The full table of recorded times can be found in Table A.1 in Appendix
A.

A one-tailed statistical hypothesis test is also performed to test the significance of

finding this quantity of partial and/or complete successes. A hypothesis test finds if
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Table 5.1: Qualitative assessment of assembly success, the average assembly time,
and the statistical odds of getting the given results by random chance. Rails RNE,
RNW, and RSW are the only statistically insignificant successes.

Part Trial Avg Time [s] [ Std Dev | p-value | H, Status

Bottom (A) 9.96 0.09 9.5e-7 Reject
Rail RSE 9.413 0.39 0.0002 Reject
Adaptor B 17.239 0.70 0.0013 Reject
Adaptor C 27.662 1.52 0.0002 Reject
Adaptor D 30.965 1.84 0.0059 Reject
Adaptor E - 32.98 2.42 0.0059 Reject
Adaptor F 27.665 0.72 0.002 Reject
Adaptor G 30.856 1.88 0.001 Reject
Rail RNE 9.582 0.50 0.588 Accept
9.214 0.28 0.25 Accept

9.332 0.18 0.942 Accept

12.3 0.50 9.5e-7 Reject

the demonstrated performance is statistically different from the “control” performance.
In this case, we are looking to show that the successes and partial successes are occur
often enough that it is more than 95% likely that it is not random chance if a part
is successfully inserted. This defines the null hypothesis, H,, as the success and
failure being equally likely. If the calculated p-value (the probability of obtaining the
observed results if successes were random) is less than 0.05, the null hypothesis is
rejected, concluding it was not random whether it succeeded or not. The part design

is effective. In Table 5.1, the calculated p-value and the status of H, are shown.

5.2 Performance Analysis

5.2.1 Bottom

There was no problem accurately placing the base, with each trial being a full success.
The alignment jig did its job each time, and the base was firmly placed into position.
The only improvement that could be made is replacing the Velcro with a stronger
method of attachment, as the base was still able to slide slightly during following
assembly efforts. There is also the potential problem with Velcro that it could affix
the base in the wrong spot if it was placed in the wrong position, as any surface area

of Velcro touching connects it, although this was never seen during the trials.
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5.2.2 Adaptors

All adaptors acted similarly, so they will be discussed in this section. The performance
was generally mixed, but erred on needing the compliant design to insert properly;
out of 120 adaptor trials, 59 were complete successes, 43 were partial successes, and
18 were failures.

Unlike the base, which had a sturdy alignment jig, the rail did not fit into the base
snugly enough to ensure it could not move when the adaptor was pressed against it.
The amount of deflection was minimal, but it often meant the latches were slightly off
of the desired position for insertion, leading to a scenario for either a partial success
or a failure. This was when the “wiggle” maneuver was key — the rail would get it
close enough to correct such that the wiggle would catch the latches into the holes.

The extra press in step was required for all 43 partial successes as well, as the
wiggle often did not have all four of the latches centered on the hole, and the first
press in would only engage the two that were better placed. The extra press in step
would then force the other two in by taking advantage of the chamfers.

The main source of the 18 complete failures was broken latches, with 14 of them
being due to breakage. The breaking typically did not visibly occur while the structure
was being assembled, but it was found when doing the post-assembly inspection.
Sometimes, entire latches would have snapped off, and sometimes they would be
partially broken off. This indicates that there is either more force being exerted
on them than was expected, or the repeated insertion and removal weakened them
(see Section 5.3). It is also possible that the compliant features currently used are
insufficient to guarantee the latches are being directly inserted as intended. This
corroborates with other complete failures, where the adaptor would be angled in such
a way the “wiggle” maneuver could not get the latches aligned. The remaining 4
failures occurred due to the adaptor being placed far enough off the insertion location

that the “wiggle” maneuver could not get it into place. This level of misalignment
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was likely a combination of software problems (see Section 5.4), known imprecision

in the motors, and RSE being pushed out of place.

5.2.3 Rails

In total, out of 80 rail trials, 45 were complete successes, 1 was a partial success,
and 34 were failures. The rail being placed before the adaptors (RSE) performed
much better than the three rails being placed after, with it being the only rail to
have a statistically significant number of successes. This seems contradictory, as the
assembly procedure is the same for both of them other than the adaptors already
being in place. In theory, the adaptors should have only helped, as they provided a
corner to rotate the rails into place. In practice, however, the problem came down
to the strength of the magnet and the surface area of the lift point. The top of the
rails were smaller than the magnetic gripper, so only a fraction of the grip force was
being used. This amount was insufficient enough that, when the rail was lifted out
of its starting area, it would occasionally rotate before settling. This slightly rotated
rail was then brought to the adaptors. Intentionally, the rails were made to push up
against the adaptors. However, because of the relatively weak grip strength, they
were pushed askew instead of rotated, and would not insert properly. This accounted
for all 32 of the collective failures for RNE, RNW, and RSW.

