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Abstract

Mechanism and Sensor Design for SUPERDball, a Cable-Driven Tensegrity Robot
by
Andrew P. Sabelhaus
Master of Science in Engineering — Mechanical Engineering
University of California, Berkeley
Professor Alice M. Agogino, Chair

Mechanical design for cable-driven robots, especially those in tensegrity (tensile-integrity)
tension networks, introduces a variety of challenges not found in other types of robotics; in
particular, novel problems exist for cable routing, sensing, and actuation. This work de-
scribes designs for SUPERDball, the Spherical Underactuated Planetary Exploration Robot
Ball, constructed at NASA Ames Research Center. SUPERball is a proof-of-concept spheri-
cal tensegrity robot built to show dynamic rolling locomotion. Engineering requirements for
this robot are discussed, as are the evolution of those requirements into component specifica-
tions and then into detail designs. Mechanism designs are presented for the unique modular
rod-ends used in SUPERDball, including the cable routing system and actuator. Custom force
gauges are developed, evaluated, and used to show proof-of-concept sensing on SUPERDball.
Structural testing is performed to evaluate SUPERDball’s rod-end housing, and future im-
provements are discussed based on all these observations. Finally, preliminary locomotion is
shown, using the fully constructed SUPERball robot from these designs.
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Chapter 1

Introduction

The Spherical Underactuated Planetary Exploration Robot Ball (SUPERball) project out
of NASA Ames Research Center has sought to develop basic engineering understandings
of tensegrity systems for certain space exploration mission concepts. SUPERball and its
simulation models are 6-strut tensegrity icosahedra, with adjustable-length cables for the
tension network. Adjusting the lengths of these cables allows the structure to change shape;
quick shape changes can build momentum to develop dynamic rolling locomotion [5, 6].
Figure 1.1 shows the final, fully-assembled prototype of SUPERball for which this report
discusses the mechanical design. The following section describes the system motivation,
goals, and context of this hardware project.

This report is structured so as to
emphasize the work that I completed as
part of this master’s degree. However,
as described in later chapters, multiple
significant aspects of this robot’s cre-
ation required work from many collab-
orators. Consequently, the pronoun “I”
is used to describe work which was pri-
marily undertaken by myself for this de-
gree, while “We” is used to describe col-
laborative work wherein I contributed
less than approximately 80% of the ef-
fort or time. Sections of this report
which describe work that was collab-
orative are labeled explicitly. How-
ever, for thoroughness’ sake, these col-

laborative work areas are listed here. Figure 1.1: SUPERball, fully assembled, in the

The other authors, designers, an(.i COI- NASA Ames Research Center Roverscape. Picture by
tributors are listed below according to  jonathan Bruce. 1]

their initials. These fantastic folks are
Jonathan Bruce (JB), Ken Caluwaerts (KC), Atil Iscen (Al), Sarah Dobi (SD), Roya Firoozi
(RF), Yangxin Chen (YC), Yuejia/Margaret Liu (YL), and Dizhou Lu (DL).




High-level hardware design: fully collaborative (JB, KC, and myself)
Spring-Cable Mechanism initial high-level design (JB, KC)

Actuator Housing initial high-level design (JB, KC)

All simulation work and rolling locomotion trajectories (Al)
Electronics, circuits, PCBs, and most embedded software (JB, KC)
Experimental testing of SUPERball v1.5 prototype (YC, YL, DL)
Torsional sensor test setup (SD, RF)

Torsional sensor curve fitting and data analysis (JB)

The next section describes the motivation, background, context, and prior work for this
project, including efforts before I joined. Next, the engineering design process is discussed in
the context of this odd, complicated system, and prototyping approximations are specified.
The primary contributions of this work are then specified, in terms of mechanical designs,
sensor designs, and testing procedures. Finally, recent results are shown wherein SUPERDball
performs simple one-step locomotion.



Chapter 2

Space Robotics and Tensegrity
Systems

2.1 Background

Though the field of mobile robotics continues to evolve at a rapid pace and new innova-
tive robots are developed, certain challenges persist. Out of these many challenges, two
significant areas of interest are robot interaction with unknown environments/objects, and
weight /volume/mass limitations of current robot design paradigms. Traditional robot de-
signs rely on moving joints (for manipulators), hard materials (metals, heavy plastics), and
often, large boxy cages for centralized components. Though high-performance robots such as
Boston Dynamics’ BigDog [7] are constructed in this way, such design techniques regularly
lead to heavy and bulky systems. Additionally, such designs can be quite dangerous around
sensitive objects such as humans, and either active compliance or other safety schemes are
needed [8, 9].

Recent grants by funding agencies reflect this focus on new design paradigms, with an em-
phasis on unknown interactions and weight-reducing schemes. The National Science Foun-
dation begun offering the National Robotics Initiative grant in the 2011-2012 fiscal year,
which focuses on co-robot technology for interactions between robots and delicate human
actors [10]. Additionally, NASA has recently funded numerous research projects to make
autonomous robots for space that are lighter (and thus cheaper) than current systems, in-
cluding the CubeSats program [11, 12] and recent work at Stanford university for novel
flywheel asteroid rovers [13].

2.2 Motivation

This work seeks to address these challenges by using new paradigms for structural and
mechanical design. As opposed to prior research into optimizing traditional designs for
safety and weight, the new design paradigm of tensegrity structures can allow for novel
solutions to safety and mass. This research seeks to apply traditional engineering materials
and manufacturing processes to break free from the bonds of moment arm transfer (e.g.
through the joints of a manipulator) and dangerous interactions with unknown objects.



2.3 Prior Work

2.3.1 Space Robotics and Planetary Landers

Autonomous space exploration involves a variety of types of missions. Beginning with static
(non-mobile) landers such as Cassini and Huygens [14] and evolving into mobile wheeled
robots such as Mars Curiosity [15], the field has shifted towards autonomy and flexibility in
lander design in order to get more science per mission.

However, even the most modern landers are still plagued with issues. For example, one
can identify three shortcomings of Mars Curiosity:

e Entry, Descent, and Landing systems. Wheeled rovers such as Mars Curiosity of-
ten require very delicate placement on a planet surface. Such systems may involve
parachutes, retro-rockets, and/or airbag balloons. All of these require significant mass
and engineering effort, raising the cost of missions, and reducing the amount of science
per dollar. [2, 16]

e High mass, low mass fraction. All landers are necessarily designed to produce science,
and thus the “mass fraction” - or, the amount of mass used for science instruments
versus the total system mass - is crucial. However, systems like Mars Curiosity have
low mass fractions, due to a combination of factors including the extra non-usable mass
required for EDL. [2, 16]

e Delicate systems that are prone to failure. Mobile wheeled robots such as Curiosity
occasionally encounter unknown terrain, and if systems are not designed for such en-
vironments, they may fail. Of particular note are the punctures in Curiosity’s wheels,
which although do not disable the robot, are cause for concern. [2, 16]

As mentioned before, recent funding for work to alleviate these issues implies a strong
need for better solutions than wheeled robots.

2.3.2 Tensegrity Structures

Tensegrity (“tensile-integrity”) systems are colloquially defined as “discontinuous compres-
sive elements in a sea of tension” [17]. Tensegrity structures are entirely composed of pure
tension and compression elements. The subset of tensegrity systems discussed in this work
are those which consist of only solid, axial rods (struts, in compression) held together with-
out touching each other by a series of cables (in tension). These are called class 1 tensegrity
systems; this and other types are heavily explored in other work [18-23]. It can be shown
mathematically that for an idealized class 1 tensegrity, no elements experience bending mo-
ments [24]. As a result, individual elements can be extremely lightweight: the only failure
modes for these struts are simple axial compressive failure and failure from buckling.

A unique property of tensegrity structures is how they can internally distribute forces. As
there are no lever arms, forces do not magnify into joints or other common points of failure.
Rather, externally applied forces distribute through the structure via multiple load paths,
creating system-level robustness as well as tolerance to forces applied from many directions.
Thus tensegrity structures can be easily reoriented, and are subsequently suited for operation
in dynamic environments where contact forces cannot always be predicted.
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The SUPERball project does not seek to develop mathematical underpinnings of our
system’s dynamics, kinematics, or other mechanics. These phenomena are well studied by
the above texts.

