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Abstract
The exploration of lunar caves is vital to scientific progression because it provides valuable insights into the
Moon’s geologic history and complex topology. Lunar subterranean research could pave the way for the
establishment of safe habitation for humans or mining operations for precious materials embedded in the
Moon’s rocky crust.
The objective of the TerraNova project is to enable the exploration of these uncharted lunar subterranean
spaces. TerraNova developed a hybrid jumping and wheeled mechanical robot to spring over boulders and
efficiently navigate long, dark caverns.
TerraNova’s spring-based jumping mechanism exerts 215 lbf. to launch the robot to a height of one meter
under lunar gravity. TerraNova has four-wheel drive and front-wheel differential steering. An active rocker
suspension system, a novel application of advanced motor control, ensures that all four wheels remain in even
contact with the surface. This functionality all fits within a robot weighing less than 20 lbs., resulting from
diligent finite element analysis and topology optimization to eliminate unnecessary material.
TerraNova is a novel all-terrain jumping and wheeled robot uniquely designed to explore the unknown.
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1 Executive Summary
The exploration of lunar caves is vital to scientific progression because it provides valuable insights into
the Moon’s geologic history and complex topology. Lunar subterranean research could pave the way for
the establishment of safe habitation for humans or mining operations for valuable minerals and volatiles
embedded in the Moon’s rocky crust. This environment, protected from solar radiation, debris impacts,
and sweeping temperature fluctuations, likely holds greater potential for paradigm-shifting discoveries
than the barren surface.
The objective of the TerraNova project is to enable the exploration of these uncharted lunar subterranean
caverns. Much of what makes this project so compelling - the unknown - is what makes it exceptionally
challenging. The risk of loss of life is too high to deploy human astronauts into these environments; the
creation of an exploratory robot is therefore necessary. This paper outlines TerraNova’s approach to
designing a fully-integrated, adaptable, and highly-functional mechanical robotic system to enable data
collection in a highly unknown lunar subsurface.
Current methods for analyzing cave topologies involve flyover missions, which focus on the opening to
the lava tube, or “skylight.” While skylights often indicate the existence of a lava tube below, no current
technology can confirm what exists beyond the shadow’s edge [1]. Traditional rovers are too bulky and
cumbersome to lower into the skylight. A small-scale robotic scout can more adeptly collect data and
report back to the rover. NASA fully expects that these limited-capability scouts will never return to the
surface once they are deployed, and some may even fail along the way [2]. However, given a sufficient
fleet of scouts, some scouts may fail, and the mission will still succeed.
Volcanologists, examining data collected from orbiter reconnaissance missions, have posited informed
estimates about lunar cave and skylight topologies, as explained in Section 3.3: Lunar Skylight and Lava Tube
Topology. These anticipated topographical conditions inform TerraNova’s mission requirements and
consequently necessary system characteristics, as described in Section 4.1: System Characteristics. Designing
for these performance standards, the team constructed and validated a small robotic scout that navigates
uneven terrain, efficiently traverses flat terrain, and survives acute impacts. This robot chiefly comprises
of three subsystems: jumping – for overcoming large obstacles, locomotion – for efficient travel over level
ground, and electronics – for controlling the robot and obtaining vital data about its environment. The
jumping subsystem, presented in Section 5.3: Jumping Mechanism, utilizes a novel cam-and-follower spring
compression mechanism which can propel the robot 1.2-meters high on the Moon. The locomotion
subsystem, described in Section 5.5: Suspension and Section 5.6 Wheels, involves four independent drive
motors, two front-wheel differential steering motors, and two active rocker suspension motors that enable
chassis stabilization over varied terrains. The electronics subsystem, reviewed in Section 5.8: Electronics,
houses microcontrollers, motor controllers, battery monitoring, sensors, and a communications array that
enable the robot’s activity.
During the design phase, the team took care to minimize component weight and actuator power
consumption. Following diligent component and interface analysis described in Section 5.7: Mechanical
Analysis, the team manufactured 190 custom components using many engineering materials and processes.
Once assembled, the team rigorously tested the robot in artificial and natural environments which
simulated those anticipated in lava tubes, as presented in Section 6: Testing and Validation. The robot proved
successful in a variety of environments, meeting or surpassing all desired performance metrics. In
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preparation for a future lunar mission, Section 7.2: Future Improvements presents modifications to be made
to ensure space-readiness.
TerraNova is a novel all-terrain jumping and wheeled robot uniquely designed to explore the unknown.
TerraNova was awarded the William K. Gemmill Memorial Prize for outstanding creativity in the MEAM
Senior Design Day Competition. At the SEAS Senior Design Day Competition, the team earned an
Honorable Mention. TerraNova also was awarded Second Place in the Cornell Cup – Arm Enabled 2019
Competition.

12 May 2019

TerraNova | Final Report

2

2 Statement of Roles and External Contributions
2.1 Team Member Contributions
Jonah Arnheim
Arnheim conducted much of the research presented in Section 3: Background and Section 4: Objectives. He
worked extensively on advanced finite element analysis, particularly as related to impact analysis and
topology optimization for mass reduction. Arnheim oversaw the creation of all presentation materials and
reports and managed all stakeholder and sponsor outreach.

Claire Brundage
Brundage calculated much of the theory behind TerraNova’s operation, including mathematics behind
jumping and the translation of lunar requirements to those achievable on Earth. She worked on the
mechanical design and computer-aided design of robot subsystems. Brundage conducted finite element
analysis in conjunction with Arnheim and manufactured many of the robot’s components.

Allison Grey
Grey worked extensively on the mechanical design of the jumping mechanism and the integrated
computer-aided design of the several robot subsystems. She manufactured many of the robot’s
components, including all carbon fiber components, and spearheaded assembly efforts. Grey served as
TerraNova’s project manager – planning the project timeline, monitoring team status, managing team
logistics, and organizing deliverables.

Dylan Hawkes
Hawkes conducted analysis regarding motor selection and spring selection, in concert with Brundage
regarding jumping theory. He designed the electronic architecture for the robot and handled most of the
programming. Hawkes designed a custom communication protocol, a graphical user interface (GUI) for
displaying robot state, and the robot’s onboard code.

Gregory Robinov
Robinov oversaw probabilistic modeling of robot performance for power consumption and battery
selection. He performed cam geometry analysis by developing an optimization model that converged on
the lowest torque-gradient design. Robinov handled team finances, budgeting, and purchasing.

Raphael Van Hoffelen
Van Hoffelen designed the novel active rocker suspension system and selected motors at the chassisrocker interface. He calibrated and integrated these motors with the IQ Motion Control controllers and
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wrote the libraries necessary to manipulate and read data from the motors. Van Hoffelen assisted in
electronic design, fabrication, and wire management.

2.2 Primary Faculty Advisor Contributions
Dr. Graham Wabiszewski
Dr. Graham Wabiszewski instructed MEAM 445/446: Mechanical Engineering Design Projects from
August 2018 to May 2019. Wabiszewski helped the team determine an appropriate project scope and
mission criteria. Wabiszewski served as a sounding board for discussing significant risks and design
decisions.

Dr. Mark Yim
Dr. Mark Yim, as an expert in modular robotics, advised the team. He provided valuable insights into
modes of locomotion and methods for analyzing robotic versatility.

2.3 Technical Advisor Contributions
Peter Bruno
Peter Bruno assisted the team with water jet cutting and 3D printing.

Dr. Bruce Kothmann
Dr. Bruce Kothmann assisted the team with cam geometry optimization and impact analysis.

Stella Latscha
Stella Latscha provided insight into motor selection of TerraNova’s ten actuators.

Jason Pastor
Jason Pastor assisted the team with computer-aided manufacturing and CNC machining of select robot
components.

Peter Szczesniak
Peter Szczesniak advised manufacturing efforts, including machining carbon fiber and fixturing complex
joints.
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Joseph Valdez
Joseph Valdez assisted the team’s manufacturing efforts by providing material and tooling.

2.4 External Advisor Contributions
Dr. Jacob Richardson
Volcanologist Dr. Jacob Richardson provided the team with insight into the lunar subterranean
environment. Conversations with him informed both general understanding of the terrain and concrete
performance metrics.

Arno Rogg
Arno Rogg first posited the idea of a lunar subterranean exploratory robot to the team. Later, Rogg
presented the team with information regarding NASA’s evaluation procedures for new projects.

2.5 Manufacturing
The team made use of the Rapid Prototyping Laboratory (RPL) for laser cutting and the Additive
Manufacturing Laboratory (AddLab) for 3D printing. The team machined most metal components in the
Precision Machining Laboratory (PML). Select aluminum components with mostly planar operations
were outsourced to Big Blue Saw for water jet cutting.

2.6 Software
The team used SolidWorks for Computer-Aided Design (CAD) and ANSYS for finite element analysis
(FEA) and topology optimization. The team employed MATLAB for general data analysis. The Arduino
IDE and the Microsoft Visual Studio IDE with .NET were used for code development. The team used
GitHub for code versioning and collaboration. Oracle Crystal Ball was used for probabilistic modeling.

2.7 Funding
The team received $3,360 from the University of Pennsylvania. The team earned an additional $500 from
a Lutron application-based grant and $1,000 for project development as finalists for the Cornell Cup. The
team won $900 from the William K. Gemmill Memorial Prize and $7,500 from the Cornell Cup; neither
award went towards funding the project.
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3 Background
“It has been said that astronomy is a humbling and character-building
experience. There is perhaps no better demonstration of the folly of
human conceits than this distant image of our tiny world. To me, it
underscores our responsibility to deal more kindly with one another, and
to preserve and cherish the pale blue dot, the only home we've ever
known.”
-Carl Sagan, Pale Blue Dot, 1994 [3]

When Carl Sagan wrote about our “pale blue dot” in 1994, he espoused the belief that by viewing the
Earth from a galactic perspective, we may realize that Earth is our one true home. He compelled us to
avoid taking the Earth for granted, because for the time being, Earth is all we have.
Yet, humanity has treated Earth unkindly, and Earth has treated humanity unkindly in return. The
unpromising onslaught of climate change, rapidly growing human population, historic rates of ecological
collapse, and constant devastation caused by natural disasters threaten, with rising urgency, to eliminate
human existence. These threats warrant missions to look beyond our pale blue dot – for resources to
redeem us, environments to shelter us, and opportunities to start anew. Extraterrestrial caves offer several
untapped benefits to humankind falling under three main categories: scientific exploration, human
habitation, and resource mining.
Today, one of the most alluring pursuits in space exploration is discovering extraterrestrial life. Caves
provide a nurturing environment for lifeforms that would otherwise not survive on the surface of celestial
bodies such as the Moon or Mars. Caves protect from “micrometeoroid impacts, dust storms, extreme
temperature variations, and high fluxes of UV, alpha particles, and cosmic rays” [4]. As such, caves
potentially enable organic materials to survive without the threat of environmental hazards. Regardless
of the existence of extraterrestrial life, caves offer treasure troves of data relevant to “mineralogy,
biogeochemistry, geomicrobiology, pharmacology, industrial enzymology, mining, and speleology” [5].
For example, exploring certain caves could allow geologists to theorize about “lava-flow thermodynamics
and hydrodynamics” under gravitational and atmospheric conditions different than our own [4]. A
successful mission characterizing a single extraterrestrial cave would have extensive implications for the
current understanding of geology throughout the universe. A cave-exploring mission would be unlikely
to gather all useful data at once. Roboticist William “Red” Whittaker theorized that data rates for such a
mission might fall on the order of Morse code [6]. Preliminary missions would therefore focus on
characterizing the overall topology of the cave, establishing the framework for future missions with
targeted scientific objectives. These preliminary missions would also ensure a greater success rate in the
face of geological obstacles during missions to come.
Lunar caves are not only scientifically intriguing but also support the possibility of human habitation. The
most habitable caves are shallow, accessible, relatively smooth, and commodious – allowing for movement
throughout large rooms and passageways [5]. Some suspect that inhabitants could capitalize on smaller
sealable entryways in caves relative to their expansive chambers. Sealing these small entryways would
create airtightness necessary to sustain temperatures suitable for humans and even construct greenhouses
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for plant life. Also, the significant structural integrity of caves offers protection from impacting objects
and the generally unsuitable conditions on the surface [7]. While the exact topologies of extraterrestrial
caves are not yet known, some have theorized that the maximum possible lunar cave could be 5000 m
wide and 500 m tall [8]. These caves could easily house entire cities in one region and narrow to a sealable,
meter-wide fissure in another region. Figure 3.1 presents the largest physically possible lunar cavern
according to structural analysis, with Vatican City superimposed for comparison. Darker blue areas signify
higher stresses.

Figure 3.1: The Theoretically Largest Cave (5000 m wide and 500 m tall)
The Moon offers access to vastly different resources than those found on Earth. For example, the Moon
contains abundant resources of Helium-3 and ilmenite, also known as titanium-iron oxide [9]. Helium-3
and ilmenite can be extracted from regolith and mare basalts, respectively.
Helium-3 serves as a crucial ingredient in a variety of niche applications, including fusion reaction fuel,
MRI lung research, low-temperature experimental physics, and neutron detection of smuggled nuclear
materials [10]. Recent shortages of this resource sent its price in excess of 2,000 USD per liter. Ilmenite’s
value derives from its two major components: oxygen (O2) and titanium (Ti). Hydrogen-reduction extracts
oxygen from the substance; oxygen is essential for the development of any lunar base capable of sustaining
living, breathing humans [11]. Additionally, the extraction of titanium would benefit the construction of
high-strength, lightweight, and durable lunar structures. With improvements to lunar mining technology,
titanium could form the basis for a lucrative enterprise. According to market prices, as of April 2019,
titanium costs 57 USD per kilogram, about 16 times the price of aluminum [12]. While the costs of mining
do not yet justify the endeavor, extraterrestrial caves nevertheless present easier means for accessing and
extracting valuable resources. Caves provide near proximity to volatiles, minerals, and materials that can
be extracted via surface drilling or mining operations.
There will come a time when humans must venture beyond our pale blue dot in search of other life, a new
home, or valuable resources. Our readiness for such a time hinges upon our ability to successfully explore
and extract useful information from extraterrestrial caves.

3.1 Refinement of Scope
Despite their imperceptibility in daily life, caves on Earth are not rare [13]. Any planet with an internal or
external source of energy will exhibit surface fissures which form terrestrial intricacies. The challenge is
not in finding caves but rather in identifying which caves on which celestial bodies have the most potential
12 May 2019
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for mission success and for the acquisition of useful information. For the surveillance of extraterrestrial
caves, the Moon provides the greatest chance of mission success.
This research focuses on the design of subterranean exploration robots for the Moon rather than Mars
because the environment on Mars poses severe conditions and extreme design constraints. Mars has an
atmosphere and climate that regularly produces dust storms and debris avalanches [14]. Dust and debris
could threaten the safety of preliminary missions and disrupt sensors and data-collecting equipment. The
atmosphere itself contains noxious gases which would add a layer of complexity to material selection. The
Moon, on the other hand, lacks an atmosphere and a climate. The geology of the Moon is far more stable
and has changed little since formation [13].
Additionally, the Moon is preferable to Mars for this application because it reduces the complexity of the
mission architecture. Because of the proximity of the Moon to the Earth, it is feasible to send multiple
missions to the Moon over several years [15]. Given the high cost of space travel, a single Mars mission
would likely contain multiple mission stages.
Although previous missions to the Moon involved human astronauts, the first subterranean exploration
mission would likely be autonomous. There are simply too many unknowns – as well as environmental
and ecological complications – to warrant the risk of human loss of life [16]. As previously established,
the subterranean environment of the Moon under reduced gravity has the potential to be expansive, and
accidents during descent into the cave would likely be fatal. There is also a bio-ethical quandary in the
event that a human does discover life on the Moon. From the moment a human investigator enters a
cave, there exists the possibility of a deleterious impact on the indigenous biota [17]. As such, any
mechanism deployed during a fully autonomous mission ought not introduce detrimental byproducts into
its surroundings or otherwise disturb the potential biota.