As seen from RSE, this issue was only present when the adaptors were obstacles
for the rails; the small rotations when lifting initially were generally within the area
of error that the chamfers on the base corrected for, and the 2 failures it experienced
occurred when the rotation exceeded the chamfer correction area. The single partial
success occurred for RSE when it landed slightly outside the chamfer area, but still
managed to be pushed into the hole. All successes for RNE, RNW, and RSW were
times when they did not come into contact with the adaptors, performing similarly

to RSE.
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5.2.4 Top

Despite having only the chamfers around the rails as a compliant design feature, as
there was not an alignment jig for it, there were few issues with placing the top, with
19 successes and 1 partial success. Originally, a small wiggle maneuver was included
in the top application procedure (similar to the adaptors, it would be brought down
to touching, wiggle in all directions, then press in), but it was unnecessary, as it was
properly aligned before the wiggle each time. The final tests were done without this
maneuver, and only had one partial success, which occurred when the top was slightly

askew, but the chamfers pushed it into place.

5.2.5 Full Assembly

There was no appreciable difference performing a full assembly than performing in-

dividual actions, other than timing problems (see Section 5.4).

5.3 Part Degradation

The structure was not designed to be put together and taken apart multiple times,
as, once assembled on orbit, it will not be deconstructed. Because of this and the
repeated use of the same parts rather than fabricating a lot of single-use parts, there
was degradation in parts seen pre- and post- tests. The primary form of degradation
was seen in the latches on the adaptors, and is shown in Figure 5-1. As expected, the
cantilever experiences the most stress at its base. After multiple repeated assemblies,
fractures appeared. The entire latch was angled off the vertical as well because of
this, and was occasionally snapped off. If this was seen in-between trials, the adaptor
was swapped out with one that was not broken, and the trial was marked as a failure.
As discussed previously, this was the case for the majorities of the failures on adaptor

tests (14/18). It is likely the continuous strain that lead to a fracture, and not the
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individual test marked as a failure, as 9 of the 14 failures caused by breakages occurred

at trial 13 or later.

A second form of degradation was found only after all tests were completed and
the structure was deconstructed. Most adaptors had one or more of their latches
sheared off, in particular, adaptors B and C had all four missing, and D and E had
two missing. This was not observed after the twentieth assembly for those adaptors;
after their twentieth assembly, as with all previous assembles, the adaptor was taken
off, inspected, and then snapped back on by hand. The adaptor was not inspected
again until all testing was completed. There are a few likely causes for the latch
damage. There were a 4 incidents of adaptors colliding with the partially assembled
structure or being pushed in when they were not in place. These could have put
sideways loads on already installed adaptors with an unexpected amount of force.
Another possible culprit is the “wiggle” maneuver. The lateral loads these applied
to the structure were assumed to be minimal and thus were ignored, but they may
have had more of an effect than anticipated. A final potential flaw could be in the
disassembly procedure itself. To disassemble a board, the latch needs to be moved by
hand to disengage with the outcropping below it. This force was also not designed

for in the initial design and may have contributed to the degradation.

5.4 Robot Operation

The robot suffered from a few malfunctions that made it difficult to assess full relia-
bility of the assembly procedure. As stated, all times in Table 5.1 are listed having
subtracted the time the robot spent in an error state. A persistent error occurred
where the robot would fail to move in the Z axis if it was the only axis in motion.
This error was able to be self-corrected by re-sending the command, but it could lead

to wait times of up to 30 seconds between individual movements of the robot in the
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(a) A fracture on the base of a can- (b) A fracture on the base of a can-
tilever, as shown from the front. tilever, as shown from the back.

Figure 5-1: Degradation of the cantilever latches after 20 rounds of insertion testing.
The cantilever is angled to the side, and there is a fracture at the base.

Z axis, which were required for lifting and placing the rails. This configuration issue
made measuring accurate assembly times and even performing assembly difficult. The
malfunction would need to be corrected in future work, either by replacing the node
that was experiencing the error, or by modifying the motion planning to minimize

the amount of time the Z axis is moved on its own.