2.3.3 Tensegrity Robotics

However, using tensegrity systems in robotics contexts is somewhat of a new concept, with
authors in the field point to work by Paul and Lipson as the beginning of research into dy-
namically locomoting tensegrity systems in 2005 and 2006 [25, 26]. That work and others [27]
focus more on dynamics and control than mechatronic design.

Mechanical design of tensegrity robots has only been explored in disparate contexts, with
little formal methodology applied to prototyping and design, particularly for spherical robots
like SUPERDball. To date, the majority of constructed tensegrity robots have been designed
for open loop control, utilizing servo motors and limited sensing, and are often tethered for
power and control [28], or have been secured to the ground [29]. Some related approaches
utilize tensegrities as part of a larger, more complicated system, but not as the primary
locomotion method [30]. Others have created designs that do not use direct cable actuation,
but instead produce forms of locomotion through structural vibration [31] [32]. Finally,
those that have demonstrated locomotion of icosahedral 6-strut tensegrity robots (such as
SUPERDball) have emphasized quasi-static movement over dynamic rolling [33-35].

Other prior work from our team at NASA Ames Research Center has produced multiple
robots which also develop novel movement, but again which were not designed using formal
engineering practices but instead were simple prototypes. The ReCTeR robot [3, 36] is
also a 6-strut icosahedral tensegrity, but it does not have the same actuation capabilities as
SUPERDball and is not designed to demonstrate dynamic rolling. Other robots from NASA
Ames that are not spherical include the TetraSpine and its revisions [37, 38|, the hardware
of which shows limited undulatory snake-like motion.

Arguably, this work and the associated publications are the first to take a systematic,
design-theoretic approach to developing prototype tensegrity hardware, especially that which
is autonomous and designed for dynamic rolling locomotion [1, 3, 4, 36].

NASA had been interested in tensegrity robotics to attempt to overcome the challenges
describe above for current planetary landers. In particular, prior work from our group has
shown the potential for a SUPERball-like system to land on Saturn’s moon Titan without
any outside EDL equipment - thus saving a significant amount of mass [2, 16]. A tensegrity
robot can also address the other issues with wheeled Curiosity-like systems: a tensegrity robot
will be lower mass (due to the lack of bending moment forces with respect to mechanical
design), and is necessarily more resistant to unknown environments by design. The research
described in this report (system design for locomotion) is the other aspect to this landing
work: it is desired to show that a SUPERDball-like robot can both land and move on a planet
or moon.



2.4 Research Goals

As stated before, the singular purpose of this research is to show proof-of-concept dynamic
rolling locomotion through cable tension/length change for 6-strut tensegrity robots. SU-
PERDball is this prototype. Though there is only a single high-level goal, multiple other
sub-goals exist. Specifically, the following sub-goals were identified as milestones toward this
larger vision:

e Creation of a reasonable design process for this robot that would transform high-level
goals into engineering requirements

e Develop engineering requirements using this design process

e Development of engineering designs that satisfied such requirements, particularly in
the context of cable-driving mechanisms and sensors

e Development of sensors that would allow for full state estimation of the robot (with
an eye toward future implementation of trajectory-tracking controllers)

e Testing of mechanisms and sensors to show reasonable prototype performance

These research goals are all addressed in the following sections, and although more work
is to be done before dynamic rolling locomotion can occur, I and the other developers of
SUPERDball are optimistic about the design work that has occurred to date.



Chapter 3

Engineering Requirements and

Component Specifications for
SUPERDball

At the time of this work, the task of developing sound design requirements for a full tensegrity
robotic system which can achieve dynamic locomotion does not have a generally-accepted
solution within the engineering community. Most common design practices rely on models to
transform engineering requirements into engineering specifications and specific component
parameters [39]; however, tensegrity robots such as SUPERball have relied on non-model-
based machine learning methods for generating trajectories. Since the primary goal of SU-
PERball was to show proof-of-concept that dynamic rolling locomotion is possible for this
type of robot, the space of possible engineering requirements was vast: it is very possible
for a variety of system configurations to be controlled to roll. Thus, SUPERDball is in a
sense a controls-defined mechanical system: our engineering characteristics come from an
iterative process of machine learning simulations paired with choices of discrete engineering
components. With the assistance of NASA’s machine learning experts, this process was
iterated over until a solution was found where the capabilities of engineering components
matched the robot’s simulated parameters. Figure 3.2 and later sections explore this process
of requirements generation.

Figure 3.1: A simulation of SUPERball in the NASA Tensegrity Robotics Toolkit, showing a
machine-learned trajectory with fast dynamic rolling motion. Figure by Atil Iscen. [2]

Of note is the use of the NASA Tensegrity Robotics Toolkit (NTRT) simulator for this
machine learning. NTRT was developed for this use of simulating a tensegrity system’s
movement under changing input trajectories and patterns from reinforcement learning and
evolutionary algorithms [5, 6, 36-38]. Figure 3.1 shows such a machine-learned state trajec-



tory replayed in NTRT. The physical accuracy of NTRT and its underlying physics engine,
Bullet Physics, were recently validated by our NASA team [36].

3.1 Target Requirements for SUPERball Mechanisms

Starting from the ill-defined goal of creating a structure that could produce rolling loco-
motion, a set of quantitative requirements was developed that can be related more directly
to a given design specification. At the time of generating these requirements, NTRT al-

lowed for variations in the following parameters of a 6-strut spherical tensegrity model (like
SUPERball):

e Actuator Maximum Torque (max 7)

Actuator Maximum Velocity (max v)

Number of actuators (nget)

Strut Length (Igut)

Actuator Maximum Displacement (max Al)

Spring Constant of active and passive cables (Kqctive, kpassive)
Strut Weight (Mass, m)

These parameters focus on the de-
sign of a single strut, though SUPER-
ball consists of 6 identical rods and
the negligibly-lightweight cables which
connect them. This allowed iteration
on a more limited subset of options
which then automatically extrapolated
into system-wide performance (as op-
posed to, for example, iterating over
connectivity of the 6 struts, which L;’;irt:i‘Lg Machine Learning
would have introduced complex inter- — Results
actions between individual rod design
and system-level configuration.) Again,

Figure 3.2 informally shows how our Figure 3.2: Graphical representation of the infor-
mal design process used to generate requirements for

SUPERDball. This encapsulates the iteration over
machine-learned trajectories paired with feasible real-
izations of robot hardware.

Design Process

No: Generate New

Yes: Final
Parameters

team performed this iteration.

Though this set of parameters (for
each of which a requirement was gen-
erated) is relatively limited, it provided
some greatly-needed grounding for the preliminary SUPERball design. At the conclusion
of iterating over these parameters, and comparing them to the possible choice of compo-
nents for the robot, the quantitative requirements shown in Table 3.1 were created. Again,
these were iterated upon with other researchers until a reasonable level of convergence was
achieved. Note that some of these parameters in Table 3.1 exactly match the components
listed later in Table 3.2.

Additionally, certain relationships were established between parameters, allowing for
more simplifying assumptions to be made. For example, the actuator was assumed to be



a spindle at the end of a motor that would draw in a flexible cable. This allowed for the
calculation of the maximum cable force from maximum motor torque. Appendix A explains
the simplified calculations used to estimate these parameters from motor datasheets.

Table 3.1: SUPERDball preliminary design requirements, prior to v1.0 design.

Parameter Specification Units
Max 7 3 Nm
Max v 0.26 m/s

Ngct 12 actuators
lstrut 1.5 m
Strut Mass m 1.5 kg

One particular parameter here deviates significantly from the intuitive expected result:
only 12 of the possible 24 cables will have an actuator attached; the other 12 will be purely
passive. This is a design decision prompted singularly by mechanical design challenges of
incorporating two actuation units per rod-end, and though it was justified using an NTRT
simulation, still limits the functionality of SUPERball.

Finally, note that not all of the available parameters in NTRT were assigned an engineer-
ing requirement. Some of these were deemed to be straightforward enough to incorporate
during the detail design stage; for example, the maximum cable retraction length can be
easily adjusted by changing the dimensions of the actuator housing and does not require a
different commercial-off-the-shelf (COTS) component.