3.2 Formation of Subterranean Environments
Caves are typically born of basaltic eruptions which produce two types of flows: channel and tube. Tube
flows create caves better situated for subterranean exploration. Channel flows are open to the surface,
whereas tube flows are entirely enclosed. Current observations of active basaltic flows on Earth suggest
that lava tubes form during “long-lived, stable eruptions of low-viscosity lavas at low to moderate effusion
rates,” while channels form during “shorter-lived, unstable eruptions of higher viscosity lavas at moderate
to high effusion rates” [18]. These conditions give lava tubes an overall smoother floor than channels,
facilitating easier robotic mobility.
Observations here on Earth inform the theory that there are three main classifications of lava tubes, each
with unique lengths, landforms, and formation characteristics [19]. Those mechanisms for formation are:
(1) crust development which creeps inward to form a confined channel, (2) crust blockage when solidified crust
floats downstream and becomes lodged, and (3) turbulent overgrowth in which lava overflows rapidly to
fortify levees and form an arched roof. These processes are illustrated in Figure 3.2. As shown, crust
development forms slowly and therefore results in the smoothest lava tubes compared to more chaoticallygenerated formation processes. While these lava tubes are ideal targets for lunar subterranean exploration,
any deployed mechanism must prepare to sustain more unkind terrains such as those generated from crust
blockage or turbulent levee overgrowth.
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Figure 3.2: Three mechanisms of lava tube formation
Lava tubes developed early in the Moon’s lifetime; following the evacuation of these structures, the Moon
experienced a long period of geological stability that has continued to today. Over time, the hollow tubes
have deteriorated. A skylight is a region of a lava tube which has drained of lava and weakened the
structure above the evacuated tube [20]. The roof material collapses into the tube, leaving extensive rubble
piles beneath the opening. Aerial flyovers of the Moon have determined that evacuated tubes likely remain
at least partially intact beneath the surface. On Earth, the lava tubes contain boulder accumulation not
only directly underneath the skylight but also deep into the tubes [2]. NASA volcanologist Dr. Jacob
Richardson suspects that the presence of boulders in the tube likely resulted from Earth’s relatively high
gravity and geological tumultuousness. The Moon, on the other hand, is far more likely to sustain high,
structurally-sound ceilings with smoother floors, fewer boulders, and almost no regolith build-up in the
lava tubes.

3.3 Lunar Skylight and Lava Tube Topology
The characterization of lunar skylight topologies remains a significant unknown despite the completion
of multiple aerial flyover missions. The current, most prevalent algorithm for mapping the skylight
geometry involves taking several aerial photographs and counting the individual pixels to discern basic
dimensions [21]. However rudimentary, studies have successfully measured the immediately-visible
topology of lunar skylights, presented in Appendix A1 [22][23].
Note that most skylights exhibit an elliptical structure, with one diameter slightly larger than the other.
Additionally, skylights tend to have a funnel-shaped rim that would prohibit rovers from approaching too
close to the edge. Figure 3.3 prominently displays this chamfer feature.

12 May 2019

TerraNova | Final Report

9

Figure 3.3: The Mare Tranquillitatis Pit Imaged at -51° Slew Angle
Figure 3.4 provides an illustration of the cross-section of Mare Tranquillitatis. The Mare Tranquillitatis
skylight exhibits a maximum diameter of 97 m, a visible ledge of 47 m, and a void space of 60 m [23]. The
nominal boulder size of 1 m represents a shear-face obstacle within the rubble pile.

Figure 3.4: Cross-sectional illustration of Mare Tranquillitatis
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3.4 Mission Architecture
In a NASA Innovative Advanced Concepts (NIAC) Phase I report, Red Whittaker outlines a likely mission
architecture for the exploration of the lunar subsurface [1]. This mission architecture comprises of three
stages: aerial reconnaissance, surface exploration, and subsurface exploration. All technologies involved
in the first two stages are developed if not already implemented in prior aerospace missions. The last
stage, subsurface exploration, is the subject of this research.
The first stage in exploring a lava tube is to collect aerial or orbital reconnaissance, as illustrated in Figure
3.5. The goal of aerial reconnaissance is to gather basic topological information regarding the sizing and
location of the skylight.

Figure 3.5: Aerial reconnaissance to identify a target skylight
Next, a car-sized rover is deployed on the surface of the Moon. Navigating to the edge of the skylight,
the rover collects additional topological information which is processed and integrated with the flyover
data. The resulting high-confidence point cloud informs the rest of the mission. The rover then stations
itself near the edge of the skylight and deploys a rope and pulley system which spans the skylight, as
illustrated in Figure 3.6. The Tyrobot, a triangular prism device, climbs the rope and situates itself above
the open skylight. The Tyrobot deploys a hanging node called the Nexus, which contains a sensor package
for preliminary data collection and technology for power transmission between the solar-powered rover
and other systems. Carnegie Mellon University successfully designed and verified the Tyrobot as part of
the NIAC Phase II investigation of this mission [24].
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Figure 3.6: Surface exploration involving a NASA rover and CMU Tyrobot & Nexus
Shown in Figure 3.7, the Tyrobot deploys a fleet of over ten exploratory robots by tether, placing the
robots in an optimal location in the rubble pile. This optimal location is where preliminary computer
vision – informed by skylight point-cloud mapping – has determined the robot will face the fewest number
of obstacles. The exploratory robots must escape the rubble pile and proceed down the length of the lava
tube, collecting data regarding the morphology, geology, and mineral composition of the interior. The
exploratory robots then return to the Nexus for wireless data transmission and laser photovoltaic power
beaming. The exploratory robots continue to journey in the depths of the tube, collect data, and return
to the Nexus ad infinitum. NASA has no interest in recovering the exploratory robots themselves, only the
data they collect beneath the surface [2]. If the robots inflict no chemical effect on the subsurface,
abandoning the exploratory robots does not constitute a disturbance as described in Section 3.1: Refinement
of Scope.
The mechanical design of these exploratory robots – how they will escape the rubble, proceed down the
lava tube, and return to the Nexus – is the focus of this paper.

Figure 3.7: Subsurface exploration with TerraNova exploratory robots
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3.5 Existing Solutions
As part of the NIAC Phase I and Phase II research conducted by NASA and Carnegie Mellon University,
researchers developed an advanced sensing package and point-cloud modeling software [24]. The
software melds camera and LIDAR data to create high-resolution meshes of subterranean topologies.
Recreating or reinventing this expensive and specialized sensor package lies outside the scope of this
paper, but any robotic architecture implemented must accommodate for the mass, volume, and power
needs of the sensor package that eventually will be integrated. For a discussion of low-level sensor analogs
implemented in the proposed robot, refer to Section 5.8.10: Sensing.
Prior work on mechanical robotic architectures for lunar exploration have fallen on two ends of the mass
spectrum. Given a mass budget for a subsurface mission of 100 kg, one can imagine deploying a single
100-kg rover outfitted with advanced sensor capabilities and robust mechanisms or deploying onehundred 1-kg microbots with reduced sensor capabilities [24]. As shown in Figure 3.8, the TerraNova
project addresses a gap in this spectrum: highly agile robots with moderate sensor capabilities, deployed
in a fleet of ten.

Figure 3.8: Traversable obstacle height versus fleet size for several exploratory robots
A team from the Field and Space Robotics Laboratory at the Massachusetts Institute of Technology (MIT)
led by Steven Dubowsky developed a concept for a lava-tube-exploration microbot called ReMot. The
proposed solution was a 10-cm-diameter, 100-g spherical robot with hopping and rolling capabilities [25].
The Dubowsky-led team proposed deploying 1,000 ReMots which would equal the weight of one standard
rover. The ReMots would drop from a low-orbit craft and land with airbags; communication would be
achieved through local area networks (LAN). Due to power constraints, the robots could only jump six
times per hour [25]. Proposed sensing capabilities include image sensing, environmental sensing, gas
analysis sensing, and spectrometry. There are fundamental limitations placed on the Dubowsky-proposed
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implementation due to its scale, such as the performance of small sensors, actuators, fuel cells. A
prototype of the ReMot jumped to a height of 0.1 m or 0.6 m under lunar gravity. Further, subsystems
of the ReMot have been prototyped but a fully realized ReMot has not been created or tested.
Similar subterranean exploration projects are also present on Earth. A team from Stanford University
created a rover with the goal of creating 3D maps of mines. These maps help prevent mining accidents,
collapses, and trapped miners. Their rover, called Groundhog, was a 1,500-pound custom-built vehicle
equipped with onboard computing, laser range sensing, gas and sinkage sensors, and video recording
equipment [26]. The vehicle was designed to optimize physical endurance and surmount obstacles up to
0.3 m. The Groundhog could then deploy in mines with partially collapsed environments and navigate
autonomously and effectively. A similar implementation on the Moon would require that the entire
mission rely on the performance of a single vehicle, as mass restrictions would likely limit the fleet size to
one. This lack of redundancy is non-optimal for a mission high in risk and uncertainty.
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4 Objectives
4.1 System Characteristics
To successfully navigate the terrain inside lunar lava tubes, an exploratory vehicle must meet four key
quantitative metrics, shown in Table 4.1. These metrics address the traversability, explorability, and
transportability of the robot. The team derived each metric from relevant literature and expert knowledge.
Additional performance metrics are located in Appendix A2.
Table 4.1: Performance metrics
Metric

Target

Traversable Step Size

1.0 m

Maximum Incline Angle

15°

Round-Trip Explorable Distance

100 m

Total Mass

10.0 kg

4.1.1 Traversable Step Size
Independent of the type of locomotion, an exploratory robot must surmount a step size of 1.0 m. By
definition, the “maximum traversable step” is the tallest shear-faced obstacle that the robot could
overcome without relying on a natural ramp. The team derived this metric by consulting NASA
volcanologist, Dr. Jacob Richardson [2]. Dr. Richardson explained that the distribution of boulder sizes
beneath lunar skylights remains largely unknown. However, one can predict a nominal boulder size by
understanding lava tubes on Earth and applying the theory that boulder size scales linearly with gravity.
This led Dr. Richardson to suggest a traversable step size of 1.0 m. Note that the difference in gravity
between the Moon (1.62 m/s2) and the Earth (9.81 m/s2) will alter testing depending on the mode of
locomotion. In essence, a robot which becomes airborne to surmount an obstacle need only climb a sixth
of a meter, whereas a robot which maintains contact with the ground while surmounting would need to
overcome the full meter.

4.1.2 Maximum Incline Angle
For robots which walk, roll, or otherwise interact directly with the ground, the metric of maximum incline
angle ensures that these robots safely return to the Nexus for data and power transmission. Two factors
place an upper limit on the surmountable incline angle: slipping and motor torque. Both factors are a
function of the coefficient of friction.
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Figure 4.1: Free body diagram for slip on an incline
A box of mass m under gravitational acceleration g and on an incline of angle θ is illustrated in Figure 4.1.
The box will slip if the force acting down the slope – the component of weight designated Fslip – overcomes
the frictional force acting up the slope, as dictated by equation (1).
𝐹𝑠𝑙𝑖𝑝 = 𝑚𝑔𝑠𝑖𝑛(𝜃) > 𝜇𝑚𝑔𝑐𝑜𝑠(𝜃) = 𝐹𝑓

(1)

This resolves to the condition described in equation (2), which demonstrates the dependency between slip
angle and the coefficient of static friction μ between the box material and surface material.
𝜃 > tan−1 (𝜇)

(2)

The interface of rubber and lunar dust – based on the analog of rubber on sand-contaminated ceramic –
suggests a coefficient of friction of 0.25 [27]. This suggests a slip angle of 15 degrees, independent of
gravitational conditions.

Figure 4.2: Free body diagram for driving up a hill
Assuming a wheel-like mechanism, such as the one shown in Figure 4.2, the torque required to climb an
incline is gravity dependent, given by equation (4).
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𝐹𝐴 = 𝜇𝑚𝑔𝑐𝑜𝑠(𝜃) + 𝑚𝑔𝑠𝑖𝑛(𝜃)

(3)

𝑇 = [𝜇𝑚𝑔𝑐𝑜𝑠(𝜃) + 𝑚𝑔𝑠𝑖𝑛(𝜃)] ∙ 𝑟

(4)

Figure 4.3 plots equation (3) under Earth and Moon gravity for a variety of incline angles. Each horizontal
line joining the blue and orange curves represents an equivalency in force. Therefore, to climb an incline
on the Moon of 15°, a robot must exert 0.043 N, or the equivalent of 2.5° on Earth. Therefore, the robot
must only climb 2.5° in testing and validation here on Earth to prove lunar functionality.

Figure 4.3: Incline driving on the Moon and Earth

4.1.3 Explorable Distance
During an aerial reconnaissance mission to locate skylights, the positions of the Sun and the orbiter relative
to the skylight determine the visible area. The shadow length refers to the horizontal distance between
the edge of the skylight and the farthest distance that can be observed, as shown in Figure 4.4. Appendix
A3 presents data from previous reconnaissance missions, extracted from actual photos of skylights [22].
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Figure 4.4: Illustration of the shadow length concept
A typical shadow length for a large skylight such as Mare Tranquillitatis or Mare Ingenii is 50 meters. As
such, the exploratory robot must travel 50 meters down the lava tube to collect new data that would
otherwise be hidden by the shadow edge. Therefore, the robot must travel 100 meters on a single charge
for a round-trip journey.

4.1.4 Mass
Previous research from NIAC Phase I and Phase II reports suggests that a lava tube exploration mission
would allow for an exploratory robot payload of 100 kg [24]. This payload could accommodate a spectrum
of one 100-kg robot to one-thousand 100-g robots. Based on the analysis of existing solutions presented
in Section 3.5: Existing Solutions, the optimal fleet size would include tens of robots in the 5-to-10-kg range.
This fleet size reduces the chance of full mission failure while also allotting enough mass to support a
modest sensing package. Therefore, the exploratory robot must weigh less than 10 kg.

4.2 Quality Function Development
In addition to the four aforementioned performance metrics, the team also considered two more minor
metrics: robustness in the event of a fall and robotic maneuverability. The robot must survive a fall from
a height of twice the maximum traversable obstacle, in this case a 2-meter fall for a traversable obstacle
of 1 meter. Additionally, the robot must navigate with a turning radius of at most 2 m, or twice the
nominal boulder size, due to the hypothesized width of the lava tube [2]. With these six metrics, the team
developed a house of quality summarizing robot performance, shown in Figure 4.5.
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Figure 4.5: A house of quality governing the performance of the robot on the Moon
Analysis of the house of quality confirm the relative importance of traversable obstacle height and full
robot mass. Full robot mass is not only ranked highest by calculated score, but mass also constructively
interacts with several other metrics. Reducing robotic mass enables easier obstacle traversing and incline
climbing. Reduced mass puts smaller loads on the robot’s locomotion system, and therefore the robot
can increase its explorable distance. Finally, reduced mass decreases momentum during a fall, which
decreases stresses upon impact. Similarly, maximum traversable obstacle height is paramount for enabling
long-range exploration and, therefore, scores high among the six metrics.

4.3 Design Impact of Standards
When preparing for a high-risk mission such as lunar subterranean exploration, strict adherence to
standard practices and procedures is most salient. Small errors or deviations from the accepted norms
have potential snowballing effects that could condemn a mission. Engineering standards not only help
prevent mistakes but outline and encourage testing and validation strategies for thorough product
development.
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4.3.1 Material Selection
The environmental conditions on the Moon differ greatly from those here on Earth: effective vacuum
conditions, minimal protection from radiation on the surface, temperature fluctuations between -180°C
and 100°C on the surface, and a constant temperature of -20°C beneath the surface. Selection of materials
must consider thermal cycling, thermal strength reduction, outgassing, radiation, galvanic compatibility,
and limited life, among many others [28]. The team took measures to implement materials only with
specific space-grade analogs, particularly in relation to outgassing and thermal cycling.
Outgassing involves the release of gaseous species from a material under high vacuum conditions, such
as on the Moon [29]. This has a particularly noticeable effect among thermoplastics with additives.
Outgassing can degrade mission performance when released gaseous species condense on charge-coupleddevice (CCD) sensors. Given that enabling the data-gathering lies at the crux of this mission, outgassing
is a major consideration.
Thermal cycling could have a large or small effect on the structural integrity of the robot depending on
the execution of the mission architecture. If the robot is exposed to sunlight during its tethered descent
into the subsurface, it may experience temperatures between -180°C and 100°C. This fluctuation might
cause microcracks, delamination, and more significant effects on material properties, such as modulus of
elasticity, strength, and stiffness [30]. These effects can even occur when parts of the robot cast shadows
on other components. If the robot is shielded from environmental conditions during its tethered descent
into the subsurface, the robot will experience only temperatures around -20°C, and the issue of thermal
cycling is minimized.
Appendix A4 presents a select list of readily available materials, potential applications, and their spacegrade equivalents [31].