5.5 Overall Assessment

The full assembly time averages to 3 minutes and 47 seconds, with an average standard
deviation of approximately one second. All parts succeeded with the desired statistical
significance, except RNE, RNW, and RSW. This shows that the assembly of all other
parts is significant, and the procedure and design is successful. Additional damage to
the latches was found after all tests were completed, so it is possible that there are

unforeseen issues with assembly, and the cause of this needs to be isolated. However,

73



even if there are problems with the design, the results still suggest that only minor

iterations will be necessary, rather than full redesigns.
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Chapter 6

Conclusions and Future Work

6.1 Research Summary

This study assesses the capability of a low cost robot using minimal sensors to put
together a custom 1U CubeSat structure. Requirements for the custom structure are
created and a design to meet requirements is developed. The design leverages 3D
printing techniques in order to utilize compliant design latches to allow a robot to
snap the structure together without the need for screws or small fasteners. A STPA
analysis is performed to ensure the safe procedure of both the testing and the on-orbit
performance, and helps provide guidelines for safe programming, construction, and
operation practices to be followed through each iteration of the system. The custom

structure is put through assembly testing to determine its viability.

6.2 Contributions

This thesis has shown the feasibility for a Cartesian robot to assemble a 1U CubeSat.
This assembly is done without any high end sensors, leveraging the robustness of
compliant design. This demonstration shows that assembly can be done in approxi-

mately four minutes. This quick integration can support rapid deployment on-orbit.
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This groundwork is crucial to constructing a functional 1U CubeSat, and eventually
to constructing configurable nodes of multiple CubeSats on orbit. The demonstra-
tion has also revisited some requirements for initial part placement (for example, that

consistency is key), which will aid in the design of the part delivery system.

6.3 Recommendations and Future Work

There are several areas needed to be expanded on to directly follow the work in this

thesis, particularly in the structure design and the robot work.

6.3.1 Recommended Structure Adjustments

The best performing complaint design features were chamfers and alignment jigs, as
the bottom (using alignment jigs), top (using chamfers), and the rail that was unim-
peded (using chamfers) all had excellent assembly scores (100%, 90%, and 100% full
or partial successes, respectively). Additional chamfers could likely be incorporated
into the design of the holes on the adaptors to help improve their performance.

Using RSE as an alignment jig generally performed as intended, but its ability to
be nudged out of position hindered its performance. These were the cases where the
latches were misaligned, either needing to be corrected by the “wiggle” maneuver, as
was seen in the 43 partial successes, or leading to one of 4 misalignment-caused total
failures. There are several options that can help fix this. The friction between the rail
and the bottom could be increased by making the hole in the bottom slightly smaller.
Alternatively, the alignment jig used to place the bottom could be extended upwards,
as seen in Figure 6-1. This would provide a harder stop to prevent deflections, but
could potentially lead to the issue the other rails were encountering with collisions
(see Section 6.3.2 for recommended fixes).

The cause of adaptor latches breaking should be isolated. The procedures for
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Figure 6-1: An extended version of the alignment jig for the base, providing support
for the RSE. This would prevent RSE from deflecting, leading to alignment issues
with the adaptors.

future assembly tested can be adjusted for this. Instead of performing assembly
20 times per part, assembly should be performed all at once with single-use boards
to better simulate the designed-for performance. Additionally, the entire assembly
should be examined after assembly is performed to verify there is no degradation.
The “wiggle” maneuver should be simulated or otherwise quantified to determine if it
is the cause of latches being broken. The maneuver can then be modified or removed
as necessary. This will help isolate and mitigate the cause of rail degradation. If it is
found that the plastic deflections are still leading to breakages, the latches could be
redesigned to avoid this entirely. A small, spring-loaded system could be used that
would allow the latch to deflect around the outcropping without putting strain on the
latch itself. The cantilever latch could be on a small hinge with a spring connecting
it to a non-deflecting wall. When the latch is pushed over an outcropping, it would
compress the spring, moving the latch around the outcropping. When the latch
reaches the opposite side of the outcropping, the spring would relax, straightening
the rail and locking it in place. An early design of this can be seen in Figure 6-

2. Although much more robust, this would require significantly more post-processing
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Figure 6-2: A sketch of a potential new version of the latch. When inserted, a force
will be exerted on the latch where the red arrow is drawn. This will compress the
spring and allow the latch to move around the outcropping. When it passes the
outcropping and the force is no longer applied, the spring will relax and it will hold
onto the outcropping.

work than simply 3D printing the latch. Manufacturing constraints would be analyzed

in future work.

6.3.2 Recommended Robot Adjustments

The persistent error in the Z axis should be resolved, likely by replacing the controller,
as it is suspected to be a hardware error. If it is not, changes could be made to the
path planning algorithm to favor moving in the Z axis only in conjunction with moving
in other axes, as this was seen to minimize the number of errors.

The gripper needs to have an additional degree of freedom added to it to allow for
the installation of solar panels. A second electromagnet would need to be installed
perpendicular to the first one to allow for lateral lifting of the panels. Then, this
electromagnet would need to be able to rotate along the Z axis to allow the panels to
be inserted on all four sides of the CubeSat. This capability could also be leveraged to

help fix the issues with installing the rails, as they could also be lifted from the sides.
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Lifting from the sides would increase the surface area of the magnetic attachment, and
thus the connection would be strong. Another option to mitigate the rail assembly
problem would be to replace the the gripper with a stronger electromagnet. The
strength of this electromagnet may need to be variable by utilizing a simple dimmer
to increase and decrease the current as necessary to allow for the compliant sliding

when installing the bottom and the adaptors.