3.2 Preliminary Specification and Component Param-
eters

Table 3.2 lists the major components of the robot that were selected to meet these require-
ments, as of the initial preliminary design. These components were selected for focus during
the preliminary design process for multiple reasons. First, each of these was a component
that we knew must be included in SUPERDball: though many details of the SUPERball strut
design were set at this preliminary stage, much of the very important detail design (e.g.
structure and actuator housing) was performed later. This allowed for a reasonable first es-
timate of the weight of a single rod. Additionally, each of these components drove the detail
design of a specific portion of the robot: for example, the motor choice necessarily drove the
dimensions of the actuator housing, and the internal compression spring choice compelled
the design of the complex cable-driving mechanism. Finally, each of these components were
selected as commercial-off-the-shelf (COTS) parts for which only discrete parameters were
available. Since re-creating many of these parts ourselves would have been inefficient, these
choices limited the range of options. The designs specified in later sections are related to
custom-manufactured parts for which the design team could continuously vary parameters
(e.g. part dimensions.)



Table 3.2: Off-the-Shelf Engineering Components in Preliminary Pre-v1.0 Design

Component Model Mass (kg) | Relevant Engineering Characteristics(s)
Motor Maxon 386674 0.206 2.18 Nm nominal
Motor Gearbox Maxon 370784 0.078 G =109, n = 0.59
Spindle Radius N/A N/A 1.5 em
Strut Tube N/A, Alum 2024-T3 0.264 1/32” wall, 0.75” radius
Battery Turnigy T3000.65.20 0.487 3 Ah
Springs (Active Cables) | Century Spring Corp. 11576 | Neglected 613 N/m
Springs (Passive Cables) | Century Spring Corp. 4207 | Neglected 2850 N/m

However, one unanticipated result of this focus on discrete off-the-shelf components was
that the detail design process added large custom-made parts to the robot which were not
originally included in weight calculations. The final mass of one robot strut increased to
3.5kg over the 1.5kg listed in the original requirements. Ideally, more machine learning for
controls would have been performed at this stage. Verification that the increased mass would
still allow the robot to meet the original goal (rolling locomotion) would have justified these
design decisions. However, due to constraints on time and resources, the team was unable to
verify this change. The large variety of machine-learned trajectories during the initial stage
does nonetheless give confidence that these modifications will still allow movement goals.
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Chapter 4

Engineering Designs

4.1 Overview and High-Level System Design

In the preliminary design stage, some system-wide characteristics were decided upon, in-
cluding actuator placement, type, and system geometry. As stated before, SUPERball is an
icosahedron tensegrity structure comprised of 12 motors at the end of the robot’s 6 rods.
Each rod is comprised of three main elements: 2 modular end cap assemblies containing
all the mechanical and electrical systems, and a connecting aluminum tube as a support
structure. The end caps are held onto the connecting rods by a shaft collar for easy removal.
There are 4 sections to the modular end cap. From innermost (inside the tube) compo-
nents toward the end of the endcap, these major sub-assemblies are: spring holder and tube,
shaft collar, battery compartment, and actuator and rod end. All of this high-level design
work was collaborative between myself, Jonathan Bruce, and Ken Caluwaerts, for the first
revision.

0.4m

...................................................................

Figure 4.1: Design v1.0 of a SUPERball endcap (and strut tube.) Note the four subsystems
placed along the endcap, as well as the lack of detailed designs for mechanisms. Figure by Ken
Caluwaerts. [3, 4]

Figure 4.1 shows the very first version of SUPERDball, denoted v1.0, for which detail design
existed but was plagued with performance issues and which required more optimization [3].
This render comes from a that early CAD model, and though a hardware version of this rod
was constructed, that imagery of the physical hardware is less informative than the render.

In comparison, a heavily revised SUPERball endcap with finished detail design is shown
in Figure 4.2. This version is denoted v1.5, and was tested much more extensively. The
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Figure 4.2: Version 1.5 prototype design of one of SUPERball’s endcaps. Most structural compo-
nents were implemented with sheet metal, and the actuator assembly includes updated mechanisms
for the cable-spring system. [4]

final version of the SUPERDball rod, used on the full build-out of the prototype, is shown in
Figures 4.3. This final version, v1.6, is that which is described in this report. The overall
configuration and purpose of each of these subassemblies was retained from the preliminary
design to final prototype design. However, as described in the sections below, the detail
design phase for SUPERDball led to many subtle improvements for these components and to
multiple novel mechanisms and sensors.

4.2 Cable-Spring Subsystem

In SUPERDball, the tensile elements are called spring-cable assemblies and consist of a com-
bination of steel wire cable, Vectran cable, a compression spring, sensors and optionally an
actuator. Figure 4.4 shows the conceptual model of such a system, as originally envisioned
by the collaborative team of myself, Jonathan Bruce, and Ken Caluwaerts. Each of SUPER-
ball’s motors is attached to a 1.4mm-diameter Vectran cable (Cortland 7012 Vectran HT,
2.2kN breaking strength). Sensors and actuators are discussed in later in this report.

The opposite end of that cable is looped onto the free end of a steel cable, close to the
opposite rod, which then transfers force through the cable into a spring inside that other rod.
Figure 4.5 shows the internals of the entrance point of this cable, which winds over a bearing
then into a PTFE tube and then travels through the back of the end cap to the spring area.
Unactuated (passive) cables are attached directly to one end cap and to a compression spring
and sensor inside another end cap. Though high-level design was collaborative, these newest
mechanisms themselves are my own work.
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The springs of the spring-cable as- side shows the other PCB for motor con-
semblies are inside the hollow alu- trol, and a better view of the actuator as-
minum tube. Steel wire cable sembly and spool caps.

transfers motion from the springs
to the outer cables, and is routed
through the end cap assembly.

Figure 4.3: Revision v1.6 of SUPERball’s endcap. [1]
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Figure 4.4: Conceptual model of a SUPERball spring-cable assembly.

Each spring-cable assembly contains a (compression) spring with linear stiffness k. The current
spring force or cable tension f is measured by an in-line compressive force sensor. Only the cables
are exposed to the environment as all sensors and actuators are embedded in the end caps. The
dashed elements - motor & torque sensor - are available on actuated spring-cable assemblies. The
remote cable tension f on end cap i is only available to the motor controller on end cap j through
a wireless link. Motor-side torque sensing 7 allows for local tension control on end cap j. Figure
by Ken Caluwaerts. [1]
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Figure 4.5: Internal view of the pulley and exit point of the steel cable, which connects to springs
inside the strut tube on one end and to the external vectran cables on the other. [1]

Since SUPERDball is designed as a prototype on which to develop controls, a good model
of the system was crucial - this led to the use of mechanical, metal springs for the cable’s
compliance over other materials with less deterministic spring constants (e.g. parachute
cord.) On the modular end cap for SUPERDball, an enclosed compression spring system
was developed to alleviate issues observed in prior work [3, 36] related to exposed extension
springs. Compression springs were chosen so that during any unknown impact, the springs
would not plastically deform: at maximum force, the springs would simply bottom out,
and thus SUPERDball’s states can be modeled as a hybrid system (compliant dynamics for
one range of forces, direct force transfer into the endcaps for higher ranges of forces.) For
SUPERDball, a spring with a spring constant of 613/N/m is attached to a passive cable element
and a 2850N/m spring is attached to an actuated cable. The passive spring has a much higher
compressive range to allow for pretension to be instated into the passive springs.

An early working prototype of our spring holder system can be seen in Fig. 4.6, which
demonstrates the compression of these springs. See recent videos for [1] to see the most
recent version of these springs in action.

4.3 Rod Attachment (Shaft Collar)

A major prototyping-inspired feature of SUPERDball is the ability to exchange end-caps
relatively quickly. This is achieved by utilizing a simple shaft collar that clamps all the other
subsystems to the connecting strut tube. Since this collar is the only mounting component
of the end-cap, it needs to be robust to loading forces yet simple for easy assembly. The
collar bolts onto both the battery compartment (and thereby the entire outer structure) as
well as the internal cable-spring assembly. It then clamps onto the outside of the strut tube
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Figure 4.6: Compression spring movement on v1.0 of a SUPERball rod. This motion is largely
unchanged in later versions, though the cable routing has been updated significantly as described

above. Figure by Jonathan Bruce. [3]

through a friction-based shaft collar connection.

this component.

Since this shaft collar is the heaviest man-
ufactured part on SUPERball, it was opti-
mized for reduced weight and ease of assem-
bly /manufacturability through two specific fea-
tures. First, the collar was designed with only
one screw (as opposed to a fully split collar), for
ease of assembly in this tight press-fit, and which
also eliminates a manufacturing step. Then, the
wall thicknesses and dimensions were optimized
using a combination of rough hand calculations
and FEA software (see section 5.1) to ensure a
reasonable safety factor while reducing its size
and weight.