4.3.2 Failure Toleration
As established in Section 4.2 Quality Function Development, mass minimization has beneficial impacts on many
aspects of the robot’s performance. Mass minimization is maximized when the component of interest
has reached its minimum safety factor, i.e. the ratio of the required maximum sustained load to the nominal
sustained load. Table 4.4 presents a list of relevant safety factors which will guide mass minimization
efforts and ensure that components not fail unexpectedly [32].
Table 4.4: Safety Factors by Category
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Category

Safety Factor

Overall Vehicle Structural Design

1.5

Friction Mechanisms (Minimum/Safety Critical)

3.0/5.0

Hysteresis Mechanisms (Minimum/Safety Critical)

3.0/5.0

Spring Mechanisms (Minimum/Safety Critical)

1.2/3.2

Inertia Mechanisms (Minimum/Safety Critical)

1.1/3.1
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4.3.3 Wiring Space Vehicles
The lunar environment imposes constraints on and requires innovative approaches to circuitry and
electrical systems. The Space & Missile Systems Center (SMC) standard regarding wiring space vehicles
describes requirements for classifying, working with, and shielding various circuitry [33]. Circuitry
characterization is based on a five-tiered structure: Category I contains any basic power and control,
Category II contains high-level signals, Category III contains low-level signals, Category IV contains
electro-explosive device (EED) circuits, and Category V contains high-frequency signals. This project
could feasibly entail each of these categories, save for Category IV. Appendix A5 describes the shielding
requirements and categorization of various circuitry.

4.3.4 Battery Safety
Lithium-ion batteries are effective, rechargeable sources of energy-storage for exploratory vehicles. In the
past, aerospace applications of lithium-ion batteries have included satellites, astronaut suits, rovers,
portable devices, and camcorders. However, lithium-ion batteries are prone to hazards in the event of
overcharge, external and internal short circuits, over-discharge, high temperatures, and structural loading
[34].
Built-in current interruption devices (CIDs) can simply prevent cell overcharge. Built-in CIDs are
effective in preventing internal short circuits, but the team must implement fuses, circuit breakers, and
thermal shut-offs for preventing external short circuits. Built-in shutdown separators prevent overdischarge. High temperatures for lithium-ion batteries range from 130°C to 190°C and can cause venting,
smoking, and expulsion of contents. Maximum temperatures on the Moon near 100°C, and therefore this
failure mode is unlikely. However, should heat dissipation becomes an ongoing issue, the addition of heat
sinks, heat shunts, and active cooling can remove excess heat. Finally, the team should take efforts to
eliminate mechanical stresses on the battery whenever possible and enclose the electronics and battery in
a protective case.

4.3.5 Testing and Validation
There exists no specific standard for the quantitatively evaluating a subterranean robot’s ability to traverse
complex terrain. However, there exist many functional analogies between subsurface exploration on the
Moon and search-and-rescue operations here on Earth. For this application, there exist several testing
standards for environments such as gaps (ASTM E2801-11), hurdles (ASTM E2802-11), inclined planes
(ASTM E2803-11), stairs and landings (ASTM E2804-11), and continuous pitch-roll ramps (ASTM
E2826-11). The standards describe the construction of a simulated testing environment, the overall testing
method, calibration, and standardization [35]. Although analysis is tunable depending on the test
environment and exact application, these standards recommend a statistical significance of 80% reliability
with 85% confidence. Testing and validation is particularly challenging for missions to other celestial
bodies. A refined and systematic approach to testing and validation will ensure that the product is as
reliable as possible on Earth.
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4.4 Risk Mitigation
The team evaluated individual subsystem risk and bulk risk using a multistep process for risk mitigation.
The process begins with the identification of possible failure modes for each subsystem, as well as their
potential causes and effects. Each of these results is then evaluated based on its severity and likelihood
on a scale from 1 to 5. On this scale, a 5 would indicate catastrophic failure (full system failure) and a 1
would indicate a negligible effect. The risk priority number is then determined by multiplying the severity
and likelihood values. Each risk is then reconsidered for potential solutions and reevaluated. The team
implemented this process to evaluate the jumping, drive, and suspension subsystems. Risk mitigation and
analysis informed decisions about which potential risks should be addressed with the highest priority and
which might be addressed in future work. See Appendix A6 for the full table.
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5 Design and Realization
5.1 Robot Architecture Down Selection
When designing the TerraNova robot, the team conducted an extensive down selection process to
determine the best locomotion method for subterranean exploration. The robot must traverse both the
smooth lava tube floor and the rocky pile; for this reason, a solution which incorporates multiple modes
of locomotion is valid. Table 5.1 presents the team’s qualitative down selection matrix.
Table 5.1: Locomotion down selection
Compatibility
with Lack of
Atmosphere

Rechargeability

Flat-Ground
Energy
Efficiency

Weight

5

4

3

5

5

2

2

3

Lift-Based
Flight

0

4

4

5

5

1

4

Propulsive
Flight

5

1

4

5

5

1

Legged
Robots

5

5

2

2

2

Treads

5

5

5

3

Wheels

5

5

5

Pneumatic
Jumping

3

1

Spring-Based
Jumping

5

5

Low
Boulder
Mechanical Technological
Mass Traversability Simplicity
Readiness
Controllability

Total

Ranking

2

94

6

2

2

103

4

1

2

5

92

7

2

4

4

2

107

3

4

3

5

5

3

124

2

5

4

5

3

3

2

97

5

5

4

5

3

4

2

125

1

5.1.1 Flying Solutions
Lift-based flight fundamentally requires air to produce lift. Due to the Moon’s lack of atmosphere, this is
not a viable solution for robotic locomotion on the Moon.
Propulsive flight requires a propellant fuel. The fuel would be limited based on what could be transported
to the Moon and carried on each robot, effectively truncating the mission length. Introducing propellant
into the environment might also disrupt fragile geological structures and could obfuscate onboard cameras
and sensors [5]. Flying solutions are therefore unfit for this application.

5.1.2 Ground Travel
Legged robots are uniquely dexterous and compact compared to wheeled robots. Given a legged and
wheeled solution with the same step climbing capabilities, the legged robot would have a much smaller
overall envelope. However, in a rocky environment, legs are prone to becoming lodged between rocks.
Additionally, legs often require complicated linkage systems more vulnerable to lunar dust. Due to their
complicated actuation, legs are much less energy efficient on even terrain than are wheels [36]. Since most
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of the robot’s travel consists of movement over smooth lava tube floors, legged robots are an inefficient
choice and would limit the total travel on a single charge.
Vehicles that utilize tread locomotion are often comprised of multiple segments of treads connected by
joints. As the number of joints increases, the vehicle demands an increasing number of actuators [37].
Power consumption is positively correlated with the number of actuators, making treads non-ideal for
TerraNova’s application due to its low energy efficiency.
Wheels are a simple and efficient solution to travel on even terrain. By increasing wheel diameter and
optimizing tread geometry, wheeled robots can also effectively navigate uneven terrain.

5.1.3 Jumping Solutions
Pneumatic-based jumping is particularly effective for traversing large obstacles, but pneumatic systems
require a supply of compressed air. Without an atmosphere on the Moon, any pneumatic-based robot
would need to transport all required air to the Moon. This restriction puts a cap on the total number of
jumps that the robot could make, truncating the length of the mission.
Springs-based jumping is not limited by any finite resource. Energy is required to compress the springs,
but that energy could come from a battery which recharges during power transmission with the Nexus.
Therefore, mission length is not limited.

5.1.3 Down Selection Results
As a result of down selection, the team selected a combination of wheeled driving and spring-based
jumping as the robot’s modes of locomotion. The robot will jump to surmount large obstacles, such as
those found in the rubble pile. The robot will drive for efficient travel over even ground and small
obstacles. Wheels also act as a safe landing structure for jumping and a protective boundary for the rest
of the robot. Further, neither locomotion method is limited by a finite resource. TerraNova’s bimodal
locomotion is visualized in Figure 5.1

Figure 5.1: Bimodal locomotion – jump over large obstacles, drive over small obstacles
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5.2 System Level Concept
As depicted in Figure 5.2, TerraNova is comprised of six main subsystems: wheels, steering, jumping,
suspension, chassis, and sensing.

Figure 5.2: TerraNova’s six subsystems
TerraNova uses a cam-based jumping mechanism that stores 47.3 J to jump. A carbon fiber chassis and
custom-designed wheels significantly reduce the robot’s mass and fortify components against large
impulses during jumping and landing. The robot’s mass breakdown is located in Appendix A7. TerraNova
leverages a novel active rocker suspension system to maintain sensor orientation and ground clearance
while driving over uneven terrain. A moderate sensing package serves as an analog for a high-end
equivalent that one might deploy on the Moon.
The team designed TerraNova with versatility at the forefront, given the uncertainty of the terrain. For
example, should the robot flip over, the robot can drive on either side because of a 270° servomotor
which controls the position of the sensors and jumping mechanism. Additionally, though not its primary
purpose, the jumping mechanism can fire when stuck to act as an additional foot and escape lodged
positions.
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5.3 Jumping Mechanism
5.3.1 Theory
Zhao et al. describes a simplified model for a jumping mechanism powered by springs [38]. Their research
used the following approximation for high-level jumping analysis: two masses attached by a spring, where
the upper mass – or “sprung” mass – is anything that rests on the spring, while the lower mass – or
“unsprung” mass – is anything that the spring would force into the ground. Their theory abides by the
nomenclature listed in Table 5.2.
Table 5.2: Nomenclature for High-Level Jumping Analysis
Variable

Description

ℎ

vertical jump height

𝜂

efficiency

𝑚1

lower mass

𝑚2

upper mass

𝐸0

potential energy stored in the spring

Analysis of the two-mass system determines that the jumping height is given by equation (5).
ℎ=

𝜂𝐸0
(𝑚1 + 𝑚2 )𝑔

(5)

Defining a new variable A in terms of properties of the mechanism itself produces equation (6).
𝐴=

𝜂𝐸0
𝑚1 + 𝑚2

(6)

Equation (6) facilitates an estimate as to how much energy A the robot must expend for each jump.
Continued analysis suggests that large jumping heights are achievable for a reasonable energy cost, even
with a heavier mechanism. The equations can also be retooled to estimate jump height h and jump distance
d, as well as relate distance d to a launch angle α.
𝜂𝐸0 𝑠𝑖𝑛2 (𝛼)
ℎ=
(𝑚1 + 𝑚2 )𝑔

(7)

2𝜂𝐸0 𝑠𝑖𝑛(2𝛼)
(𝑚1 + 𝑚2 )𝑔

(8)

𝑑=

12 May 2019

TerraNova | Final Report

26

𝑑 = 4ℎ𝑐𝑜𝑡(𝛼)

(9)

Once the robot parameters and spring displacement lengths are optimized and selected, equation (10)
provides a reasonable estimate of the required spring constant for a desired jump height and angle:
𝑘=

2(𝑚1 + 𝑚2 )𝑔ℎ
𝜂 𝑠𝑖𝑛2 (𝛼)𝛥𝑥 2

(10)

Construction and testing of a physical prototype allowed the team to validate this theoretical model of
jumping, as described in 5.3.3 Prototype and Preliminary Validation.

5.3.2 Overall Design

Figure 5.3: Jumping mechanism assembly
Figure 5.3 presents a labeled diagram of the jumping mechanism. At the heart of the jumping mechanism
lies a nautilus cam which offers continuous compression and rapid release of spring energy. The cyclic
nature of the cam mechanism allows for passive recapture of the cam follower after firing. Figure 5.4
presents a step-by-step graphic of this process. Additionally, a divot in the cam acts as a ratchet, locking

12 May 2019

TerraNova | Final Report

27

the mechanism in the fully compressed configuration. This allows TerraNova to store the mechanism at
its smallest volumetric state. When the mechanism fires, the springs release 47.3 J of energy, propelling
the 2.2-kg robot to a height of 1.2 m on the Moon, or 8 inches on Earth. The jumping mechanism consists
of primarily machined aluminum components which can sustain the impulse of 8,200 N that the
mechanism exerts on itself during firing.

Figure 5.4: Compression, release, and recapture
Not shown in Figure 5.3 is the sensing package, which is mounted perpendicularly to the central axis of
the springs. During driving, this allows the sensors to deploy and collect data while the jumping
mechanism is safely compressed and stored. Then, in the event of an impending obstacle, the act of
rotating the jumping mechanism into firing position simultaneously stores sensors within the body of the
rover to protect them during the jump. Figure 5.5 illustrates this feature.

Figure 5.5: Deploying and protecting the sensor packing
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5.3.3 Prototype and Preliminary Validation
To determine the validity of the jumping mechanism design, the team designed and manufactured a smallscale prototype, shown in Figure 5.6 (left). This prototype justified key assumptions made about a camand-follower system such as single actuator usability, built in recapture, and viable spring compression. A
simple exponential cam geometry was implemented with 3 inches of compression and 16.8 lbf/in springs.

Figure 5.6: The jumping prototype (left) and the final jumping mechanism (right)
The goal of this prototype was to empirically confirm the analytical equations relating jump height to
mechanism mass, compression, and spring length. By varying masses added above the spring, the team
collected jump height and compared the resulting regression to an analytical model, accounting for
frictional energy losses during spring decompression. This informed the team’s understanding of losses
during the design and analysis of the final mechanism, shown in Figure 5.6 (right).
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Figure 5.7: Jump height versus total mass reveals effect of frictional losses

5.3.4 Spring Selection and Characterization
Springs were selected to provide enough energy to jump 1 m on the Moon while being as compact as
possible. In down selecting from the various viable options, springs were evaluated on their volumetric
efficiency, a measure of energy per unit volume. A spring with a large natural length and correspondingly
high compression length requires a larger overall jumping mechanism mass. This increase in mass is
compounded by a necessary increase in wheel diameter and chassis size.
Due to torque limits on the drive motors, wheel diameters could not exceed 13 inches, which put an upper
limit on the spring’s natural plus compressed lengths. The maximum force of the compressed springs is
dictated by the material properties of the load-bearing mechanism components. While certain key
elements, such as the cam follower shaft and motor shaft, were machined from stainless steel to increase
their strength, other structural members were to be made from aluminum for mass reduction. As such,
the yield strength of the components, in addition to their geometries, load profiles, and safety factors,
dictated that the maximal spring compression force cannot exceed 215 lbf. without risking component
failure.
Additionally, to reduce the overall volume of the jumping mechanism, a spring with a smaller inner and
outer diameter was desirable. With these parameters determined, the team compiled and evaluated a
selection of precut springs from major manufacturers such as Century Spring, McMaster-Carr, and Acxess
Springs. For each spring, the team estimated the maximum robot mass that each spring would allow to
jump the full Moon-meter. Figure 5.8 visualizes this evaluation process.
By balancing these factors, the team selected spring 72974 from Century Spring, which boasts a spring
constant of 29 lbs./in., a 6 in. free length, and 4 inches of maximum compression (6 in. + 4 in. = 10 in.
total jumping mechanism length). This allows for a maximum compression of 3.8 in without exceeding
the 215 lbf limit. The compression length then implied cam mechanism sizing and resulted in a maximum
allowable robot mass of roughly 9 kg without exceeding spring loading limits.
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Figure 5.8: Selecting the optimal spring - maximizing allowable mass and minimizing
mechanism length

5.3.5 Motor Selection and Characterization
The key criteria in selecting the compression motor for the cam is stall torque. The jumping mechanism
motor must continue rotating despite high spring forces that press the cam follower into the cam lip. The
team created a jumping mechanism prototype with a reduced spring rate, as well as a current-sensing
circuit to determine amperage drawn by the motor during compression. In concert with motor
specifications, the team determined the torque imparted on the motor. The torque profile adhered closely
to the team’s analytical model, as depicted in Figure 5.9.