The main improvement, however, is to include more sensors to allow for full feed-
back control when performing assembly. This would allow for the assembly to be
more robust, potentially preventing all assembly failures encountered in this study.
There are three sensors being considered. First, the robot may need to be changed to
be able to utilize limit switches to prevent localization problems. Second, a pressure
sensor could be placed beneath the assembly area to check how much the robot is
pressing down and be able to provide feedback to stop it if it exceeds a safe mar-
gin. This could be done by utilizing a piezoresistive, flat force sensor that changes
its internal resistance when it is pressed upon. This reading could be integrated in
the closed loop control. Another piece of control could be a camera that is providing
direct feedback to the robot about the alignment of the parts before they are pressed
together. To do this, the colors of each of the adaptors may need to be changed to al-
low for visual indications of alignment. Path planning algorithms should be analyzed
for their use of re-planning when feedback is given to the system. These algorithms
should be extended to situations where FOD may be introduced, such as if latches
were to break, and simulations of this should be performed to ensure robust assembly.
The autonomous system should be considered within a larger context of unauthorized

remote access as well.
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6.3.3 Recommended Next Steps

After making the adjustments discussed in Sections 6.3.1 and 6.3.2., the viability of
pogo pins as electronic connectors should be assessed. Electronic boards with simple
functions should be placed in the boards and assembled, and the required precision
for connecting the pogo pins should be assessed. After this, functional CubeSat
boards can be checked for compatibility with pogo pins. These boards would need to
be modified to not only utilize pogo pins, but to not allow current to pass through
them until assembly is completed. A system would need to be designed to verify
the electrical connection between each board, and an external switch to powering the
assembly would need to be added.

More ground stage demonstrations are necessary before the system can be moved
to orbit. Mechanical testing must be repeated with the recommended changes to
further improve the confidence with fully autonomous robotic assembly. Once the
mechanical design is finalized, electronic testing can begin, first with pogo pins, then
with functional CubeSat boards. The full system should undergo thermal-vacuum
testing to verify the function of the robot, the custom structure, and the chosen
CubeSat boards in vacuum environment. The system should additionally be tested

in zero-gravity to verify that all assembly steps are compatible with it.
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Appendix A

Tables
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Table A.1: Time for each assembly trial, given in seconds. Red cells indicate the
assembly was a failure and an accurate time could not be measured. Note that the
table wraps, with tests 1-10 on the top and tests 11-20 on the bottom.

Part Trial

1 2 3 4 5 6 7 8 9] 10
Bottom (A) [ 9.91 [ 10.10 | 9.83 | 9.87 [ 10.01 | 9.99 | 9.91 | 9.92 [ 10.01 | 9.88
Rail RSE 9.41] 9.50 [ 10.37 | 9.98 10.14 | 9.63 | 9.13] 9.04 | 9.39
Adaptor B [ 17.41 [17.33 | 17.65 | 14.86 [ 17.40 | 17.20 17.30 [ 17.76
Adaptor C [ 27.09 | 26.89 [ 26.90 | 27.60 | 27.70 | 26.09 | 30.88 | 31.27 | 30.35 | 26.74
Adaptor D 30.82 [ 26.71 | 32.80 | 31.29 [ 32.79 [ 28.47 | 31.71 | 32.77 [ 30.28
Adaptor E 32.20 [ 33.76 |l 30.01 [ 30.22 [ 31.00 | 30.28 | 34.25 | 36.50
Adaptor F | 27.64 | 26.92 | 27.56 | 28.25 [ 28.20 | 26.11 | 27.21 | 26.93
Adaptor G 33.51 [ 28.88 | 29.10 | 32.12
Rail RNE 9.90 | 894 | 9.82
Rail RNW 9.08
Rail RSW
Top (H)

11 12 13 14 15 16 17 18 19 20
Bottom (A) | 10.04 | 9.93 | 9.88 | 10.20 | 9.87 | 9.94 | 10.01 | 9.99 | 9.89 | 10.00
Rail RSE
Adaptor B
Adaptor C
Adaptor D
Adaptor E
Adaptor F
Adaptor G
Rail RNE
Rail RNW
Rail RSW
Top (H)
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Figure B-1: A refined version of the robot control structure on the test bed. This
version is for the finger gripper.
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Figure B-2: The proposed alignment jig for the adaptors. It would require sliding
the bottom underneath it, and thus would require the whole satellite to be moved in
order to install the rails and solar panels.
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