4.4 Battery Compartment

Figure 4.7 shows a perspective image of

Figure 4.7: Shaft collar for SUPERball. [4]

The power subsystem consists of three main sets of components: a large lithium polymer
battery, a controller PCB, and the sheet metal structure to which it is all attached.

As shown in Figure 4.8, initial design (v1.0) of this subsystem used two pieces of bulk
aluminum milled out to house the battery. While this provided excellent structural support,
multiple performance characteristics compelled a switch to a bent sheet metal aluminum
design. First, weight was reduced significantly. After initial calculations indicated over-
designed dimensions and an enormous safety factor for this part, these wall thicknesses were
reduced to the point at which they effectively became sheet metal anyway; the switch was
intuitive. Second, manufacturing became simpler: as opposed to a costly and complex CNC
milling operation, this bracket could be cut from sheet with a water jet, then bent with a
CNC sheet metal bender. Finally, more flexibility was required for placement of components.
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Initial designs of placement of the large 3
Amp-hour battery compelled the need for dedi-
cated tie-down straps, in order to facilitate exact
placement of the component as well as allow for
ease of replacing drained batteries. Thus, holes
were needed for straps, shown in above pictures
holding the battery to the side of the compart-
ment.

In addition, systems-level design indicated
the need for a discrete power management con-
troller. A logical placement is physically close to
the battery, which required more room than ex-
isted in the initial bulk design. The final version
in Figure 4.8 shows multiple mounting holes for
standoffs for such a printed circuit board, as well
as slots for different straps to secure the battery
as needed. It consists of five bends which fold
together at the top section, and are then com- Right:
pressed together by the same bolt patter which
attaches the compartment to the sheet metal sur-
rounding the motor.

Figure 4.8: SUPERball’s power subsystem
structural housing (battery compartment.)
Original v1.0 design. Left: Re-
designed compartment for v1.5 and 1.6. [4]

Sheet metal designs in the first iteration of SUPERDball showed some microcracks from
harsh bending angles. Thus, this battery compartment was designed to account for gentler
bend radii. Each of these bends was designed with a radius of three times the the sheet
thickness, or 6mm. These same radii were used in the most recent version of the sheet metal

brackets that support the motor and actuation subsystem.

4.5 Actuation Subsystem

The actuation subsystem is designed for ease of assembly
and manufacturing, as well as to further reduce friction
in the motor-driven cable. Figure 4.10 displays the mo-
tor assembly, which at its core is similar to the one present
on SUPERball’s predecessor, ReCTeR [36], created by Ken
Caluwaerts. This was thus again a collaborative effort to en-
vision the overall high-level actuation system design, though
the majority of the detail design is my own.

The simple, yet robust design of the cable actuator is
based on a spindle actuated by a geared brushless DC motor.
The motor axis is secured by two radial bearings, one of
which is press fitted into the plate on top of the spindle
and one is integrated into the gear box. A spindle (30mm
diameter) machined out of POM sits on top of the motor axis
and winds up the aforementioned Vectran cable. Vectran
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Figure 4.9: SUPERball’s mo-
tor/cable spindle with vectran
cable looped through. [4]



cable has lower creep than Dyneema which was used on the previous prototype robot, but
without protective coating it is sensitive to UV light [40] [41]. It has been successfully used in
space applications (e.g., the Mars Pathfinder airbags) due to its excellent thermal properties.

The motor spindle has a guide passageway
for the cable to pass through it, from the side
to the top of the assembly (underneath any
future protective rubber covering for the top).
The cable is designed to slide into the spindle
from the side and come out on top of the as-
sembly. This allows safe clamping of the cable
without damaging it. Our NASA team stud-
ied various ways in which we can secure the
one end of the Vectran cable that terminates
underneath the rubber cap with minimal re-
duction of the breaking strength of the cable.
The most promising option embeds a steel ball
inside the cable and then pots that section of
the cable in epoxy. Figure 4.9 shows this spin-
dle with cable threaded through its guideway.
Work is ongoing to properly characterize this
connection method.

It is important to prevent tight bends
(knots) of the cable, as this reduces its
strength and increases wear. To further
protect the cable and prevent it from get-
ting stuck, the spindle is embedded into two
smooth POM surfaces (spool caps), with a
0.5mm gap between the spindle and the sur-
faces. This allows the cable to slide smoothly
in almost any direction without excessive fric-
tion.

The bottom spool cap is designed to take

Figure 4.10: Actuator design with bottom spool
cap removed and exposed motor torque sensor.
A POM spindle mounted onto the motor axis
actuates a Vectran cable. This open construc-
tion exposes the wire and spindle, but reduces
the cable friction and risk of knots. The design
is shown without the bottom spool cap so that
the motor mount sensor is exposed for view-
ing. The flanges of the bottom spool cap (which
carry the entire load from the top of the rod
end) would be situated between the white ny-
lon spacers and the motor mount. [4]

all the force from the upper components (nylon spacers and top plate, screwed on with one
nut at the top) and transmit it directly to the metal housing of the actuator assembly. The
flanges of the cap, positioned between the nylon spacers and the motor mount, take the

load from the top of the rod. This allows force

transfer to the rest of the structure without

artificially loading the motor mount sensor and skewing the sensor data. See section 5.1 for

an analysis of the forces in these parts.
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4.6 Sensor Design

SUPERDball has three types of sensors: motor encoders, and two custom force/torque sensors
constructed with strain gauges. The following sections describe the two custom parts that
together allow for state estimation of the robot (both centralized and distributed), though
such estimation methods have yet to be implemented.

4.6.1 Compressive Force Sensor

Sensing the tensions of each of SUPERDball’s cables can be done by detecting the force
transmitted from each of the compression springs to the spring housing. This is an intuitively
simple task that was complicated by the geometric constraints imposed by the cables that
are routed back through the springs. Since force was transmitted to the springs by a small
press-fit cap with a notch for a steel cable, that cable needed to run back through the center
of the spring. Consequently, two thick cables needed to fit past the topmost compressive
force sensor, requiring a slim design with a small cross-sectional footprint.

Figure 4.11: Prototype of the axial compressive force sensor inside one of SUPERball’s rod’s spring
assemblies. Note the thin cross-section that allows for cables (not shown here) to pass by vertically
on each side of the Z-shape.

The most recent prototype of these compressive sensors is shown in Figure 4.11. Like
other designs that were considered, it has a purely planar geometry so as to be manufactured
by a water-jet machine out of sheet metal. This design was chosen for a combination of
effective response during testing and comparison of designs, as well as ease of assembly -
the two strain gauges that are attached to each side of the middle deforming bar of the
“Z” can be easily attached, as compared to e.g. circular designs. These strain gauges are
connected in a simple half-bridge circuit and connected to an ADC on one of SUPERball’s
circuitboards.
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Figure 4.12: Predicted stress in the compressive force sensor using Solidworks FEA. Note that this
plot shows meshing issues around the high-stress section.

Figure 4.12 shows a very simple axial compression FEA in Solidworks for this part.
Multiple iterations of FEA were used to design the dimensions of the Z-shape such that
the gauge should not plastically deform (thus losing calibration) or otherwise fail under the
maximum expected loading of the cables. However, note that the final design in Figure 4.12
does show stress above yield - this was originally ascribed to Solidworks FEA’s simplicity
in meshing the bend in the Z, as intuited by the sharp cutoff in the red high-stress area.
Each run of this simulation showed stress above yielding at a variety of applied forces, which
implied the need for more advanced FEA procedures. Due to time constraints, this was not
pursued.

4.6.2 Motor Mount Torque Sensor

The second custom sensor on SUPERDball is the torque sensor, which also functions as the
motor mount. Though designing a crucial piece of the actuator structure to intentionally
deflect risks significant issues with structural rigidity and stability, benefits for prototyping
outweighed the risks. Specifically, there was a need to implement low-level closed loop control
directly on a single rod - closing a loop over a wireless radio would introduce too many issues
with timing and control stability (and would complicate debugging during prototyping.)
Since only having the cable compression sensors would require that state estimation occurred
over wireless (SUPERDall’s 6 rods are not electrically connected), options were considered
to sense outgoing cable force on the same rod as the actuator. As opposed to an additional
part, this motor mount sensor allows direct measurement of the torque applied to the motor,
and thus the force in the cable that is controlled by that motor.