Figure 5.9: Motor torque profile, theoretical and experimental
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The team scaled and modified the torque profile for an updated cam geometry and stronger springs,
ultimately determining peak torque during compression: 10 Nm, or 10 times that observed in the
prototype. Given such a large jump from prototype to full scale, the team applied a safety factor of 2.0
and selected a compression motor with a stall torque of 20 Nm. This ensured that the motor would not
approach stall torque during normal operation.
Additionally, the team determined that the motor should not be back-drivable, meaning the motor shaft
should not rotate backwards when unpowered. This allows the motor to be powered down while the
springs are compressed, conserving system energy. Therefore, the team selected a worm-gear
configuration because it is non-back-drivable and can offer high gear reduction ratios in a compact
package.
Lastly, the motor’s operating voltage must remain at a reasonable level, as this dictates the output voltage
of the onboard battery. The lower the voltage required to drive the motor, the fewer lithium polymer cells
required, and the smaller the battery volume.
The team selected the Bosch seat motor, commonly used in robotics applications. As shown in Figure
5.10, the motor has a stall torque of 22 Nm at a rated voltage of 13V, as well as an integrated Hall effect
sensor for angular position feedback and a hexagonal output shaft. The motor weighs just 0.8 lbs. and its
slim envelope easily fits within the jumping mechanism frame, while still utilizing a reduction of 175:1.

Figure 5.10: Motor characterization of the Bosch seat motor

5.3.6 Cam
Due to the high spring forces, successful cam compression required optimizing the geometry of the cam.
As shown previously in Figure 5.9, torque analysis from the initial prototype testing validated analytical
estimates, leading the team to further optimize the cam geometry. Given that compression forces had
doubled between the prototype and final iteration, designing an optimal, compatible cam was crucial.
The cam geometry has several effects on the forces experienced by the jumping mechanism. The angle
of rotation of the cam, the instantaneous lever arm, and the instantaneous rate of change of the cam slope
impact the frictional resistance between the cam follower and the cam lip. A more minor – but
nevertheless important – consideration is the diameter of the cam follower bearing, which reduces the
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effective lever arm. Distilling these factors gives equation (11), where 𝜏 is required torque, 𝑟 is
instantaneous radius, 𝑅𝑏 is the radius of the roller bearing, 𝑅𝑜𝑢𝑡 is the outer radius of the cam, 𝑘 is spring
rate, 𝜇 is coefficient of friction, and 𝜙 is the instantaneous rate of change of the cam slope.
𝜏 = (𝑟 − 𝑅𝑏 )(𝑅𝑜𝑢𝑡 − 𝑟)𝑘(𝜇 + 𝜙)

(11)

With this torque equation, the team could generate any spiral-type function 𝑟(𝜃) sweeping from 0 to 360
degrees and receive a resulting torque profile. The two predominant families of spirals are power law
spirals, as in equation (12), and exponential spirals, as in equation (13).
1

𝑟 = 𝑐1 + 𝑐2 𝜃 𝑛
𝑟 = 𝑐1 + 𝑛 ∙ 𝑒 𝑐2 𝜃

(12)
(13)

Each function family contains constants 𝑐1 and 𝑐2 which are determined knowing 𝑟(0), the spring’s
natural length, and 𝑟(360), the spring’s compressed length. Programmatically, 𝑛 is iterated through a
solver loop that seeks to minimize the maximum torque experienced during a full rotation. Through this
iteration, the cam-generating equations are optimized to reduce the peak torque while adhering to all the
geometric constraints of the jumping mechanism. Figure 5.11 displays curve generation for the power
law spiral family.

Figure 5.11: Power Law Spiral Family
Figure 5.12 shows the associated torque curves for the generated cam profiles.
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Figure 5.12: Torque Profiles for the Power Law Family
Upon inspection of the various cam geometry torque profiles, it is evident that among the optimal curves
there is no discernible difference in their respective peak torques. As such, the next point of differentiation
is the shape of the curve. In determining the motor’s compatibility with the cam, the torque gradient is
crucial as the rate of change of the torque could introduce slip and stalling inadvertently. The torque
profiles in Figure 5.12 each experience their steepest points at different locations along the compression
cycle. For instance, lower n values result in a torque peaking almost immediately while larger n values
delay the torque spike to the end of the cam rotation. Simply, the geometries at the far left and right of
the torque profile have exceedingly sudden changes in experienced torque. The second derivative of the
torque profiles, shown in Figure 5.13, identifies more clearly which curve will best prevent motor stall.

Figure 5.13: Second derivative of torque, power law family
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Figure 5.13 confirms the previous assumption that large and small n values experience tumultuous changes
in torque. These sudden spikes and falls are not conducive to slip-free motor operation and could lead to
deleterious operating conditions. As such, the green curve, representing n =1, stands out for its constant
decreasing torque slope, which informs a very smooth and continuous compression. Therefore, this cam
equation was deemed optimal and implemented.

5.3.7 Cam Follower
The cam follower, a chrome-steel 0.5-inch-diameter roller bearing shown in Figure 5.14, rides the lip of
the cam during compression. As such, this component takes the full load of compression in shear and
experiences a large impulse upon firing. The cam follower constrains the connection between the
“unsprung” components below the springs and the “sprung” components above the spring, and any
failure to the cam follower would render the jumping mechanism unusable. Therefore, both shear and
impact analyses of this component are essential to the success of the mission.

Figure 5.14: Cam Follower Diagram
A “dry fire,” a failure condition in which the bottom plate does not contact the ground, would apply the
most stress on the cam follower. This condition functions as a worst-case scenario. The team could
analytically determine the speed of the cam follower upon impact with the cam lip by applying an energy
balance, shown in equation (14).
1
1
2 ( 𝑘𝑥 2 ) = 𝑚𝑣 2
2
2

(14)

The spring constant, k, is 5078.7 N/m and the stroke length, x, is 0.099 m. Variable m represents the
unsprung mass, 0.991 kg. This implies that the cam follower will impact the cam lip at a speed of v =
10.02 m/s. Running an explicit dynamics simulation in ANSYS gives the duration of impact, which is
impractical to determine empirically. The result of that simulation is shown in Figure 5.15.
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Figure 5.15: ANSYS explicit dynamics simulation of cam follower impact
The ANSYS simulation demonstrated not only the duration of impact Δt = 787 μs, but also indicated
that the cam follower has a non-negligible velocity following impact. This is a direct result of the
coefficient of restitution between the chrome steel cam follower and the aluminum cam, e = 0.95 [39].
The force exerted on the cam by the cam follower is calculated the impulse equation (15).
𝐹𝑎𝑣𝑔 =

𝑚∙e∙𝑣
Δ𝑡

(14)

The cam follower will therefore exert 24,604 N on the cam upon impact. As demonstrated by the
ANSYS simulation, this will cause impact stresses of up to 212 MPa, below the safety factor of 1.5 set in
Section 4.3.2: Failure Toleration. In fact, as shown in Figure 5.16, the team had already observed localized
deformations in the prototype jumping mechanism.

Figure 5.16: Localized deformation due to cam follower impact
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The addition of the nylon foam pad at the point of impact more than triples the duration of impact and
improves the even dissipation of energy to the cam lip upon impact, as shown in Figure 5.17. This
reduces shear stress by a factor of 3 and results in an acceptable safety factor of 1.7.

Figure 5.17: Localized stress mitigated by the addition of foam padding

5.3.8 Material Constraints on Jumping Force
In the jumping mechanism, the steel motor shaft must sustain the full compressed spring force for long
durations. In the prototype design, the spring force loads the motor shaft in cantilever bending. To reduce
the deflections on the cam, the team added a second support such that the motor shaft had support on
either side of the cam. This three-point bending problem was then analyzed in an ANSYS static structural
simulation, with the boundary conditions shown in Figure 5.18 and results shown in Figure 5.19.

Figure 5.18: Loading and Constraints, Motor Shaft
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Figure 5.19: Stresses, Motor Shaft
The steel motor shaft can sustain forces up to 220 lbs. This structural limitation of the motor shaft
imposed an upper bound on the spring force, as previously alluded to in Section 5.3.4: Spring Selection and
Characterization.

5.3.9 Jumping at an Angle
The jumping mechanism is mounted on a servomotor which is used to rotate the mechanism into its
jumping position. The jumping mechanism is stored inside the chassis in its compressed state and then
rotated into position when the robot intends to jump. Given the unknown nature of the terrain,
TerraNova was designed to maximize versatility. The jumping mechanism can rotate to any angle, which
allows the robot to jump at an angle to overcome obstacles or escape its position. The bottom plate has a
large surface area and filleted edges to ensure solid ground contact when jumping, as shown in Figure
5.20.

Figure 5.20: Jumping at an angle
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5.4 Chassis
5.4.1 Overall Design
The robot’s chassis is comprised of two parallel side panels joined by four lateral connector tubes and
connector tube mounts. Mounted on internal faces of the side panels are the servomotor responsible for
the rotation of the jumping mechanism and a support component. Mounted on the external faces of the
side panels are the motor mounts for the active rocker suspension motors. The electronics are housed at
either end of the chassis and protected by covers. Corner brackets mount the covers on the chassis. Figure
5.21 presents a labeled diagram of the chassis subsystem.

Figure 5.21: Chassis assembly

5.4.2 Material Selection
The side panels were manufactured from carbon fiber sandwiched sheets with a foam core due to its high
strength-to-weight ratio. The connector tubes were manufactured from a lightweight carbon fiber tube,
for its resistance to bending. Aluminum was used for the connector tube mount components between the
connector tubes and side panels as well as the motor mount components. The covers were thermoformed
from sheets of Polyethylene Terephthalate Glycol (PETG), a lightweight protective thermoplastic.

5.5 Suspension
5.5.1 Overall Design
The rocker suspension system is a variant of the rocker-bogie suspension used in many NASA rovers,
such as the Mars 2020 rover [40][41]. This suspension system facilitates even weight-distribution of the
robot across each of its four wheels, regardless of uneven terrain. Even weight-distribution is essential
for effectively transferring torque exerted by the drive motors through the wheels to overcome obstacles.
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Rocker suspension also maintains the chassis angle at the average of the two rocker angles, which benefits
both ground clearance and the stability of onboard sensors. Figure 5.22 presents a labeled diagram of the
suspension subsystem

Figure 5.22: Suspension assembly
Rather than use a differential gearbox as explained in On the Mobility of All-Terrain Rovers, the team
implemented motors with advanced motor control technology to achieve a similar effect [40]. The rocker
subsystem is comprised of a rocker tube, suspension motors, and brackets to attach the wheel subsystems
to the rocker. The rocker is a lightweight square carbon fiber tube selected for its resistance to torsion.
The rocker’s interface with the suspension motor was designed to remove radial loads from the motor,
particularly those that occur during jumping. Figure 5.23 presents a labeled diagram of the suspension
motor interface.

Figure 5.23: Suspension assembly
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5.5.2 Actuation
Two EMAX GB4008 brushless gimbal motors actuate the suspension rockers. IQ Motion Control boards
control the positions of the gimbal motors, a novel application of advanced motor control technology.
This system allows the motors to safely and effectively act as torsional springs with variable stiffness and
damping. In this way, TerraNova implements an active suspension that adjusts to match the terrain on
which the robot travels. When passing over rough terrain, the motors can assume a soft suspension
configuration, and when passing over smooth terrain, the motors can assume a stiff suspension
configuration. This versatility allows for efficient traversal in a variety of situations. Assuming an infinitely
stiff configuration, the motors can lock during jumping to prevent energy losses due to angular movement
of the rockers and chassis. Furthermore, the IQ control boards perform regenerative braking, allowing
energy to be reclaimed from forced motion, improving their efficiency.
Since the IQ controllers were a crucial element of this architecture, actuator selection was limited to
motors compatible with said controllers. IQ currently produces high-speed motors with a stall torque of
130 Nmm, but these motors do not provide enough torque to lock the rockers with a sufficient safety
factor, as demonstrated in equation (15) and (16).
𝜏=

(𝑒𝑠𝑡𝑖𝑚𝑎𝑡𝑒𝑑 𝑎𝑙𝑖𝑔𝑛𝑚𝑒𝑛𝑡 𝑒𝑟𝑟𝑜𝑟)(𝑗𝑢𝑚𝑝𝑖𝑛𝑔 𝑓𝑜𝑟𝑐𝑒)
∙ 𝐹. 𝑂. 𝑆
𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑎𝑐𝑡𝑢𝑎𝑡𝑜𝑟𝑠

(0.254 𝑚𝑚)(956 𝑁)
× 1.5 = 182.1 𝑁𝑚𝑚 > 130 𝑁𝑚𝑚
2

(15)

(16)

The EMAX motors were a logical choice for suspension motors because they offer double the stall torque
of the IQ motors and integrate seamlessly with IQ controllers.

5.5.3 Proportional-Integral-Derivative (PID) Tuning
To tune the two EMAX motors, the team displaced the chassis to 30 degrees – or, until the front of the
chassis contacted the ground when the robot lay on a flat surface. Reading the chassis position through
the motor encoders, the team could characterize the response of the chassis for a variety of tuning
conditions. The team varied input values of the PID controller: the proportional term kp, the integral
term ki, and the derivative term kd. Figure 5.24 presents the evaluation of several response curves and
justifies the selection of the green curve as optimal.

Figure 5.24: Suspension assembly
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5.5.4 Justification and Analysis
The traditional rocker-bogie system consists of a larger, forward leg and a smaller, rearward leg for sixwheel rovers [40]. The rocker-bogie system lacks symmetric construction and does not readily achieve
the design goal of driving on either side. Therefore, the team designed a symmetric rocker variant that
increased mechanical simplicity and met this design goal, while providing the same flexibility and versatility
of a rocker-bogie system.
TerraNova’s active suspension system is preferable to a passive system which would ultimately necessitate
the inclusion of an additional actuated locking system for jumping. An actuated suspension system allows
for variable stiffness that would not otherwise be achievable within the robot’s mass constraints. A passive
system as described in On the Mobility of All-Terrain Rovers would require a shaft to pass through the center
of the robot, which is geometrically incompatible with the jumping mechanism design [40]. As explained
in Section 5.10: Power Budget, the additional energy requirements of an active suspension system fall well
within mission parameters.
The team performed finite element analysis on the suspension motor carriage and rockers to ensure their
strength during jumping and landing.

5.6 Wheels
5.6.1 Overall Design
The robot’s wheels were custom designed to minimize mass, power consumption, and overall size. The
wheel subassembly components can be found in the labeled diagram, Figure 5.25.

Figure 5.25: Wheel subassembly
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The rim of the wheel originates from a segment of a large carbon fiber tube. Carbon fiber sandwich sheet
with a foam core was cut to create the spokes, and a 3D printed interface joins the eight spokes to the
framework. The front hub and back hub clamp around the spokes at the wheel’s center and interface with
the output of the drive motor. Steering is accomplished with a servomotor mounted above the central
axis of the wheel.

5.6.2 Material Selection
Typically, planetary-rover wheels and treads consist of various metals, such as aluminum and titanium.
However, TerraNova omitted metal in favor of lightweight carbon fiber, which ensured that the robot
achieve its target jump height. Furthermore, unlike most rover wheels, TerraNova’s wheels must endure
large impulses when the robot lands following a jump. The carbon fiber spokes and rim give the wheels a
degree of compliance for impacts while remaining rigid for driving.
Bidirectional treads cut from semi-rigid nylon foam — an alternative to space-safe Viton fluoroelastomer
— dissipate stress during impacts. The nylon foam was coated with a liquid rubber sealant to increase
traction.

5.6.3 Actuation
TerraNova has four high-torque drive motors and two servomotors for front-wheel differential steering.
The four Pololu 99:1 metal gear drive motors contain an integrated magnetic encoder. The drive motors
offer high torque, low mass, and a small envelope compared to competitive models. The torque
requirement for the drive motors was determined by calculating the force required to traverse a 15° incline
under lunar gravity with a safety factor of 1.6 to ensure operation at a fraction of the stall torque, as
described in Section 4.1.2: Maximum Incline Angle. Multiplying this force to traverse by the radius of the
wheel yields the required torque.
The required no-load rotational speed of the motor was derived from a reasonably-paced continuous
travel speed of 0.5 m/s. The selected motor has a no-load speed of 100 RPM and a stall torque of 2.1
Nm, which provides adequate torque for wheel diameters up to 13 inches. Figure 5.26 presents the motor
selection criteria used to choose the drive motor.

Figure 5.26: Drive motor selection criteria
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The custom wheels accommodate a servomotor used for front-wheel differential steering. The high torque
and position controllability are desirable features of the servomotor. The servomotor is mounted above
the wheel’s central axis to minimize its lever arm and consequently the torque that the servomotor needs
to exert during steering. The team selected the Savox high-torque servomotor because it offers one of the
highest stall torque limits available for the standard servomotor size. Constructed from steel and titanium,
Savox servomotors offer durability and toughness even in non-ideal circumstances, such as when the
wheel turn is partially thwarted by rubble and geometrically constrained against turning.