The original concept for this sensor was from Jonathan Bruce and Ken Caluwaerts, but
my work was the refining, manufacturing, testing, and assembly of these components.

Figure 4.13 shows one of these cross-shaped sensors without its strain gauges, freshly
manufactured with a water-jet machine. Figure 4.14 shows a sensor that’s been assembled,
with the strain gauges attached, and which has been placed on the retaining bolts for the
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Figure 4.13: The bare metal cutout of the motor mount torque sensor structure. The center bolt
pattern is for the motor attachment, and the four holes of the square outside pattern are for the
supporting bolts of the actuator assembly onto which the motor mount slides.

Figure 4.14: A motor mount torque sensor fully assembled (with strain gauges) on one of SUPER-
ball’s rods. A motor would attach to the center of the sensor and fit between the two inner sheet
metal side brackets.
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actuation assembly - though it does not have the motor attached. The arms of the mount
deflect as the motor torques against it, and the half-bridge strain gauges attached on opposite
sides of one single arm subsequently induce a voltage change. The motor is attached to the
sensor/mount with six mounting bolts at the end of its gearbox.

This sensor’s dimensions were also designed using Solidworks FEA to get appropriate
dimensions of the cross-arms which deform. However, since that was not my work, it is not
included here.
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Chapter 5

Testing and Analysis

5.1 Structural System Testing and Analysis

Different types of tests were performed on each of these designs of the end-cap, in accordance
with the component’s importance in relation to the overall design goals for SUPERball. In-
depth testing was performed on subsystems whose failure modes were most severe, such
as the structural subsystem. However, even if not discussed explicitly below, a minimum
of qualitative tests were performed for each part, to confirm a basic level of functionality.
Future work will include more thorough testing and calibration for all components.

5.1.1 Analytical Safety Factor Predictions

The failure modes of the structural load-bearing elements in SUPERball are most severe,
and were thus analyzed with a variety of techniques. First, analytical calculations were per-
formed for failure modes of the structure, including the aluminum strut tube and sheet metal
components. These calculations were performed in the initial design phase for components
with simpler geometries; see below for numerical tests of complex parts.

For the strut tube, two basic calculations included tests for failure in axial loading as
well as buckling. The force applied to the strut tube was calculated by assuming all eight
cables attached to one rod applied the max load of 100N (calculated from the maximum
torque requirements in Table 3.1, in line with the tube, for F, = 800N. At the inner/outer
diameter cited above for this design, axial stress is then

F, 800 800

O'a = —_— = =

A Z(r2—r?)  2((0.00331)% — (0.00349)2)

This gives an axial compression failure safety factor of 32, using a yield strength of oy

= 269 MPa for the 2024-T3 aluminum alloy from which this tube is made [42]. Similarly,

using Euler’s buckling approximation and a modulus of elasticity of £ = 73 GPa,

=84 MPa

7 mEI  7(73%10%)(&(0.00349" — 0.00331%))
buckling — -

? (KL (2)(1)

This gives a buckling failure safety factor of 2481/800 = 3.1, which although small, is
acceptable for this prototype. Additionally, a 3D stress state was calculated, assuming this

= 2480 N
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axial load as well as hoop and shear stresses from a torsional load of the same magnitude.
This last assumption was justified in the case of an incorrect tube placement: if the tube did
not contact the face of the shaft collar, the entire 800N load would be transmitted through
shear on the contact face. Assuming a coefficient of static friction of p = 0.95 for aluminum
against aluminum [43], and a contact length of 10mm, the tube pressure, hoop stress, and
shear stress were calculated to be

F ressure 800//”’ 800/0-95
p=-t = = = 766 kP
Afoe  27rh  27(0.0175)(0.01) ¢
Por (166 109(0.01657) _ /o )
Op = = = 14. a
P 8.80 % 104
FS ear 800 800
Tye = —22 = — 727 kPa

" Afeee 27rh 27(0.0175)(0.01)

Note that in the above, the internal pressure on the thin-walled tube comes entirely from
the clamping action of the shaft collar resisting the axial load. The von Mises stress from

this calculation can then be compared to the yield stress of 2024-T3 aluminum. In SI units
of MPa,

Oh  Toz Tay 14.3 0 0
O= | Te Oy Ty | = 0 8.4 (0.727) |, ouym =11.82 M Pa
Tey Ty O 0 (0.727) (0.766)

This is larger than the original axial stress estimate, taking the compression failure safety
factor down to 269/11.82 = 22. From all this analysis, it is clear that the failure mode of
the strut tube would be buckling, which currently has the small but acceptable safety factor
of 3.

For the sheet metal brackets, a similar buckling analysis was performed. Here, similar
properties of aluminum were used, with v = 0.33 [42]. Approximating each bent bracket as
simply-supported, and assuming the bending process has not weakened the material signif-
icantly, the edge most likely to buckle is one long side of the battery compartment. This
section that is 0.11m long with a cross-sectional area of 2mm by 60mm has a critical buckling
force [44] of:

’El 2(69 * 10%)(-5(0.06)(0.002)?
P, =— _ 69 107)(5(0.06)(0.002)) _ 0y
(1 —v?)a? (1 —1(0.33)2)(0.11)2
Compared against a maximum worst-case load of 800N from above, this bracket has a
safety factor against buckling of 2530/800 = 3.1, which like the tube, is small but acceptable

for a prototype.
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5.1.2 Numerical Safety Factor Predictions
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Figure 5.1: FEA Test of the battery compartment, with 800N load and bonded contact surfaces. [4]

In addition to an analytical estimation of the fac-
tor of safety for parts with simpler geometries, finite
element analysis tests were conducted for the other
structural components. Specifically, the end-cap shaft
collar, battery compartment, and bottom spool cap
were tested within Solidworks Simulation 2012. Each
test was done as a compression test with the same
worst-case load as estimated above of 800N.

The end-cap shaft collar test, shown in Figure 5.2,
used the default material properties within Solidworks
for 6061-T6 aluminum. The default mesh type was
used, with a global element size of 1.75mm. The in-
ner cylindrical face, where the collar clamps the strut
tube, was constrained in all six degrees of freedom
(fully built-in.) Then, a force of 800N was applied to the top face, where the battery com-
partment would attach. As expected, since this part was still relatively thick-walled, this
test showed a maximum von Mises stress of only 7 MPa, so this part had an estimated safety
factor of 38 against the yield strength of 269 MPa. This indicated that the shaft collar piece
was not a source of concern for failure.

The static compression test of the battery compartment, shown in Figure 5.1, also used
the default material properties within Solidworks for 6061-T6 aluminum. The default mesh
type and size were also used. The bottom face, which contacts the end-cap shaft collar,
was constrained in all six degrees of freedom. The topmost bent face, which bolts to the
structural brackets surrounding the motor, had an applied normal load of 800N.

Additionally, the Solidworks “Component Contact: Bonded” of two faces was applied
between the three bent pieces of sheet metal at the top of the compartment that are com-
pressed together when bolted. The test in Figure 5.1 shows a maximum von Mises stress of
135 MPa, leading to a safety factor of almost 2.

von Misss (Nin'2)

| 2853,089.5

— Vield sirengit 275,000,000.0

Figure 5.2: FEA test of the end-cap
shaft collar. [4]
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This compares decently well with the simplistic stress calculation above, but does indicate
that the initial simplistic calculations do not account for the bends in the sheet metal. Note
that a bending test in FEA is not included in these results due to failures of the simulation
to find a solution.

Two static compression tests of the bottom spool
cap were also conducted, using the default material
properties within Solidworks Simulation 2012 for Del-
rin acetyl resin, the raw material from which the part
is made. The faces which contact the supporting sheet
metal brackets were constrained in all six degrees of
freedom. As before, the default mesh type and size
were also used. Among the many forces this cap could
experience, the compressive force on its inner flanges
from the nylon spacers is expected to be most sig-
nificant. As discussed above, these flanges transmit
the entire load of impact of the rod end, as well as
any loads from the radial bearing of the motor spin-
dle. Two different tests were performed with loads of
100N and 800N. The former, shown in Figure 5.3, was justified as a lower-end estimate of
the force a rod would experience from its one actuated cable. For this smaller load, the
maximum von Mises stress was 17 MPa, for a safety factor of 4.2 using the value of 72 MPa
as the yield strength of Delrin [45]. However, the test with the larger load of 800N (worst
case) showed a maximum von Mises stress of 133 MPa, which was a factor of 8 larger than
the other test as expected. This larger value would cause failure in the part, and thus helped
identify this as a potential failure mode and candidate for future redesign.

Figure 5.3: FEA test of the bottom
spool cap part. [4]

5.1.3 Experimental Testing

An assembled end-cap, in its rig for the compression test, is shown in Figure 5.4a. This low-
fidelity test placed the end-cap, in series with a scale, between a hydraulic jack and a fixed
support. Increasing force from the jack up to approximately 1000N, just over the worst-
case estimate of 80ON. For the sheet metal brackets and end-cap, no plastic deformation
or failure was detected during this test, indicating that the assembly would survive such
forces. However, as shown in Figure 5.5, the bottom spool cap flanges did indeed shear off
as suggested by the FEA test. Thus, a future redesign of these flanges would be required if
such large forces were to be applied in practice.

Similarly, Figure 5.4b shows a test of a bending moment on the end-cap. Although no
such force is expected to be applied to the structure, and was not designed for, this test
was performed as a precaution against unexpected situations during locomotion testing of
this prototype. The end-cap was horizontally clamped to a fixture, and then the scale was
again placed in series with the hydraulic jack, which was used to apply a force of 54N to
the rod end section of the end-cap. Again, no failure of any type was detected during tests,
indicating that the assembly’s robustness to unintentional collisions or loads.
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(a) Compression test setup for end-cap pro- (b) Bending test setup for end-cap proto-
t

otype. [4] type. [4]

Finally, a short drop test was performed using a
fishing line as a guide for the end-cap and strut as-
sembly to hit the ground at a specified angle. The left
of Figure 5.6 shows the test setup. A piece of fishing
line was attached to a fixture roughly 20 feet above
a dirt and gravel bed, and then fixed into place in
the ground at a net angle of roughly 60 degrees. This
height of about 20 feet corresponds to one-fifth the
total energy with which a SUPERball would collide
with the surface of Titan, Saturn’s moon [16]. Then,
the end-cap assembly, attached to a strut tube, was
placed on this fishing line and dropped. The right im-
age of Figure 5.6 shows the results of this drop test:
the flanges in the bottom spool cap, previous identi-

Unbroken

Figure 5.5: Results from compression
test. Flanges on bottom spool cap have
sheared, confirming the factor-of-safety
predicted by the FEA results.

fied as a potential location of failure, did indeed shear apart upon impact. In this case,
the nylon spacers forced the flanges apart from the cap body, and are lodged into the space
below the cap. Additionally, one long stainless steel M4 screw (inside the nylon spacer)
deformed slightly. This test identified areas of improvement for future revisions that would
be hardened against larger drop tests: the sheet metal aluminum structure performed as
expected, but the Delrin part and thin M4 bolt should be redesigned.

All of these tests showed the basic validity of the structure used for SUPERball. Although
a more thorough confirmation of results would include tests until failure for metal parts, as
well as a wider variety of tests, these were sufficient for the purposes of this prototype. These
structural tests show that this robot is unlikely to break during its locomotion tests, and
that the operators are likely safe when performing such dynamic tests.
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Figure 5.6: Results of drop test. Left: End-cap and rod impact the ground. Right: Close-up of
end-cap actuation area after impact, where the flanges on bottom spool cap have again sheared
as the nylon spacers push through. Note that these forces are much greater than those expected
under locomotion.

5.2 Sensor Analysis

Both of the 2 custom sensors on SUPERball were tested to different extents. The following
sections describe the analysis, debugging, and calibration of the two sensor types.

5.2.1 Compression Sensor Analysis

Since the goal of this project was to show locomotion, work was concentrated on aspects of
SUPERDball that were necessary for basic control and estimation. The low-level brushless
motor feedback loop relied on the motor mount torque sensor, and thus the spring compres-
sion force sensor received less attention. As of this writing, the compression sensors are not
actively used on SUPERDall, though redesigns are planned for the near future.
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Figure 5.7: Data from a qualitative test of the compressive strain gauge inside a spring-cable
assembly. Vertical axis is the raw output measurement from the 24-bit ADC, horizontal axis is
sample number (i.e. time). Note that even though the cable was smoothly repeatedly loaded, the
spring buckling causes undesired noise highlighted in the red box.
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Some qualitative testing was done with these sensors to show that they performed ade-
quately, had the designers decided to manufacture the required 24 of them for the SUPERDball
prototype. The data shown in Figure 5.7 shows the measured response of the sensor when
undergoing a simple qualitative test of pulling on a cable and thereby compressing the spring.
Meaningful responses are recorded for the duration of the test, from no-load until an indi-
vidual compression spring was fully compressed. However, this test revealed a significant
issue with the spring design: since the outer diameter of these springs is less than the inner
diameter of their enclosure tubes by about 5 mm, there is room for the compression springs
to buckle. This causes the dramatic noise during the repetitions of cyclic load of the cable,
highlighted by the red box in Figure 5.7. Additionally, such buckling can be seen in Figure
5.8, where the aliasing in the spring coils is due to such buckling. Along with the emphasis on
the other sensors for basic functionality, this buckling phenomenon influenced our decision
to not pursue these designs before the first prototype. For that first prototype, these sensors
were just cut out from the sheet metal but not fully assembled with strain gauges.

Figure 5.8: Test to confirm buckling phenomenon in SUPERball’s spring tube assembly. Here, one
of the springs is inserted into its tube, with the holder cap on the bottom, then clamped into place
on a table. A force is then applied to the spring by using a long metal rod. Buckling is evident by
the curving aliased coils in this image.
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Not captured by this data is the plastic deformation that some of these sensors experi-
enced. Many of these Z-shaped sensor prototypes became permanently bent after testing.
It is believed that this is partially a consequence of the internal compression spring buckling
issue, however, this also implies that our team did not undertake thorough enough FEA
analysis and that the results from Figure 4.12 are more accurate than was first thought.
Nonetheless, these sensors are scheduled for a redesign in upcoming SUPERDball revisions
to reduce plastic deformation. Another examination of COTS parts will also be performed,
so as to attempt to find a sensor which fits the required dimensions and also reduced the
possibility of error from custom-made sensors.

5.2.2 Torsional Sensor Calibration

The motor mount torque sensor was qualitatively tested, and 12 of them were calibrated
for use on SUPERball. For calibration, hanging weights were used such that when hung off
a given moment arm from a torsional sensor, they would enact a known torque. Then, by
using the radius of the spindle, these values can be converted into estimated force on a cable.
Recording the voltage across the sensor half-bridge for each of these data points allows for
curve fitting for cable force.

(a) Test setup for the torsional sensor, par- (b) Test setup for the torsional sensor, fully

tially assembled. The four bolts are tight- assembled, and connected to the data col-

ened down, but the center piece rests against lection PCB. The front piece with hooks for

a large bearing inside the assembly, to re- the cord is held onto the torsional sensor by

strict out-of-plane bending. the bolts in the pattern of the motor, and
screw into threaded holes in the inner bear-
ing piece.

Figure 5.9: Motor Mount Torque Sensor Calibration Setup.
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I led two of our lab’s fantastic undergraduates (Sarah Dobi and Roya Fallah Firoozi)
in designing the following test rig, with four components. The primary housing holds a
radial bearing and the inner supporting shaft, which together model the motor and restrict
measurements to the tangential degree of freedom (the bearing reduces out-of-plane motion.)
The sensor is then bolted onto the main housing, imitating the assembly onto the actuator
bolts on a SUPERDball endcap. Figure 5.9a shows this stage of assembly, with the sensor
exposed. Finally, an outer plate is attached that clamps onto the inner supporting shaft and
whose bolts pass through the sensor’s inner bolt pattern. This allows the sensor to deflect
in the rotational direction when a moment arm is applied to the outer plate. Such a setup
is shown in Figure 5.9b shows the outer plate attached, weights hanging from the side, and
one of SUPERDball’s Sensorboards collecting data and transmitting it over a UART serial
port to a local computer. Calibration curves are not shown here, since these were generated
by Jonathan Bruce and not by me.