5.7 Mechanical Analysis
5.7.1 Safety Factors and Margins
Consistent safety factors were maintained throughout the analysis process. A safety factor of 1.5 applied
to yield and a safety factor of 2.0 applied to ultimate failure, as presented in Section 4.3.2 Failure Toleration.
Given these safety factors, stress margins were calculated for each component, as shown in equation (17).
𝑚𝑎𝑟𝑔𝑖𝑛 =

𝑚𝑎𝑥 𝑠𝑡𝑟𝑒𝑠𝑠
1 − 𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 𝑠𝑡𝑟𝑒𝑠𝑠 ∙ 𝑆𝐹

(17)

This value must be positive, and the magnitude indicates how much tolerance exists in the system. For
example, if the stress experienced by the component increased by 0.1 times, having a 0.2 margin would
suggest that the increase is tolerable and would not cause failure. A full account of stress margins is
presented in Appendix A8.

5.7.2 Topology Optimization
As established in Section 4.2: Quality Function Development, mass minimization has significant implications
for robot performance. Topology optimization is one method for mass minimization by iteratively
removing low-stress regions of major components. Topology optimization resulted in a 41% decrease in
overall robot mass.
The protocol for conducting topology optimization on a component is as follows:
1. Design the component in SolidWorks with fixture points and interfaces.
2. Create a free body diagram, noting the maximum loading and boundary conditions.
3. Import the SolidWorks part into an ANSYS static structural simulation, applying conditions
derived in Step 2.
4. Run the static structural finite element analysis. If the safety factor is below 1.5, return to Step 1.
If the safety factor is 1.5 to 3, or if no material can be removed due to interference with fixture holes
and interfaces, further topology optimization is unnecessary. If the safety factor exceeds 3, proceed
to Step 5.
5. Construct a linked ANSYS topology optimization analysis. Specify exclusionary areas where mass
cannot be removed.
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6. Export the result of topology optimization into SolidWorks and eliminate the mass reduction
regions.
7. Update the linked ANSYS static structural simulation. Return to Step 4.
The team conducted topology optimization on over 12 major components. Table 5.3 displays a summary
of the topology optimization protocol for the cam support, which held the cam and motor in place.
Topology optimization for additional components can be found in Appendix A9.
Table 5.3: Topology optimization for the cam support
Model Component

Analyzing Loading

Initial Finite Element Analysis

Topology Analysis

Remodel Component

Confirming Finite Element Analysis
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5.7.3 Impact Analysis
As described in Section 4.2: Quality Function Development, the robot must sustain a fall from a height equal to
twice its traversable boulder size. As such, the structural integrity of wheel and suspension components
is essential during landing. To better understand the force exerted at the point of impact, the team
conducted impact analysis similar to that explained in Section 5.3.6: Cam Follower.
First, an energy balance determines the speed of impact for a robot of mass m = 9 kg to fall from a
height of h = 2 m in lunar gravity g = 1.62 m/s2.
𝑚𝑔ℎ =

1
𝑚𝑣 2
2

(18)

Equation (18) implies an impact velocity of v = 2.55 m/s. Running an explicit dynamics simulation in
ANSYS gives an impact duration of 0.04 s. The coefficient of restitution between the TerraNova wheel
and lunar regolith is approximated as e = 0.58, using an analogous study of rockfall simulations [42].
The force exerted on the wheels by the regolith during impact is calculated using the same impulse
equation (14). Ultimately, 906 N applies on the robot during a fall from 2 meters on the Moon, either
transferred all at once to a single wheel, 453 N to two wheels, or 226.5 N to four wheels, depending on
the landing conditions. This impact analysis informed use of carbon fiber as a flexible agent for sustaining
impacts.

5.8 Electronics
5.8.1 Overview
TerraNova’s custom electronic architecture allows the robot to control its ten actuators, monitor its
current state, and collect basic data about its surroundings. The architecture includes a radio
communication system functional up to 425 meters, as well as a series of sensors that ensure the
operational safety of the robot. Each of the robot’s perfboards were hand-soldered, and the wiring
harness was manually designed and fabricated, using over 25 individual connectors. Appendix A10
contains the complete circuit schematic for the robot.

5.8.2 Processing
The ARM-powered Teensy 3.6 microcontroller development board controls the robot’s electronic system.
The Teensy 3.6 provides the necessary high-demand for processing power. Additionally, the board
contains enough pins and peripheral interfaces to support the 51 required pins as well as three UART
interfaces and two I2C interfaces. The Teensy 3.6 is low in mass and volume, an added benefit over the
otherwise comparable Arduino Due and STM32 Nucleo. The Teensy 3.6 has an integrated micro SD card
which allows for onboard high-speed data logging without additional circuitry. The Teensy 3.6 was
programmed from the Arduino IDE, providing a simple programming interface and access to the IQ
Motion Control Arduino library, without the need for toolchains or linkers.
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5.8.3 Power
A three-cell, 5000-milliamp-hour lithium polymer battery powers the entire robot. With a continuous
discharge current limit of 100 A, this battery easily supplies the robot’s current requirements. In the rare
event that all actuators simultaneously stall – an absolute worst-case scenario – the robot would only
demand 52 A, about half of the battery’s capacity. The battery has a nominal voltage of 11.1 V, peaking
at 12.6V when the battery is fully-charged, and all cells are balanced.
The battery directly powers the jumping compression motor, the two suspension motors, and the four
drive motors through their respective motor controllers. The jumping motor is rated to 13V, and the
controllers for the other motors regulate the input voltage such that the battery never provides the motors
more than 12V. A buck-style D24V150F5 step-down voltage regulator provides the servomotors with a
5V power supply, supporting up to 13 A that the three servomotors might require – in the worst-case stall
torque scenario – with 95% efficiency. An additional LM7805 linear regulator provides the Teensy 3.6 and
the low-current circuitry a designated 5V power supply that does not risk damage by back-EMF from the
servomotors. The Teensy 3.6 contains internal voltage regulation circuitry that provides a 3.3V power
supply, which controls the servomotors and motor drivers and communicates with the sensors and
communication circuitry.

5.8.4 Sensing
TerraNova implements a variety of lower-end sensing features as analogs to those that might exist in a
deployed exploratory robot. These low-end sensing features include a 9-axis inertial measurement unit
(IMU) sensor and two time-of-flight range finding sensors. These sensors communicate with the Teensy
3.6 using the I2C communication interface. Two GoPro Hero 5 cameras collect front and rear point-ofview video with independent batteries and memory storage. Magnetic encoders and current-sense circuits
determine the angular velocity and current of each of the motors, save for the servomotors. A Hall effect
sensor and magnet indicate when the jumping compression motor has fully compressed and should power
down into locked mode. The IQ controllers monitor the current angle of each suspension motor and the
voltage level of the battery to ensure safe discharge of lithium polymer cells. Two temperature sensors
on the front and rear electronic enclosures monitor and prevent overheating.

5.8.5 Communication
An XBee Series 1 radio communication model with an external antenna facilitates long range
communication that might become necessary for a deployed fleet of TerraNova robots. Using the XBee’s
UART interface, commands are received and processed by the Teensy 3.6, and all data gathered on the
robot is sent to an external control system for live-display and off-board logging.

5.8.6 Actuator Control
Each of TerraNova’s ten actuators require unique circuitry for safe and efficient operation.
Drive Motors: The drive motors are controlled using two dual VNH5019 H-bridge motor drivers, which
safely control the motors bidirectionally at various speeds. The driver contains a current-sensing feature
and automatic fault detection protecting against current overdraw, voltage spikes, and high temperatures.
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Jumping Compression Motor: The jumping motor is controlled using a G2 high-power motor driver
that contains all features included in the drive motor controllers. Additionally, the G2 motor driver offers
an adjustable current limit that will shut down the motor at stall torque. This, along with a built-in thermal
switch, allows the jumping motor to safely operate up to its stall torque without damage.
Suspension Motors: The two brushless suspension motors are controlled with ARM-enabled IQ Motion
Control controllers. This controller imposes current and temperature limits to protect the motors.
Servomotors: The Savox high-torque servomotors are controlled from the Teensy 3.6 using a PWM
signal. The period of this signal indicates the angle the servomotor should maintain.

5.9 Software
5.9.1 Overview
The TerraNova system involves an extensive software suite, including custom embedded libraries onboard
the robot and a desktop control and data processing system. The embedded libraries were written in C++
using the Arduino IDE; the desktop system was developed in C# with the .NET framework and Windows
Forms. The complete source code be found on the team’s publicly hosted GitHub repository, provided
in Appendix A11.

5.9.2 Embedded Software
The majority of the embedded system consisted of libraries for controlling and reading data from each
electronic component highlighted in Section 5.8: Electronics. The data processing and communication
system, shared on both the embedded and desktop sides, accounted for another significant portion of the
embedded software.
Data Processing: The embedded system gathers an extensive amount of data and transmits the data to
the desktop system. Data is also logged on the onboard micro SD card. This data consists of the rotational
speed and current draw of each motor, the angle of the two suspension motors, the voltage of the battery,
data from the IMU, and distance data from the two time-of-flight range finding sensors. Each data packet
is collected and transmitted at a frequency of at least 10 Hz.
To protect the robot’s electronics and actuators, the team devised a series of faults. When any fault occurs,
the robot will stop all actuators and enter a low-power state. A fault is triggered if a motor controller
reports an error, the battery falls beneath the voltage threshold, or the buck voltage regulator indicates an
inability to maintain its output voltage. Using commands on the desktop software system, the operator
may also trigger a fault manually.
Actuator Control: The drive motor controllers use a simple H-bridge and PWM signal to change the
speed and direction of each of the drive motors individually. The team implemented a velocity-control
system to supplement this basic control. This addition allows the robot to traverse complex terrains more
slowly and consistently by varying applied torque depending on the terrain. This control is particularly
necessary when the robot moves downhill, because rapid deceleration can cause damage to the drive
motor gearboxes. The team accomplished this control by applying a simple proportional and integral

12 May 2019

TerraNova | Final Report

48

controller, similar to the cruise control system in a car. The rotational speed of the motors, as gathered
by the magnetic motor encoders, provide feedback in the controller.
Additionally, the team placed acceleration and current limits on the drive motors. The current limits were
maintained by simply commanding no more than two-thirds of the rated voltage for the motors, as
recommended by the manufacturer. The acceleration limits manifest in an additional delay imposed on
changes to the desired velocity.
The jumping motor was also controlled using a simple H-bridge and PWM setup. The motor often
requires full voltage and approaches stall torque when compressing the jumping mechanism. An IMU is
used to detect when a jump has occurred. In this way, the jumping motor easily detects current states and
cycles through compression and jumping accordingly.
The IQ controllers interface using UART serial communication. This communication allows the Teensy
to set PID control constants and a “hold angle” command, as well as read supply voltage and motor angle.
The Arduino libraries that IQ developed are used for control, as well as an additional wrapper library to
simply interfacing with the IQ software.
The Arduino servomotor libraries were used to control the Savox servomotors. The servomotors have a
non-standard angle control, so the team used the library’s capability to write PWM signals with various
periods.

5.9.3 Desktop Software
The desktop software addresses how to send commands and receive data from the robot, as well as
processing, displaying, and visualizing this data. An XBee module processes communication, and an Xbox
One controller sends commands to the desktop software.
The team used Windows Forms and the .NET framework to develop a graphical user interface (GUI) as
shown in Figure 5.27. The principal function of this program is to read commands from an Xbox One
controller. The desktop software reads Xbox controller commands using SlimDX, a wrapper for the
DirectX graphics libraries, including the DirectInput library that connects with the controller. This
information is then displayed as shown in the GUI. A live readout of all data collected from the robot as
well as the status of the various faults is also displayed so that an operator can readily monitor the status
of the robot while controlling it.
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Figure 5.27: TerraNova’s Graphical User Interface (GUI)
The GUI can also log any of the data read from the robot. Logs are stored in a simple text-based comma
separated value (CSV) format, where the timestamp, identification of the datum or fault, and the value of
the datum or fault are stored sequentially.
An external MATLAB script visualizes any of the robot’s log files. This script includes a parser to read
the log files and a short script to create an animation of the gathered data plots.

5.9.4 Communication
The team developed a custom communication system to facilitate the reliable transfer of data and
commands between the desktop and embedded systems. Figure 5.28 presents this communication
architecture.

Figure 5.28: Electronic architecture for data processing
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As shown in Table 5.4, the team developed a basic custom communication protocol with simple data
packets for sending and receiving information. This includes a unique start and stop bit (0xFC and 0xFD,
respectively) for seamless detection of packets of different sizes. An escape bit (0xFA) is used to escape,
stop, or start bits that appear in the middle of a packet. The Fletcher 16 checksum decreases chances of
data corruption. Any packet whose checksum does not match the one calculated from the received data
is ignored.
There are three types of packets in the system. The first two are for receiving data values (floating point
numbers) and fault values (Booleans) from the robot. The final packet type is for sending commands to
the robot. Table 5.4 presents the exact structure of said data packets.
Table 5.4: Packet Structure for data fault and command
Name
Value
Size (bytes)

Start Byte
0xFC
1

Name
Value
Size (bytes)
Name
Value
Size (bytes)

Start Byte
0xFC
1

Data Packet Structure
Packet Type
Data ID
Payload
0xDD
Varies
Varies
1
1
4

Start Byte
0xFC
1

Fault Packet Structure
Packet Type
Payload
0xFF
Varies
1
2

Checksum
Varies
2

Checksum
Varies
2

Command Packet Structure
Drive Command Steer Command Button States
Varies
Varies
Varies
1
1
2

Stop Byte
0xFD
1

Stop Byte
0xFD
1

Checksum
Varies
2

Stop Byte
0xFD
1

The team applied a basic code generation system to simplify the process of adding a datum or fault to the
communication system. Two CSV configuration files define the values and associate them with IDs. Any
value appearing in the configuration files are displayed and processed in the GUI. When the GUI
compiles, a C++ header file generates with constants that associate the names of each value with their
IDs. On the embedded side, these constants store values by name to be communicated. In this way, adding
a new value of interest to the communication system is accomplished by adding one line to a file, and then
populating that value of interest on the embedded side.

5.10 Power Budget
The robot must proceed down the lava tube, collect valuable data, and return to the rubble pile on a single
battery charge. Therefore, proper onboard battery sizing is crucial for a successful mission.

5.10.1 Power Consumption Breakdown
The three categories of power-consuming robot functions are locomotion, jumping, and sensing.
Locomotion includes drive motors, steering servomotors, and suspension motors during normal
operation. Jumping includes the compression motor and jumping mechanism rotation motor, as well as
power usage related to the locking up of rockers during jumping. Sensing includes onboard computation,
communication, and controls arrays. Figure 5.29 presents an approximate percentage breakdown of
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power usage by subsystem for a giver operating period, as determined by the probabilistic model described
in Section 5.10.2: Probabilistic Modeling.