5.2.3 Torsional Sensor Testing In-Situ

After calibrating each of the 12 torsional

motor mount sensors, SUPERball was fully Data collected over BeagleBone, Sensor 1
assembled, and one of these sensors was 220 ‘ ‘ ‘ ‘ ‘
tested to confirm that appropriate readings 2001

were being returned. Figure 5.10 shows es- 180}

timated force (from a 2nd-order curve fit %160—

for the know sensor calibration) of a cable 5 140}

when commanded in a square-wave pattern, g 10l

taken from torsional sensor 1 and transmit- g

ted wirelessly from a BeagleBone Black on & '

the robot to a local computer. No filtering or 80r

post-processing was done on this data, with 601

the minor exception of scaling the vertical 40

axis to convert raw ADC values into esti- Time (s)

mated forces via the calibration curve for
this sensor. This graph matches the actu-
ated square wave reasonably well, although
noise and hysteresis are evident without fil-
tering and without implementing a state ob-
server.

Figure 5.10: Motor mount torque sensor data
recorded during a square wave input position tra-
jectory for a motor. A square wave of tension
is sensed, detecting the commanded position tra-
jectory up to a calibration constant, showing the
validity of SUPERball’s torque sensors. Figure by
Jonathan Bruce. [1]
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Chapter 6

Preliminary Locomotion Results

Figure 6.1: SUPERDball performing a single punctuated roll or face-change movement. The robot
starts on one triangular face, and after locomoting forward, stands on a different triangular face. [1]

Figure 6.1 shows still frames from an experiment where the motor position controller
retracts a cable. The retraction distance required for movement was hand tuned, and will be
validated against simulations in future work. In practice, one single face-change movement
required retraction of roughly half of the starting length of one of SUPERDball’s cables.

In this case, the active cable being controlled is on the bottom triangle, and punctuated
rolling is induced when the center-of-mass of the robot moves outside the shrinking triangle
base. Similar to the Berkeley Rapid Prototyping tensegrity kit [46], this method represents
one motion primitive for spherical tensegrity systems. Future work will include locomotion
in which the dynamics and inertia of rods are used to propel the robot forward, as in [5, 47].
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Chapter 7

Future Research

Though the mechanisms and sensors in this report allowed for basic single-step locomo-
tion, improvements may be needed before fully dynamic rolling locomotion is possible. The
following areas are targets of future research.

First, the compressive force sensing system will likely need to be redesigned to avoid
the spring buckling sensor noise issue. This will likely involve either a change in the spring
holder tube, or a change in the spring itself. One possibility for a spring change is to move
to an extension spring, since those do not buckle (no compression), but which would involve
designing a stopper piece so the spring does not plastically deform past its limit. And,
as mentioned in the sensor testing section for the compression sensor, more designs of the
physical sensor itself would be desired such that it does not accidentally deform and lose
calibration.

Although the cable exit points from the rod-end were heavily designed to avoid friction
and bending, the very exit itself does not enforce a gentle enough bending radius for the
cables when they are outside the endcap. Figure 4.3b shows the exit point of one of these
cables. Note how even though a teflon tube covers the cable exit, both the tube and cable
are still bent at an extreme angle. It may be the case that this unmodelled friction and
deformation may prevent accurate state estimation, in which case a redesign or additional
design would be needed to guide the cable out more smoothly once outside the rod end.

As described in the experimental testing section, the bottom spool cap flanges shear off
under load. Before drop testing or serious performance testing, these caps will be redesigned
with thicker and stronger flanges, as well as to reduce the stress concentrations at the top
of the flanges.

Finally, a protective “shoe” or “foot” is desired for the outermost part of the endcap.
Original designs had included a circular rubber piece that mounted to the top of the cap, but
this was deemed to be too expensive and difficult to manufacture. Without the protective
shoe, the actuator housing and bearings are subjected to higher impulses and more dirt
and dust. A feasible design for a protective shoe is likely required before testing in real
environments (such as the NASA Ames Research Center Roverscape.)

However, despite all of these future improvements, I and my collaborators believe that
this v1.6 of SUPERball represents a significant step forward in the mechanism and sensor
design of cable-driven tensegrity systems, and are excited to continue to work towards fully
dynamic rolling locomotion.
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Appendix A

Motor Design Calculations

The selection of the Maxon DC brushless motor mentioned in 3.2 was performed using a
series of approximations and simplifications for quickly creating this SUPERball prototype.

The datasheets from Maxon for the motor and its possible gearboxes [48, 49] specify the
following datapoints:

e Nominal Torque 7,,,,, the maximum continuous torque the motor can supply without
overheating

e Motor constant Ky

e Efficiency 7, for both the motor and the planetary gearbox

e Gear ratio of gearbox G

Then, using a safety factor of 2 and approximations, we can calculate the output torque
at half of the maximum sustained torque:

-
nom G
2
At this output torque (with the safety factor of 2), the output shaft angular velocity can
be calculated to be:

Tout =

Tout KV
2G

Finally, given the engineering requirement of cable retraction speed from Table 3.1, we
can calculate the required radius of the spindle:

Wout =

Ureq

Tspindle =
Wout

Filling in these values into the above equations results in the information specified in the
design requirements section of this report.

33



Bibliography

1]

Andrew P. Sabelhaus, Jonathan Bruce, Ken Caluwaerts, Pavlo Manovi, Roya Fal-
lah Firoozi, Sarah Dobi, Alice Agogino, and Vytas SunSpiral. System design and loco-
motion of SUPERDball, an autonomous tensegrity robot. In Submitted to International
Conference on Robotics and Automation (ICRA), 2015.

Adrian Agogino, Vytas SunSpiral, and David Atkinson. Super Ball Bot - structures
for planetary landing and exploration. NASA Innovative Advanced Concepts (NIAC)
Program, Final Report, 2013.

Jonathan Bruce, Ken Caluwaerts, Atil Iscen, Andrew P. Sabelhaus, and Vytas Sun-
Spiral. Design and evolution of a modular tensegrity robot platform. In International
Conference on Robotics and Automation (ICRA), pages 3483-3489, May 2014. doi:
10.1109/ICRA.2014.6907361.

Andrew P Sabelhaus, Jonathan Bruce, Ken Caluwaerts, Yangxin Chen, Dizhou Lu,
Yuejia Liu, Adrian K Agogino, Vytas SunSpiral, and Alice M Agogino. Hardware design
and testing of SUPERball, a modular tensegrity robot. In The 6th World Conference of
the International Association for Structural Control and Monitoring (6 WCSCM), 2014.

A. Iscen, A. Agogino, V. SunSpiral, and K. Tumer. Learning to control complex tenseg-
rity robots. In International Conference on Autonomous Agents and Multiagent Systems
(AAMAS), 2013.

A. Iscen, A. Agogino, V. SunSpiral, and K. Tumer. Flop and roll: Learning robust goal-
directed locomotion for a tensegrity robot. In Intelligent Robots and Systems (IROS
2014), 2014 IEEE/RSJ International Conference on, pages 2236-2243, Sept 2014. doi:
10.1109/IR0OS.2014.6942864.

Marc Raibert, Kevin Blankespoor, Gabriel Nelson, Rob Playter, et al. Bigdog, the
rough-terrain quadruped robot. In Proceedings of the 17th World Congress, pages 10823—
10825, 2008.

Elena Garcia, Maria A Jimenez, Pablo Gonzalez De Santos, and Manuel Armada. The
evolution of robotics research. Robotics & Automation Magazine, IEEE, 14(1):90-103,
2007. doi: 10.1109/MRA.2007.339608.

Tine Lefebvre, Jing Xiao, Herman Bruyninckx, and Gudrun De Gersem. Ac-
tive compliant motion: a survey. Advanced Robotics, 19(5):479-499, 2005. doi:
10.1163/156855305323383767.

34



[10]

[11]

[12]

[16]

National Science Foundation USA. National robotics initiative: The realization of co-
robots acting in direct support of individuals and groups. Program Solicitation, 2014.

Alexander Chin, Roland Coelho, Lori Brooks, Ryan Nugent, and Jordi Puig Suari. Stan-
dardization promotes flexibility: A review of cubesats success. Aerospace Engineering,

805:756-5087, 2008.

Daniel Selva and David Krejci. A survey and assessment of the capabilities
of cubesats for earth observation.  Acta Astronautica, 74:50-68, 2012.  doi:
10.1016/j.actaastro.2011.12.014.

R. Allen, M. Pavone, C. McQuin, I.A.D. Nesnas, J.C. Castillo-Rogez, T.-N. Nguyen,
and J.A. Hoffman. Internally-actuated rovers for all-access surface mobility: Theory
and experimentation. In Robotics and Automation (ICRA), 2013 IEEE International
Conference on, pages 5481-5488, May 2013. doi: 10.1109/ICRA.2013.6631363.

Dennis L Matson, Linda J Spilker, and Jean-Pierre Lebreton. The cassini/huygens
mission to the saturnian system. In The Cassini-Huygens Mission, pages 1-58. Springer,
2003.

John P Grotzinger, Joy Crisp, Ashwin R Vasavada, Robert C Anderson, Charles J
Baker, Robert Barry, David F Blake, Pamela Conrad, Kenneth S Edgett, Bobak Fer-
dowski, et al. Mars science laboratory mission and science investigation. Space Science
Reviews, 170(1-4):5-56, 2012. doi: 10.1007/s11214-012-9892-2.

Vytas SunSpiral, George Gorospe, Jonathan Bruce, Atil Iscen, George Korbel, Sophie
Milam, Adrian Agogino, and David Atkinson. Tensegrity based probes for planetary
exploration: Entry, descent and landing (EDL) and surface mobility analysis. In 10th
International Planetary Probe Workshop (IPPW), July 2013.

R Buckminister Fuller. Tensile-integrity structures, November 13 1962. US Patent
3,063,521.

Calladine C.R. Buckminster Fuller’s Tensegrity structures and Clerk Maxwell’s rules
for the construction of stiff frames. International Journal of Solids and Structures, 14

(2):161-172, 1978. ISSN 0020-7683. doi: 10.1016,/0020-7683(78)90052-5.

R. E. Skelton and M. C. De Oliveira. Tensegrity Systems. Springer, 2009 edition, June
2009. ISBN 0387742417.

C. Sultan, M. Corless, and R. E. Skelton. Linear dynamics of tensegrity structures.
Engineering Structures, 24(6):671-685, 2002. doi: 10.1016/S0141-0296(01)00130-4.

R. Motro. Tensegrity: Structural systems for the future. Butterworth-Heinemann, 2003.

Li Zhang, Bernard Maurin, and Rene Motro. Form-Finding of Nonregular Tensegrity
Systems. Journal of Structural Engineering, 132(9):1435, 2006. ISSN 07339445. doi:
10.1061/(ASCE)0733-9445(2006)132:9(1435).

35



[23]

[24]

[25]

[26]

[27]

28]

[29]

[30]

[31]

[32]

N. Bel Hadj Ali, L. Rhode-Barbarigos, A.A. Pascual Albi, and I.LF.C. Smith. Design
optimization and dynamic analysis of a tensegrity-based footbridge. Engineering Struc-
tures, 32(11):3650-3659, 2010. doi: 10.1016/j.engstruct.2010.08.009.

Robert E Skelton, R Adhikari, J-P Pinaud, Waileung Chan, and JW Helton. An in-
troduction to the mechanics of tensegrity structures. In Decision and Control, 2001.
Proceedings of the 40th IEEE Conference on, volume 5, pages 4254-4259. IEEE, 2001.

C Paul, J W Roberts, H Lipson, and F J Valero Cuevas. Gait production in a tensegrity
based robot. ICAR 05 Proceedings 12th International Conference on Advanced Robotics
2005, pages 216-222, 2005. doi: 10.1109/ICAR.2005.1507415.

C. Paul, F. J. Valero-Cuevas, and H. Lipson. Design and control of tensegrity
robots for locomotion. IEEE Transactions on Robotics, 22(5), October 2006. doi:
10.1109/TRO.2006.878980.

J.M. Mirats-Tur and J. Camps. A three-DoF actuated robot. Robotics Automation Mag-
azine, IEEE, 18(3):96-103, Sept 2011. ISSN 1070-9932. doi: 10.1109/MRA.2011.940991.

Y. Koizumi, M. Shibata, and S. Hirai. Rolling tensegrity driven by pneumatic soft
actuators. In International Conference on Robotics and Automoation (ICRA), pages
1988-1993, 2012. doi: 10.1109/ICRA.2012.6224834.

Josep M Mirats Tur. On the Movement of Tensegrity Structures. International Journal
of Space Structures, 25(1):1-14, 2010. doi: 10.1260/0266-3511.25.1.1.

V.A. Webster, A.J. Lonsberry, A.D. Horchler, K.M. Shaw, H.J. Chiel, and R.D. Quinn.
A segmental mobile robot with active tensegrity bending and noise-driven oscillators.
In AIM, pages 1373-1380, July 2013. doi: 10.1109/AIM.2013.6584286.

Mark Khazanov, Ben Humphreys, William Keat, and John Rieffel. Exploiting dynamical
complexity in a physical tensegrity robot to achieve locomotion. In Advances in Artificial
Life, ECAL, volume 12, pages 965-972, 2013.

V. Bohm and K. Zimmermann. Vibration-driven mobile robots based on single actuated
tensegrity structures. In International Conference on Robotics and Automation (ICRA),
pages 5475-5480, May 2013. doi: 10.1109/ICRA.2013.6631362.

M. Shibata, F. Saijyo, and S. Hirai. Crawling by body deformation of tensegrity struc-
ture robots. In International Conference on Robotics and Automation (ICRA), pages
4375 —4380, may 2009. doi: 10.1109/ROBOT.2009.5152752.

M. Shibata and S. Hirai. Rolling Locomotion of Deformable Tensegrity Structure. Mobile
Robotics: Solutions and Challenges, pages 479-486, 2009.

M. Shibata and S. Hirai. Moving strategy of tensegrity robots with semiregular poly-
hedral body. In Proc. of the 13th Int. Conf. Climbing and Walking Robots (CLAWAR
2010), Nagoya, pages 359-366, 2010.

36



[36]

[37]

[42]
[43]
[44]

[48]
[49]

Ken Caluwaerts, Jérémie Despraz, Atil Iscen, Andrew P. Sabelhaus, Jonathan Bruce,
Benjamin Schrauwen, and Vytas SunSpiral. Design and control of compliant tenseg-
rity robots through simulation and hardware validation. Journal of The Royal Society
Interface, 11(98), 2014. doi: 10.1098/rsif.2014.0520.

Brian R Tietz, Ross W Carnahan, Richard J Bachmann, Roger D Quinn, and Vytas
SunSpiral. Tetraspine: Robust terrain handling on a tensegrity robot using central
pattern generators. In IEEE/ASME International Conference on Advanced Intelligent
Mechatronics (AIM), pages 261-267, 2013. doi: 10.1109/AIM.2013.6584102.

B Mirletz, In-Won Park, Thomas E Flemons, Adrian K Agogino, Roger D Quinn, and
Vytas SunSpiral. Design and control of modular spine-like tensegrity structures. In
The 6th World Conference of the International Association for Structural Control and
Monitoring (6WCSCM), 2014.

G.E. Dieter and L.C. Schmidt. Engineering design. Engineering Series. McGraw-Hill
Higher Education, 2008. ISBN 9780072837032.

Russell B Fette and Marjorie F Sovinski. Vectran fiber time dependant behavior and
additional static loading properties. Technical report, DTIC Document, 2004.

MA Said, Brenda Dingwall, A Gupta, AM Seyam, G Mock, and T Theyson. Investiga-
tion of ultra violet (UV) resistance for high strength fibers. Advances in Space Research,
37(11):2052-2058, 2006. doi: DOI 10.1016/j.asr.2005.04.098.

MatWeb Materials Property Data. Aluminum 2024-t3, 2014.
The Engineering Toolbox. Friction coefficients, 2014.

David W. A. Rees. Appendiz C: Plate Buckling Under Biaxial Compression and
Shear, pages 537-541. John Wiley and Sons, Ltd, 2009. ISBN 9780470749784. doi:
10.1002/9780470749784.app3.

DuPont Plastics. Delrin design information, 2014.

Kyunam Kim, Adrian K. Agogino, Deaho Moon, Lagshya Taneja, Aliakbar Toghyan,
Borna Dehghani, Vytas SunSpiral, and Alice M. Agogino. Rapid prototyping design
and control of tensegrity soft robot for locomotion. In IEEFE International Conference
on Robotics and Biomimetics (ROBIO), 2014.

Atil Iscen, Adrian Agogino, Vytas SunSpiral, and Kagan Tumer. Controlling
tensegrity robots through evolution. In GECCO, pages 1293-1300, 2013. doi:
10.1145/2463372.2463525.

Maxon Motor USA. Ec 22 mm, brushless, 100 Watt motor datasheet, 2014.

Maxon Motor USA. Planetary Gearhead GP 22 h mm, 2.03.4 Nm datasheet, 2014.

37