Figure 5.29: Division of power budget

5.10.2 Probabilistic Modeling
To determine the respective power draws of these subsystems, a probabilistic model was employed to
best characterize the unknown lunar lava tube operating environment. For the locomotion subsystem,
triangular probability distributions were sampled for the percentage breakdown of the slopes encountered
during operation. Additionally, a correlated uniform distribution was sampled for rolling friction, which
was tied to a slope distribution. This provided enough information to determine the torque and power
consumption of the drive motors using the methods in Section 5.6.3: Actuation. The additional power
consumption of the steering and suspension motors was calculated via correlated distributions to the
terrain slope.
For the jumping mechanism, the compression motor represents the principal power consumer. The
torque profile of this motor was integrated through its angular sweep and multiplied through by the motor
constant to determine the energy usage per jump. A log-normal distribution was sampled to determine
the required number of jumps per meter, which captures the uncertainty surrounding the sizing and
placement of the various rock obstacles. This, when scaled by mission operating distance, is sufficient to
ascertain the power consumption of the jump motor. The additional power consumption of the rotation
servomotor and locking of the suspension motors was calculated by utilizing the motors’ torque speed
curve with the rotational inertia of the jumping mechanism and the suspension motor specifications,
respectively. This produces an effective power consumption per distance driven for the entire jumping
mechanism.
Lastly, the sensing subsystem consumes power proportionately to distance driven, as sensing power draw
simply scales with time. This was modeled with an asymmetric Gaussian distribution weighted towards
higher average operating amperage.
The result of this probabilistic model is a cumulative distribution frequency plot that depicts the likelihood
of a mission of desired distance success for given battery sizes, shown in Figure 5.30.
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Figure 5.30: Battery selection using probabilistic modeling

5.10.3 Battery Selection
Referring to Figure 5.30, a 200 mAh would provide more than sufficient charge to achieve the 100 m
round-trip objective set out in Section 4: Objectives. A 300 or 400 mAh battery would virtually ensure a 200
m round-trip journey, which would only improve TerraNova’s ability to collect valuable insight deep in
lunar lava tubes.
Given the 12V requirement to satisfy the compression motor, the range of battery sizes begins in the
thousands of milliamp-hours. The team considered a variety of three-cell lithium-polymer batteries due
to their ability to retain full capacity following numerous recharges, constant 12V nominal output during
discharge, and high energy density for weight reduction.
Among the batteries considered, there existed almost no trade-off between weight and power capacity. A
4000 mAh battery weighed 316 g, whereas a 5000 mAh version weighed 376 g. Taking advantage of this
relationship, the team selected the Traxxas 11.1V 5000 mAh 3S LiPo Battery. Applying this battery to the
probabilistic model, the robot is estimated to successfully navigate a 350-m round-trip mission with 93%
confidence. This far exceeds the baseline metric and allows for exploration much further into the
unknown depths than previously thought possible.
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6 Validation and Testing
6.1 Final System Specifications
Overall, the robot met or exceeded all metrics originally defined in Section 4: Objectives. Table 6.1 revisits
those original core objectives.
Table 6.1: Performance metrics revisited
Metric

Target

Attained

Traversable Step Size

1.0 m

1.2 m

Maximum Incline Angle

15°

15°

Round-Trip Explorable Distance

100 m

>300 m

Total Mass

10.0 kg

9.0 kg

Additionally, the robot occupies a bounding envelope of 31.75 in. x 26.2 in. x 11.7 in. The robot is
comprised of 263 components, 190 of which were custom-manufactured by the team.

6.2 Jumping Mechanism Testing
The final jumping mechanism jumped to a maximum height of 36 inches alone, and 8 inches when inside
the completed and fully loaded robot. This corresponds to a traversable step size of 1.2 m on the Moon
when accounting for the gravitational disparity. Figure 6.1 presents still frames from those tests.

Figure 6.1: The jumping mechanism alone (left) and within the robot (right)
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The robot can successfully jump at an angle, as described in Section 5.3.9 Jumping at an Angle. Figure 6.2
displays the robot jumping at a 65° angle from horizontal to a height of 6.5 inches or 1.0 m on the Moon.

Figure 6.2: Preparing to jump at an angle (left) and jumping (right)
The team iteratively tested and reset the robot to test the robustness and repeatability of the mechanism
under extended use cases. After five iterated jumps, the interfaces showed no signs of accrued wear and
all actuators remained functioning as normal.
Additionally, the team performed an integrated test where the robot transitioned from driving, to rotating
the jumping mechanism into place, and finally firing. This sequential test is presented in Figure 6.3.

Figure 6.3: A sequential test
To test the robot’s ability to sustain the 215 lbf. during the jumping mechanism’s compressed state, the
jumping mechanism was left overnight in its fully compressed and locked state, then fired the next
morning. The team noted no change in performance.
Finally, the team tested jumping with the robot flipped upside-down to prove that TerraNova has identical
functionality regardless of the robot’s orientation.

6.3 Active Rocker Suspension Testing
The active rocker suspension system was tested in two different environments: one synthetic and one
natural. The first test consisted of driving the rover on two out-of-phase sinusoidal tracks waves, as shown
in Figure 6.4. This test assessed the robot’s ability to keep the chassis level within five degrees of
12 May 2019

TerraNova | Final Report

55

horizontal while experiencing uneven and asymmetric terrains. The collected data from motor encoders
on rocker positions, in conjunction with data from the IMU, confirmed that the chassis was stabilized
throughout the duration of the test, as shown in Figure 6.5.

Figure 6.4: Sinusoidal track test

Figure 6.5: Sinusoidal track test data collection
The red and blue lines in Figure 6.5 refer to the relatively tumultuous path of the left and right rocker,
respectively. The black line represents the net chassis position, as verified by the IMU. The active
suspension successfully stabilizes the chassis position well within the 5-degree bounds.
The second test required the robot to maneuver over different terrains such as large rocks and gravel,
which serve as analogs to the terrain found in lava tubes. Figure 6.6 is an image from the natural terrain
test. This test validated the suspension system’s ability to maintain even contact pressure on the wheels
on uneven terrains while maintaining clearance of the chassis above obstacles. TerraNova maintained
even chassis position when passing over both 2-in-diameter white creek stone and 0.75-in-diameter black
all-purpose stone. A final test was performed using the control interface to modify the effective spring
constant of the suspension motors to increase the robot rigidity when moving between the two different
rocks.
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Figure 6.6: Natural terrain test over rocks of various sizes

6.4 Driving Testing
Drive testing validated the robot’s ability to climb inclines and maneuver effectively.
As demonstrated in Section 4.1.2: Maximum Incline Angle, driving on an incline is gravity dependent. This
means that to achieve the target incline on the Moon of 15° the robot must surmount an incline of 2.5°
on Earth. During testing, show in Figure 6.7, the robot could drive up slopes of up to 5°. This exceeded
the target metric.

Figure 6.7: TerraNova robot climbs a 5° ramp
Two different tests were conducted to evaluate turn radius: a loop test and a slalom test. The loop test
required the robot to navigate a circular course. The slalom test required the robot to weave in and out
of linearly-arranged obstacles. The setup for each of these tests are shown in Figure 6.8 below. Both tests
confirmed a turn radius of 4 ft.
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Figure 6.8: TerraNova in the loop test (left) and slalom test (right)

6.5 Endurance Testing
The endurance testing was conducted on flat ground. The robot drove back and forth over a 50m stretch
until the battery reached nominal voltage, traveling over 300 m. This suggested that the flat-ground travel
requires little of the overall power budget, and that TerraNova is well equipped to travel a 100-m roundtrip into the lava tube on a single charge. Future iterations of endurance testing will integrate jumping and
sensing with suspension and driving for a more accurate picture of a full round-trip.
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7 Discussion
7.1 Target Versus Achieved Performance
TerraNova succeeded in creating a novel robot capable of meeting all traversability, maneuverability,
weight, and endurance metrics. The primary and most aggressive goal of traversing one Moon-meter was
met and exceeded, with the final robot achieving a jump height of 1.2 m. This allows TerraNova to accept
more mass in the form of additional sensors, while still achieving a jump height of 1.0 m. Proper
characterization of drive motors and wheel design enabled the robot to climb an equivalent incline of 15°
on the Moon - perhaps higher if not for slipping. Finally, the selection of an oversized onboard battery
enabled TerraNova to travel round-trip journeys over 300 m on a single charge, far longer than the 100
m goal originally set. This ability to travel six times deeper into the lunar caves than could ever be detected
above the surface adds significant value to the mission.

7.2 Future Improvements
7.2.1 Design
One opportunity for improved design lies in the robot’s large width, which is currently 31.75 inches.
Reducing this dimension would enable the robot to drive more easily through tight passages and decrease
its turning radius. Because many of the robot’s features required components stacked along the central
axis, the robot width grew quite large. For example, all components for both the jumping mechanism and
the suspension system need to align along this axis for maximum functionality. The rockers add to this
width; each rocker is one inch wide to protect against torsional bending. With more options for material
selection, such as high-performance metals and a larger selection of carbon fiber, the team could
significantly reduce this width dimension. Using more compact motors for the suspension system would
also reduce this dimension. Finally, there are multiple interfaces on that central axis where the team added
additional clearance for ease of assembly, but a final version of the robot could reduce these clearances.
The current wheel design has the wheels cantilevered off of the rocker attached by L-brackets. In future
designs this attachment should be optimized for stiffness. Material and geometry changes could be
analyzed with modal analysis. This alteration would reduce static bending and vibrations during jumping.
Finally, using stronger drive motors would permit wheels with larger diameters. The current wheel
diameter is limited by the drive motor torque capabilities. Increasing wheel diameter would improve
ground clearance and increase overall traversability. The added weight of larger wheels could be offset by
additional topology optimization on the wheels. With more advanced manufacturing capabilities, the main
wheel hub – which currently consists of simple, solid aluminum discs – could be made significantly lighter.

7.2.2 Material Selection
The robot would benefit from access to high-strength, low-weight, and space-grade materials. Many of
the robot’s metal components were machined from readily available aluminum 6061. A simple
substitution of aluminum 7075 would improve strength-to-weight from 115 kN-m/kg (aluminum 6061)
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to 204 kN-m/kg (aluminum 7075). Alternatively, a substation of space-grade titanium alloys would
improve strength-to-weight to 260 kN/kg, as well as provide corrosion resistance and a low coefficient
of thermal expansion [43]. A substitution of these materials would likely decrease robot mass from 9.0
kg to 7.6 kg, allowing for additional payload designated to ancillary sensing capabilities, while still meeting
core performance goals.

7.2.3 Sealing
Sealing components was not the core focus of this project; however, the team recognizes that significant
improvements must be made to component sealing to prepare TerraNova for the lunar terrain. There
exist a variety of protection mechanisms against lunar dust. These range from the simple to implement,
such as sealed bearings and anodization, to the more difficult, such as protective shells and sealed covers.
For sealing motors, NASA has developed a spring-loaded Teflon seal, which acts at the interface between
a shaft and a bearing [48]. Designing for sealing would likely involve leveraging existing devices rather
than overhauling the entire mechanical architecture.

7.2.4 Electronics in Harsh Conditions
As described in Section 4.3.1 Material Selection, lunar exploratory robots will face harsh environments and
extreme temperatures on the Moon, and electronic complications will likely arise due to such conditions.
Electronic components, like all materials only function properly within a limited operation temperature
range. Additionally, thermal stress may cause the solder joints on the printed circuit boards (PCBs) to
break [44].
NASA has previously implemented techniques for protecting electronics against harsh environments.
These techniques include multi-layer insulation (MLI) film sheets of different materials to protect from
sudden changes in temperature. Additionally, radioisotope heater units (RHU) passively maintain the
temperature of the electronic subsystem and require no power [45]. Again, protecting electronics against
harsh conditions would likely involve leveraging existing devices rather than overhauling design.

7.2.5 Radiation Shielding
Without the protection of Earth’s atmosphere, radiation can have devastating effects on electronic systems
[46]. Most of TerraNova’s mission will occur underground within the lava tubes, which will provide a
measure of protection from ambient radiation. However, radiation could still pose a threat during the
robot’s descent into the lava tube. Radiation hardened electronic components are available, but they are
largely outdated, expensive, and difficult to obtain [46]. A low-cost and effective option for improving the
radiation resistance of the robot would be to add redundant processors, each of which would be capable
of running the entire electronic system. In this way, if a single processor is momentarily compromised by
radiation, which could result in random alteration of data, the several other two processors can “out vote”
and override the compromised processor to allow normal operation to continue. SpaceX employs a similar
process on their Dragon capsules to create radiation tolerant systems [47]. This technique, along with the
relatively low amount of radiation that the robot would likely experience, would result in a sufficiently
robust electronic architecture.
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7.2.6 Sensing
An implemented rover mission would likely require greater data collection than currently implemented.
For example, in order to travel autonomously as described in Section 7.2.7: Autonomy, the robot must collect
imagery data of the surroundings. In the current architecture, the robot uses a GoPro that is decoupled
with the rest of the electronics; the camera records images and stores the data on an SD card.
However, the robot will eventually require a different system capable of pseudo-live-streaming. A camera
like one used on first-person-view (FPV) drones is a preferred alternative. These cameras are generally
lightweight, compact, and function off their own radio signal with long ranges. This would effectively
eliminate the need to integrate heavy loaded imagery to the already existing radio signal and have a separate
channel reserved for collecting images. The data could be collected inside of the Nexus, which has a
higher computational power than the exploratory robots and can handle mapping and transmission back
to Earth.

7.2.7 Autonomy
The mission depends on each of the TerraNova robots autonomously navigating and collecting data. The
computational power onboard the robot is limited by size constraints, power consumption, and weight.
Thus, any autonomous framework would likely be challenging to run directly on the TerraNova robots.
A potential solution involves using the Nexus to handle the computationally intensive workload. The
Nexus could support higher computational power due to its direct connection to the solar panel power
source on the surface and its relatively unconstrained mass. The TerraNova robot would need to perform
Simultaneous Localization and Mapping (SLAM) to create an autonomous architecture. The accuracy of
the SLAM solution is dependent on the amount and quality of data collected. The TerraNova robot
currently collects odometry data from the wheels, steering angle, IMU data, and images from its
surroundings, and the TerraNova robots could transmit this data back to the Nexus for processing. Once
the TerraNova robot localizes itself within the environment, the Nexus could communicate commands
to the robot such as speed, turning angle, suspension stiffness, and when to jump. Implementing this
framework would require extensive testing and system tuning to fit the needs of the mission.
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8 Budget, Donations, and Resources
The team operated primarily from $2,460 provided by the University of Pennsylvania for the first six
months of the project. In the final two months of the project, the team earned an additional $500 from a
Lutron application-based grant, $900 from a departmental use-approved allocation, and $1,000 for project
development as finalists of the Cornell Cup. Table 8.1 presents a breakdown of all expense categories.
Table 8.1: TerraNova team budget, by category

The most expensive components of the robot were the wheels, as the rims were cut from 10.75-inch inner
diameter carbon fiber tubing that cost $620. This figure is misleading because the tubing was long enough
for all four wheels with extra to spare, but four feet was the minimum length the vendor would sell.
Additionally, the team was unable to access the water jet cutters available at the University; therefore, a
selection of aluminum jumping mechanism components were sent out to an external vendor for weightoptimization cutting. These 16 components cost $256, which enabled weight reduction due to the
precision of waterjet cutting profiles and internal geometries. All other components in the robot
architecture cost less than $100 each and did not contribute meaningfully on an individual basis to the
budget. A full list of expenditures and a bill of materials are located in Appendix A12 and Appendix A13,
respectively.
The team benefited greatly from a sponsorship with Elevated Materials, who provided a custom layup and
water jet cutting services of the prototype side panels, which drastically reduced the weight of those
components.
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Appendix
A1: Lunar Skylight Measurements
Skylight

Location

Depth (m)

Minimum
Diameter (m)

Maximum
Diameter (m)

Mare Tranquillitatis

(8.34°N, 33.22°E)

100

84

97

Mare Ingenii

(35.95°S, 166.06°E)

61

81

119

Marius Hills

(14.10°N, 303.23°E)

32

52

65

Copernicus Pond

(10.34°N, 339.62°E)

23

50

90

King Pond Bridge

(6.24°N, 119.74°E)

11

24

56
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A2: Additional Performance Metrics

12 May 2019

Maximum Survivable Temperature

100°C

Maximum Operating Temperature

50°C

Minimum Survivable Temperature

-180°C

Minimum Operating Temperature

-100°C

Maximum Drop Distance (90%
Confidence, Six Main Orientations)

2m

Forward Jump Distance

2 robot lengths

Jump Cycle Endurance Limit

500 Jumps

Sand Blast Tested

Pass / Fail

Dry Fire Tested

Pass / Fail

Vibration Tested for Travel Frequency

Pass / Fail

Allowable Sensing Mass

5 kg

Jump Height at 75% Surface Contact

1m

Jump Height at 50% Surface Contact

1m

Jump Height at 25% Surface Contact

0.5 m

Jump Height at 5% Surface Contact

0.25 m

Tipping Angle

45°

Bridge Gap

0.25 m

Surmountable Spike Height

0.1 m

Sustainable Speed

0.05 m/s

Turning Radius

2m
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A3: Shadow Lengths for Various Images of Skylights
Skylight

Mare Tranquillitatis

Mare Hills

Mare Ingenii

12 May 2019

Image

Shadow Length (m)

M106662246R

62

M137332905R

54

M188021351R

29

M122584310L

19

M155607349L

10

M123485893R

44

M138819477R

52

M184796637R

43
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A4: Materials and Their Space-Grade Equivalents
Material

Applications

Space-Grade Equivalent

Aluminum 6061

structural components, linkages,
and motor mounts

Aluminum 7075 or
Timetal 35A (IMI 115) Titanium

YH-Solder Wire
64Sn/37Pb 1.2% Flux

fusing electrical components

Tin-silver eutectic solder

Chemical-Resistant Nylon
Foam

protective thermoelastic
exteriors

GLT Viton B910

Steel 304

high-strength components and
fasteners

Marval X12

Acrylonitrile butadiene
styrene (ABS) and
Polyethylene terephthalate
glycol-modified (PETG)

low-stress components, covers,
and sensor mounts

Rexolite 1422
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A5: Summary of Circuit Categories and Shielding Requirements
Circuit
Character

Direct Current

Alternating
Current Below
0.1 MHz

Alternating
Current Between
0.1 MHz and 1
MHz
Alternating
Current above 1
MHz
Pulse with Rise
or Fall Time
Greater than 1
Microsecond
Pulse with Rise
or Fall Time Less
than 1
Microsecond
EED

Level Volts (V) or Amperes (A)

Category

Shielding

below 10 V and less than 5 A

III

shielded as a group
from other categories

below 10 V and above 5 A

I

none

above 10 V

I

none

below 5 V RMS

III

shielded as a group
from other categories

between 5 V and 25 V RMS

II

each pair shielded

above 25 V RMS

I

none

below 1 V RMS

III

each pair shielded

between 1 V and 10 V RMS

II

each pair shielded

above 10 V RMS

V

coax or balanced
shielded cable

All

V

waveguide, coax, or
balance shielded cable

below 5 V peak

III

each pair shielded

between 5 V and 25 V peak

II

each pair shielded

above 25 V peak

I

none

below 1 V peak

III

each pair shielded

between 1 V and 10 V peak

II

each pair shielded

above 10 V peak

V

coax or balanced
shielded cable

All

IV

each pair shielded

*RMS refers to root mean square
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A6: Risk Mitigation
Jumping

Suspension

Driving

12 May 2019
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A7: Mass Budget
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A8: Margins, Stresses and Material Properties
Max
Max
Safety Safety
Stress
Calculated
Calculated
Yield Ultimate
Factor Factor
with no Yield Stress
Ultimate
Stress Stress
Yield Ultimate
SF (MPa)
(MPa)
Stress (MPa)
(MPa) (MPa)

Part
Description

Material

cam-motor
interface

Al 6061-T6

1.5

2

227

255

9.4

14.1

18.8

15.099

12.564

jumping
compression
motor shaft

304 Stainless

1.5

2

427

841

208

312

416

0.369

1.022

mechanism
mount

Al 6061-T6

1.5

2

227

255

105

157.5

210

0.441

0.214

servo mount

Al 6061-T6

1.5

2

227

255

110

145

220

0.566

0.159

suspension
motor-side
mount

Al 6061-T6

1.5

2

227

255

98

147

196

0.544

0.301

suspension
non-motorside mount

Al 6061-T6

1.5

2

227

255

107

160.5

214

0.414

0.192

jumping
mechanism
side one

Al 6061-T6

1.5

2

227

255

110

165

220

0.376

0.159

top plate

Al 6061-T6

1.5

2

227

255

105

157.5

210

0.441

0.214

jumping
mechanism
motor mount

Al 6061-T6

1.5

2

227

255

94

141

188

0.610

0.356

cam follower
rod

Al 6061-T6

1.5

2

227

255

62

93

124

1.441

1.056

cam

Al 6061-T6

1.5

2

227

255

95

142.5

190

0.593

0.342

rocker

Carbon Fiber

1.5

2

N/A

829

351

526.5

702

N/A

0.181

side panel

Carbon Fiber

1.5

2

N/A

829

10.7

16.05

21.4

N/A

37.738
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A9: Topology Optimization for Additional Components
Top Plate Topology Optimization

Model Component

Analyze Loading

Initial Finite Element Analysis

Topology Optimization

Remodel Component

Confirm Finite Element Analysis
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Cam Topology Optimization

Model Component

Analyze Loading

Initial Finite Element Analysis

Topology Optimization

Remodel Component

Confirm Finite Element Analysis

12 May 2019

TerraNova | Final Report

76

Mechanism Mount Topology Optimization

Model Component

Analyze Loading

Initial Finite Element Analysis

Topology Optimization

Remodel Component

Confirm Finite Element Analysis

12 May 2019
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Cam Follower Post Topology Optimization

Model Component

Analyze Loading

Initial Finite Element Analysis

Topology Optimization

Remodel Component

Confirm Finite Element Analysis
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A10: Circuit Schematics
Teensy 3.6

Jumping Mechanism Compression
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Left and Right Wheels

Left & Right Steering, and Jumping Mechanism Rotation
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Suspension Motors

Voltage Regulator

Buck-Style Voltage Regulator

Time-of-Flight Sensors

12 May 2019
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XBee

Inertial Measurement Unit
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A11: Source Code
Due to the large amount of source code involved in this project, the code is hosted on a public GitHub
account, found here: https://github.com/dhawkes36/TerraNova
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A12: Expenditures
Expenses
Category
Misc Hardware
Proto
Misc Hardware
Proto
Misc Hardware
Proto

Items

Vendor

Date

Funding
Source

Amount

Running
Total Spend

Running Total
Remain

Chrome Linear Motion Rods

Amazon

10/31/2018

MEAM

$13.95

$13.95

$4,846.05

Linear Bearing

Amazon

10/31/2018

MEAM

$9.95

$23.90

$4,836.10

Tempered Steel Compression
Spring

McMaster Carr

10/31/2018

MEAM

$31.90

$55.80

$4,804.20

Misc Hardware
Proto

Lifting Rope

McMaster Carr

11/15/2018

MEAM

$10.20

$66.00

$4,794.00

Misc Hardware
Proto

5" Comp Spring

McMaster Carr

11/19/2018

MEAM

$11.88

$77.88

$4,782.12

5.5" Comp Spring

McMaster Carr

11/19/2018

MEAM

$14.12

$92.00

$4,768.00

6061 8" x 8" x 0.5"

McMaster Carr

11/19/2018

MEAM

$66.14

$158.14

$4,701.86

6061 1" Tube 2 Ft

McMaster Carr

11/19/2018

MEAM

$18.53

$176.67

$4,683.33

6061 0.5" Rod 2 Ft

McMaster Carr

11/19/2018

MEAM

$5.08

$181.75

$4,678.25

Machining
Mats Proto

6061 4" x 48" x 0.5"

McMaster Carr

11/19/2018

MEAM

$38.66

$220.41

$4,639.59

Motors Proto

776.34oz-in 1:264 Brushed
DC Gear Motor w/ Encoder

RobotShop

11/19/2018

MEAM

$70.40

$290.81

$4,569.19

ParrotBot Petty Cash

Amazon

11/26/2018

MEAM

$41.32

$332.13

$4,527.87

Linear Sleeve Bearing 1/2"
Shaft Diameter

McMaster Carr

11/26/2018

MEAM

$48.68

$380.81

$4,479.19

McMaster Carr

11/28/2018

MEAM

$6.70

$387.51

$4,472.49

McMaster Carr

11/28/2018

MEAM

$3.10

$390.61

$4,469.39

McMaster Carr

11/28/2018

MEAM

$2.12

$392.73

$4,467.27

McMaster Carr

11/28/2018

MEAM

$26.31

$419.04

$4,440.96

McMaster Carr

11/28/2018

MEAM

$36.24

$455.28

$4,404.72

McMaster Carr

11/30/2018

MEAM

$13.92

$469.20

$4,390.80

McMaster Carr

12/6/2018

MEAM

$26.31

$495.51

$4,364.49

Andy Mark

2/5/2019

MEAM

$49.00

$544.51

$4,315.49

EMAX

2/11/2019

MEAM

$78.04

$622.55

$4,237.45

McMaster Carr

2/19/2019

MEAM

$13.86

$636.41

$4,223.59

McMaster Carr

2/19/2019

MEAM

$33.02

$669.43

$4,190.57

Misc Hardware
Proto
Machining
Mats Proto
Machining
Mats Proto
Machining
Mats Proto

Misc Hardware
Proto
Misc Hardware
Proto
Misc Hardware
Proto
Misc Hardware
Proto

Misc Hardware
Proto

Machining
Mats Proto
Misc Hardware
Proto
Misc Hardware
Proto
Machining
Mats Proto
Motors Final
Motors Final
Machining
Mats Final
Machining
Mats Final

12 May 2019

Ball Bearing for 3/16" Shaft
Diameter
Oil-Embedded Bronze Sleeve
Bearing for 9/16" Shaft
Diameter and 3/4" Housing
ID, 1/2" Long
Oil-Embedded SAE 841
Bronze Sleeve Bearing for 8
mm Shaft Diameter and 12
mm Housing ID, 6 mm Long
6061 Aluminum Round Tube
1/4" Wall Thickness, 1-1/4"
OD 2' length
Self-Aligning Linear Sleeve
Bearing for 1/2" Shaft
Diameter
Ball Bearing Open, Trade
Number R3-2Z
6061 Aluminum Round Tube
1/4" Wall Thickness, 1-1/4"
OD 2' length
Bosch Seat Motor and Shaft
EMAX EMX-MT-0124
Tight-Tolerance 6061
Aluminum Rods L 3' OD
0.25"
General Purpose Aluminum
Tubing ID 0.5" OD0.75" L 3'
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Misc Hardware
Final

Compression Springs

Century Spring

2/24/2019

MEAM

$67.68

$737.11

$4,122.89

Misc Hardware
Final

High-Speed Linear Sleeve
Bearing for 1/4" Shaft
Diameter

McMaster Carr

2/24/2019

MEAM

$26.46

$763.57

$4,096.43

McMaster Carr

2/24/2019

MEAM

$2.40

$765.97

$4,094.03

McMaster Carr

2/24/2019

MEAM

$9.55

$775.52

$4,084.48

Misc Hardware
Final
Misc Hardware
Final

High-Load Oil-Embedded
SAE 863 Bronze Sleeve
Bearing
Plastic Round Shims 0.03"
Thick, 3/4" ID

Misc Hardware
Final

Oil-Embedded Bronze Sleeve
Bearing for 3/4" Shaft
Diameter and 1" Housing ID,
1/2" Long

McMaster Carr

2/24/2019

MEAM

$6.56

$782.08

$4,077.92

Misc Hardware
Final

Dowel Pin Alloy Steel, 3/16"
Diameter, 1/2" Long

McMaster Carr

2/24/2019

MEAM

$7.36

$789.44

$4,070.56

McMaster Carr

2/24/2019

MEAM

$12.00

$801.44

$4,058.56

McMaster Carr

2/24/2019

MEAM

$9.95

$811.39

$4,048.61

Misc Hardware
Final

Misc Hardware
Final

Brass Screw-to-Expand
Inserts for Plastic, 6-32
Thread Size, 1/4" Installed
Length
High-Load Oil-Embedded
SAE 863 Bronze Sleeve
Bearing for 1" Shaft Diameter
and 1-1/8" Housing ID, 1/2"
Long

Machining
Mats Final

ABS Sheet, 24" x 48" x 1/16"
(Black)

McMaster Carr

2/24/2019

MEAM

$24.16

$835.55

$4,024.45

Machining
Mats Final

ABS Sheet, 12" x 24" x 3/8"
(Black)

McMaster Carr

2/24/2019

MEAM

$37.81

$873.36

$3,986.64

Misc Hardware
Final

Stainless Steel Socket Head
Screw 1/4"-20 Thread Size, 17/8" Long

McMaster Carr

2/24/2019

MEAM

$9.40

$882.76

$3,977.24

Electronics
Final

14 TXL Wire, Orange, 10FT

Crimp Zone

2/26/2019

MEAM

$3.37

$886.13

$3,973.87

Electronics
Final

12 TXL Wire, Orange, 10FT

Crimp Zone

2/26/2019

MEAM

$3.80

$889.93

$3,970.07

Electronics
Final

RF ANT 2.4/5GHZ FLAT
PATCH 50MM

Digikey

2/26/2019

MEAM

$0.00

$889.93

$3,970.07

Electronics
Final
Electronics
Final

RF TXRX MOD 802.15.4
U.FL
RF TXRX MOD 802.15.4
WIRE ANT

Digikey

2/26/2019

MEAM

$0.00

$889.93

$3,970.07

Digikey

2/26/2019

MEAM

$0.00

$889.93

$3,970.07

Machining
Mats Final

Carbon Fiber Prepreg LASTA-FOAM® Core Sheet 0.25"
x 24" x 36" - Twill Weave
Carbon, Standard Modulus
Uni

Dragon Plate

2/26/2019

MEAM

$380.00

$1,269.93

$3,590.07

Wheels

Carbon 3K 195 gsm PW 50” x
25 Yd Uncertified, 2 Yards

Northern
Composites

2/26/2019

MEAM

$0.00

$1,269.93

$3,590.07

Motors Final

99:1 Metal Gearmotor
25Dx54L mm HP 12V with
48 CPR Encoder

Pololu

2/26/2019

MEAM

$147.80

$1,417.73

$3,442.27

Motors Final

Pololu 25D mm Metal
Gearmotor Bracket Pair

Pololu

2/26/2019

MEAM

$14.90

$1,432.63

$3,427.37

Electronics
Final

Pololu 5V, 15A Step-Down
Voltage Regulator
D24V150F5

Pololu

2/26/2019

MEAM

$39.95

$1,472.58

$3,387.42

Motors Final

Pololu Dual VNH5019 Motor
Driver Shield for Arduino

Pololu

2/26/2019

MEAM

$99.90

$1,572.48

$3,287.52

Electronics
Final

VL53L1X Time-of-Flight
Distance Sensor Carrier with
Voltage Regulator, 400cm
Max

Pololu

2/26/2019

MEAM

$23.90

$1,596.38

$3,263.62
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Electronics
Final

ACS711EX Current Sensor
Carrier -15.5A to +15.5A

Pololu

2/26/2019

MEAM

$3.95

$1,600.33

$3,259.67

Battery

Traxxas EZ-Peak Plus LiPo
Charger & 5000mAh 11.1V iD
Battery Combo SLASH VXL
4X4

RC Superstore

2/26/2019

MEAM

$119.90

$1,720.23

$3,139.77

RC Superstore

2/26/2019

MEAM

$0.00

$1,720.23

$3,139.77

Clearwater
Composites

2/27/2019

MEAM

$48.45

$1,768.68

$3,091.32

Battery

Machining
Mats Final

Traxxas High-Current Male
Battery Connector Plug Set
72" Standard Modulus Round
Tube, 0.5" ID, 0.615" OD,
Twill
15% Academic Discount
Applied to Standard $57.00
Price

Battery

Racers Edge Banana to
Traxxas Battery Charging
Lead Adapter 12-Inch

RC Superstore

2/28/2019

MEAM

$11.98

$1,780.66

$3,079.34

Electronics
Final

XBee 1mW U.FL Connection
- Series 1 (802.15.4)

Sparkfun

2/28/2019

MEAM

$24.95

$1,805.61

$3,054.39

Electronics
Final
Machining
Mats Final

XBee 1mW Wire Antenna Series 1 (802.15.4)
Square Carbon Fiber Tube 1"
ID X 1 1/8" OD - Length 36"

Sparkfun

2/28/2019

MEAM

$24.95

$1,830.56

$3,029.44

Clearwater
Composites

3/1/2019

MEAM

$72.25

$1,902.81

$2,957.19

Wheels

10.75" ID x 48" Carbon Fiber
Tube

Dragon Plate

3/1/2019

MEAM

$625.00

$2,527.81

$2,332.19

Machining
Mats Final

3M Scotch-Blue 2090 SafeRelease Crepe Paper MultiSurfaces Painters Masking
Tape, 27 lbs/in Tensile

Amazon

3/7/2019

MEAM

$9.58

$2,537.39

$2,322.61

Amazon

3/7/2019

MEAM

$8.91

$2,546.30

$2,313.70

Amazon

3/7/2019

MEAM

$5.29

$2,551.59

$2,308.41

Amazon

3/7/2019

MEAM

$4.77

$2,556.36

$2,303.64

Rock West
Composites

3/7/2019

MEAM

$40.80

$2,597.16

$2,262.84

Rock West
Composites

3/7/2019

MEAM

$8.97

$2,606.13

$2,253.87

Domanin

3/9/2019

MEAM

$16.48

$2,622.61

$2,237.39

Machining
Mats Final

Machining
Mats Final

Machining
Mats Final
Machining
Mats Final
Machining
Mats Final

Misc Overhead

Super Nail Pure Acetone, 16
fl. oz.
RAM-PRO 12 Flexible
Horsehair Bristle Tin/Metal
Tubular Ferrule Handle
Acid/Flux Brushes for
Home/School/Shop/Garage
Norpro Wooden Treat Sticks,
100 Pieces
3M DP420 - 50ML - 2:1
DUAL CARTRIDGE
0.0041" BOND LINE
CONTROLLER / GLASS
BEADS - 0.0041" MAX
DIAMETER - 2g Bottle
Domain name purchase and
privacy protection of
terranova-robotics.com
for the duration of 1 Year.
Please use coupon code
LOVEDOMAIN25

Misc Hardware
Final

1/8" Thick, 12" x 24"
Economical ChemicalResistant Nylon Foam Sheets

McMaster Carr

3/9/2019

MEAM

$26.52

$2,649.13

$2,210.87

Misc Hardware
Final

1/4" Thick, 12" x 24"
Economical ChemicalResistant Nylon Foam Sheets

McMaster Carr

3/9/2019

MEAM

$37.12

$2,686.25

$2,173.75

Digikey

3/11/2019

MEAM

$32.50

$2,718.75

$2,141.25

Digikey

3/11/2019

MEAM

$25.95

$2,744.70

$2,115.30

Digikey

3/11/2019

MEAM

$15.95

$2,760.65

$2,099.35

Electronics
Final

K66 Teensy 3.6 Kinetis MCU
32-Bit ARM® Cortex®-M4
Embedded Evaluation Board
SPARKFUN XBEE
EXPLORER USB

Electronics
Final

SPARKFUN 9 DEGREES
OF FREEDOM IM

Electronics
Final
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Electronics
Final

MOSFET N-CH 30V 92A
TO-220AB

Digikey

3/11/2019

MEAM

$3.87

$2,764.52

$2,095.48

Electronics
Final

RF ANT 2.4GHZ WHIP STR
CAB PAN

Digikey

3/11/2019

MEAM

$7.41

$2,771.93

$2,088.07

Misc Hardware
Final

ABS Strip. 2" Wide, 0.01"
Thick - 5ft

McMaster Carr

3/12/2019

MEAM

$2.95

$2,774.88

$2,085.12

Misc Hardware
Final

Oil-Embedded Sleeve
Bearings

McMaster Carr

3/12/2019

MEAM

$7.60

$2,782.48

$2,077.52

Misc Hardware
Final

Ball Bearing - Sealed, Trade
Number R4A-2RS, for 1/4"
Shaft Diameter

McMaster Carr

3/12/2019

MEAM

$33.84

$2,816.32

$2,043.68

Misc Hardware
Final

High-Load Oil-Embedded
SAE 863 Bronze Sleeve
Bearing - for 1" Shaft
Diameter and 1-1/8" Housing
ID, 1/2" Long

McMaster Carr

3/12/2019

MEAM

$7.96

$2,824.28

$2,035.72

McMaster Carr

3/12/2019

MEAM

$16.80

$2,841.08

$2,018.92

McMaster Carr

3/12/2019

MEAM

$3.54

$2,844.62

$2,015.38

Pololu

3/12/2019

MEAM

$20.85

$2,865.47

$1,994.53

Allied Shirts

3/14/2019

MEAM

$134.27

$2,999.74

$1,860.26

Misc Hardware
Final

Misc Hardware
Final

Motors Final
Misc Overhead

Alloy Steel Shoulder Screw 3/16" Shoulder Diameter, 11/8" Shoulder Length, 8-32
Thread
18-8 Stainless Steel Hex Drive
Flat Head Screw - M3 x 0.5
mm Thread, 8 mm Long
Pololu Universal Aluminum
Mounting Hub for 4mm
Shaft, #4-40 Holes (2-Pack)
t-shirts

Machining
Mats Final

Water Jet Cutting

Blue Ridge Saw

3/15/2019

MEAM

$256.33

$3,256.07

$1,603.93

Wheels

3M 08115 Panel Bonding
Adhesive - 200 ml

Amazon

3/18/2019

MEAM

$119.31

$3,375.38

$1,484.62

Amazon

3/18/2019

MEAM

$18.81

$3,394.19

$1,465.81

McMaster Carr

3/18/2019

MEAM

$10.63

$3,404.82

$1,455.18

McMaster Carr

3/18/2019

MEAM

$5.75

$3,410.57

$1,449.43

McMaster Carr

3/18/2019

MEAM

$13.77

$3,424.34

$1,435.66

McMaster Carr

3/18/2019

MEAM

$7.49

$3,431.83

$1,428.17

Amazon

3/18/2019

MEAM

$25.99

$3,457.82

$1,402.18

Amazon

3/18/2019

MEAM

$139.96

$3,597.78

$1,262.22

Servo City

3/18/2019

MEAM

$74.97

$3,672.75

$1,187.25

Wheels
Misc Hardware
Final

Misc Hardware
Final

Misc Hardware
Final

Misc Hardware
Final

Motors Final

Motors Final

Motors Final

3M 08088 General Trim
Adhesive - 18.1 oz.
Brass Screw-to-Expand
Inserts, for Plastic, M3 x 0.50
mm Thread Size
18-8 Stainless Steel LowProfile Socket Head Screws,
M3 x 0.5 mm Thread, 6 mm
Long
18-8 Stainless Steel Narrow
Cheese Head Slotted Screws,
M1.2 x 0.25mm Thread, 6mm
Long
Cable Holders - AdhesiveBack, for 3/8" Maximum
Bundle Diameter, 1" Overall
Length
ANNIMOS 25KG Digital
Servo Full Metal Gear High
Torque Waterproof for RC
Car Crawler Robot Control
Angle 270°
Savox SA1230SG Monster
Torque Coreless Steel Gear
Digital Servo
Standard Plain Shaft
ServoBlock™ (25T Spline)

Machining
Mats Final

Flex Seal Spray Rubber Sealant
Coating, 10-oz, Black

Amazon

3/21/2019

MEAM

$9.99

$3,682.74

$1,177.26

Machining
Mats Final

Krylon K08974007
SUPERMAXX Spray Paint,
Satin Black

Amazon

3/21/2019

MEAM

$5.17

$3,687.91

$1,172.09
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Motors Final

Standard Hub Shaft
ServoBlock™ (25T Spline)

Servo City

3/25/2019

MEAM

$80.97

$3,768.88

$1,091.12

Battery

Traxxas 11.1V 5000mAh 3S
LiPo Battery w/iD Connector

RC Superstore

3/25/2019

MEAM

$69.95

$3,838.83

$1,021.17

Electronics
Final

K66 Teensy 3.6 Kinetis MCU
32-Bit ARM® Cortex®-M4
Embedded Evaluation Board

Digikey

3/25/2019

MEAM

$32.50

$3,871.33

$988.67

Electronics
Final

RF ANT 2.4GHZ WHIP STR
CAB PAN

Digikey

3/25/2019

MEAM

$7.41

$3,878.74

$981.26

Electronics
Final

Sparkfun XBee Explorer
Regulated

Amazon

3/25/2019

MEAM

$11.95

$3,890.69

$969.31

Misc Hardware
Final

18-8 Stainless Steel Socket
Head Screw, 6-32 Thread Size,
5/16" Long

McMaster Carr

3/25/2019

MEAM

$4.79

$3,895.48

$964.52

Misc Hardware
Final

18-8 Stainless Steel Socket
Head Screw, 6-32 Thread Size,
5/8" Long

McMaster Carr

3/25/2019

MEAM

$5.66

$3,901.14

$958.86

Misc Hardware
Final

18-8 Stainless Steel Socket
Head Screw, M3 x 0.5 mm
Thread, 10 mm Long

McMaster Carr

3/25/2019

MEAM

$4.72

$3,905.86

$954.14

Misc Hardware
Final

18-8 Stainless Steel Socket
Head Screw, M3 x 0.5 mm
Thread, 12 mm Long

McMaster Carr

3/25/2019

MEAM

$4.72

$3,910.58

$949.42

Misc Hardware
Final

Cam Follower

Philly Ball
Bearing Co

3/27/2019

MEAM

$47.73

$3,958.31

$901.69

Extra Comp Springs

The Spring
Store

3/28/2019

MEAM

$372.00

$4,330.31

$529.69

Total

$4,330

$4,330.31

$529.69

Misc Hardware
Final
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A13: Bill of Materials
Part Name
#10-32x0.375 SHCS
#10-32x1 SHCS
#6-32 Nut
#6-32x0.375 SHCS
#6-32x0.5 SHCS
#10-32x0.5 SHCS
#6-32x0.25 SHCS
#6-32x0.5 SHCS
#6-32x0.5 SHCS
#6-32x0.5 SHCS
#6-32x0.3125 SHCS
92855A307_Type 18-8 SS Low Profile Socket Cap Screw
M3x10 SHCS
#6-32x0.375 SHCS
#6-32x0.375 SHCS
M3x8 SHCS
#10 Washer
91800A083_Metric Cheese Head Slotted Machine Screw
Torso_94510A030
side_panel
connector_rod
rocker_motor_mount_plate
mechanism_mount_non_servo_side
rocker_motor_mount
motor_plate_RB
connector_rod_mount
servo_mount
corner_bracket_3D_printed
motor_mount_hub_plate_custom
chassis to rocker shaft
Torso_Mount_Revised
Torso Magnet Holder
Torso_Cap_Revised
cover_external
cover_internal
harness
Torso_IQinetics_Gimbal_Motor
7565K460_Cable Holders
2868T199_High-Load Oil-Embedded Sleeve Bearing
60355K702_Ball Bearing
525123 (Called motor_mount_hub in CAD)
535118 (Called motor_mount_bearing in CAD)
575112 (Called motor_mount_servo_plate in CAD)
#6 Washer
#6 Washer
Go Pro
Battery
Wires/Cables
Dual Motor Driver
Perf Board
Step-Down Voltage Regulator
RF Antenna
Teensy 3.6
IMU
Xbee RF Transmitter
Time-of-Flight Distance Sensor
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Subsystem
Chassis
Chassis
Chassis
Chassis
Chassis
Chassis
Chassis
Chassis
Chassis
Chassis
Chassis
Chassis
Chassis
Chassis
Chassis
Chassis
Chassis
Chassis
Chassis
Chassis
Chassis
Chassis
Chassis
Chassis
Chassis
Chassis
Chassis
Chassis
Chassis
Chassis
Chassis
Chassis
Chassis
Chassis
Chassis
Chassis
Chassis
Chassis
Chassis
Chassis
Chassis
Chassis
Chassis
Chassis
Chassis
Electronics
Electronics
Electronics
Electronics
Electronics
Electronics
Electronics
Electronics
Electronics
Electronics
Electronics

Quantity
16
8
32
16
12
4
12
8
8
8
8
12
8
4
4
8
16
6
8
2
4
4
1
2
2
8
2
16
2
2
2
2
2
2
2
2
2
12
2
2
1
1
1
8
8
2
1
1
2
4
1
1
1
1
2
2
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Current Sensor
Jumping Motor MOSFET
12 Gague Wire
SparkFun XBee Explorer USB
Flyback diode
Pololu G2 High-Power Motor Driver 24v13
#10-32x0.25 SHCS
#10-32x0.75 Flat Head
OD0.1875 x L0.5 Dowel Pin
#1/4-20x1.875 SHCS
#6-32x0.625 SHCS
#10-32x0.5 SHCS
#10-32x0.5 SHCS
92395A113_Brass Press-Fit Insert for Plastic
#6-32x0.5 SHCS
#10-32x0.5 SHCS
#10-32x0.5 SHCS
#6-32x0.5 SHCS
1/4 Washer
#6-32x0.5 SHCS
#6-32x0.25 Set Screw
bottom_plate
top_plate
cam
tube
center_support
cam_follower_rod_secondary
custom_washer
mechanism_mount (motor_side)
mechanism_mount (non_motor_side)
center_support_secondary
cam_follower_rod
rod_jm
jumping_mechanism_mount_shaft
jumping_mechanism_mount_shaft_cap
hex_shaft_adapter
cam_follower
dowel_pin
sensor_mount_side
sensor_mount_top
alignment post
alignment post delrin
FRC Bosch Motor
century_72974CS
output_shaft
6391K262_Oil-Embedded Sleeve Bearing
6673K110_HT-Speed Linear Sleeve Bearing
90334A126_PTFE Round Shim
2868T530_High-Load Oil-Embedded Sleeve Bearing
magnet
99142A350_Black-Finish Steel Internal Retaining Ring
#10-32x0.375 SHCS
#10-32x0.25 SHCS
#8-32 Nut
#10 Washer
rocker motor shaft interface
#6-32x0.3125 SHCS
#6-32 Nut
#10-32x0.5 SHCS
#4-40x1 SHCS
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Electronics
Electronics
Electronics
Electronics
Electronics
Electronics
Full Assembly
Jumping Mechanism
Jumping Mechanism
Jumping Mechanism
Jumping Mechanism
Jumping Mechanism
Jumping Mechanism
Jumping Mechanism
Jumping Mechanism
Jumping Mechanism
Jumping Mechanism
Jumping Mechanism
Jumping Mechanism
Jumping Mechanism
Jumping Mechanism
Jumping Mechanism
Jumping Mechanism
Jumping Mechanism
Jumping Mechanism
Jumping Mechanism
Jumping Mechanism
Jumping Mechanism
Jumping Mechanism
Jumping Mechanism
Jumping Mechanism
Jumping Mechanism
Jumping Mechanism
Jumping Mechanism
Jumping Mechanism
Jumping Mechanism
Jumping Mechanism
Jumping Mechanism
Jumping Mechanism
Jumping Mechanism
Jumping Mechanism
Jumping Mechanism
Jumping Mechanism
Jumping Mechanism
Jumping Mechanism
Jumping Mechanism
Jumping Mechanism
Jumping Mechanism
Jumping Mechanism
Jumping Mechanism
Jumping Mechanism
Rocker
Rocker
Rocker
Rocker
Rocker
Wheel
Wheel
Wheel
Wheel

1
1
1
1
4
4
8
4
7
1
8
4
4
18
6
2
2
4
1
1
1
1
1
1
2
1
1
2
1
1
1
1
2
1
1
2
1
2
2
1
1
1
1
2
1
2
2
3
1
1
4
8
8
8
8
4
64
64
16
16
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#10-32x0.25 SHCS
#6-32x0.375 SHCS
#4-40x0.25 SHCS
#6-32x0.5 SHCS
92125A128_Type 18-8 SS Flat Head Socket Cap Screw
#4 Washer (1/8)
wheel
interface_wheel_spoke
rocker_tube
hub_back
hub_front
back_wheel_holder
gusset
treads_outer_layer
servo holder
treads_inner_layer
pololu-25d-mm-metal-gearmotor-bracket (steering)
drive_motor_support
spacer
spoke
25d-metal-gearmotor
Servo Futaba S3003 v6
Servo Futaba S3003 v6
91259A410_Alloy Steel Shoulder Screw
Pololu 25D mm Metal Gearmotor Bracket Pair
Pololu Universal Aluminum Mounting Hub for 4mm Shaft, #4-40 Holes (2-Pack)
pololu-25d-mm-metal-gearmotor-bracket (non_steering)
Standard Plain Shaft ServoBlock™ (25T Spline)
pololu-universal-aluminum-mounting-hub
Standard Hub Shaft ServoBlock™ (25T Spline)
6658K722_Oil-Embedded Sleeve Bearing
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Wheel
Wheel
Wheel
Wheel
Wheel
Wheel
Wheel
Wheel
Wheel
Wheel
Wheel
Wheel
Wheel
Wheel
Wheel
Wheel
Wheel
Wheel
Wheel
Wheel
Wheel
Wheel
Wheel
Wheel
Wheel
Wheel
Wheel
Wheel
Wheel
Wheel
Wheel

8
8
12
4
8
16
4
32
2
4
4
2
2
4
2
4
2
4
4
32
4
2
1
8
2
4
2
2
4
2
4
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