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ABSTRACT 
 
The University Rover Challenge is a competition to build a scaled down version of a next-
generation Mars rover.  This paper describes the comprehensive systems engineering based 
approached used by the Missouri S&T Mars Rover Design Team.  This student run, 
interdisciplinary team of approximately 50 students followed a comprehensive systems-
engineering based approach to the conceptualization, design, implementation, test and evaluation 
of the project.  This has allowed students to leverage their discipline specific expertise, while 
simultaneously facilitating the cross-disciplinary communication which is essential to the 
successful completion of the project.  The team’s performance in the competition will provide 
metrics to analyze the efficacy of this organization and approach. 
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INTRODUCTION 
 

Missouri University of Science and Technology’s Mars Rover Design Team (MRDT) was 
founded in the spring of 2012 with the goal of competing in the Mars Society’s University Rover 
Challenge (URC). The URC challenges teams to construct a “next-generation Mars rover”, a 
remote controlled vehicle with the purpose of assisting astronauts in a Martian colony. The 
challenge specifies a series of tasks which the rovers must complete, while placing constraints on 
the rovers’ design and construction, including limiting teams to a $15,000 budget and 50 kg 
weight limit [1]. 
 
In order to compete in this challenge, the MRDT organized itself to reflect the structure of a 
small to mid-sized engineering firm with administrative, executive, financial, and technical 
branches, as shown in Figure 1. This paper describes the organization, operation, and design 
process followed by the MRDT’s technical branch, as well as an analysis of the rover’s design 
and implementation. 
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Figure 1 – Team Operating Structure 

 
 

PRELIMINARY DESIGN AND TEAM ORGANIZATION 
 
As a first year team, the MRDT was faced with first structuring its team, breaking down the 
competition requirements, assigning appropriate subsystems to the appropriate teams, and then 
beginning the preliminary design process. 
 
TEAM ORGANIZATION 
 
Upon its conception the MRDT organized its technical branch into four major sub-teams: Body 
and Hydraulics, Power, Communications Systems, and Auxiliary Systems. These teams, in 
addition to multiple senior design teams, were responsible for the various subsystems of the 
rover. Body and Hydraulics was responsible for many of the rover’s physical systems, including 
the body/suspension, electronics housing, and auxiliary equipment mounts. The Power team was 
responsible for providing power to the rover’s electrical equipment, and was also responsible for 
the rover’s propulsion systems. The Communications Systems team was responsible for the 
rover’s controls, remote sensing, computational, and wireless communications systems. Finally, 
the Auxiliary Systems team was responsible for the task-specific systems which would be placed 
on the rover, such as the box drop mechanism or sample analysis and return mechanism. Senior 
design teams were tasked with building and controlling a robotic arm, as well as implementing a 
custom wireless communication system. 
 
COMPETITON TASKS 
 
The 2013 URC was broken down into five tasks: Astronaut Assistance, Sample Return, Terrain 
Traversing, Equipment Servicing, and Presentation tasks. The Astronaut Assistance task requires 
teams to deliver payloads to four or five astronauts at locations specified by Global Positioning 
System (GPS) coordinates. The Sample Return task requires teams to utilize their rovers to 
retrieve soil samples, perform an in-situ experiment, and produce a panoramic photo of the 
sample site. The Terrain Traversing task tests the rover’s performance in treacherous terrain. The 
Equipment Servicing Task focuses on the functioning of the rover’s robotic arm, requiring the 
rover to clean a solar panel, make voltage measurements, and manipulate the buttons and 
switches of a control panel. Finally, the Presentation task requires teams to give a presentation on 
team structure and the rover’s design, with feedback from competition judges. 
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DESIGN PROCESS 
 
Once the MRDT was aware of the 2013 URC competition tasks and had organized itself into its 
four technical sub-teams, the team began by breaking down the competition rules and 
determining what sort of technical hardware was necessary to meet each requirement. In this 
way, the team developed a functional model of the rover as a whole. After developing a 
functional model, the team assigned the design and construction of each physical subsystem of 
the rover to a specific sub-team. 
 
At this point the team left the design and implementation of these systems up to each sub-team. 
Sub-teams were to spend approximately three months on a design phase. Four months were 
allocated for the construction of the rover, and finally one month was allocated for testing and 
evaluation. 
 
 

2013 ROVER SYSTEM BREAKDOWN 
 

The following is a breakdown of the technical subsystems present on the 2013 rover. 
 
BODY 
 
The Rover’s body consisted of rocker-bogie suspension [2] and fiberglass-balsa composite 
electronics housing. The rocker-bogie system is currently NASA’s preferred suspension system 
for exploration craft. The system ensured that at least four of the rover’s six wheels remain in 
contact with the ground at all times, even in rough terrain. 
 

 
 

Figure 3 - The rocker-bogie suspension overcoming an obstacle. 
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BATTERIES 
 
The rover utilized four 12V, 10Ah lithium iron phosphate batteries, each capable of sustaining a 
9.6A current. The four batteries were divided into two groups of two batteries each. Each group 
was wired in series for a total potential difference of 24V. These groups where then wired in 
parallel. The batteries were then wired to a custom PCB which acted as a Buck converter system. 
The board contained multiple DC-DC converters which stepped down the 24V source to 15V, 
12V, and 5V. The board also contained power over Ethernet injectors wired to the 15V bus. 
 
PROPULSION 
 
Four of the rover’s six wheels were attached to 25:1 gearboxes which were in turn attached to 
NEMA 23 [3] stepper motors with integrated controllers and encoders. The motors were 
operated at 24V. The rover communicated with the motors via five 12V tolerant GPIO pins and 
an RS-485 programming port. 
 
COMPUTATIONAL AND REMOTE SENSING 
 
Parsing and routing of incoming and outgoing data on the rover was facilitated by a Raspberry Pi 
[4] embedded Linux computer. On one end, the Raspberry Pi was connected to the rover’s 
wireless communications equipment via an Ethernet bus. The Raspberry Pi simultaneously 
routed data via USB to various microcontrollers, each responsible for a discrete element of the 
rover, such as robotic arm controls, drive motor controls, or an element of the rover’s array of 
sensors. Onboard sensors included GPS, ambient temperature, a barometric altimeter, and an 
integrated three axis accelerometer and three axis gyroscope unit. 
 
WIRELESS COMMUNICATIONS 
 
Communication between the rover and the base station was facilitated by a system of two radios: 
a 2.4GHz radio and a 420MHz radio. Packets are dynamically routed to the appropriate radio via 
an onboard networking computer. The 420MHz radio system was the product of a senior design 
project. On the rover the 2.4GHz radio was attached to an omnidirectional antenna with 15 dBi 
gain and the 420MHz radio was attached to a compact dipole antenna. At the base station the 
2.4GHz system utilized both an omnidirectional antenna atop a 26 foot antenna mast, and a 
parabolic antenna attached to a ten foot azimuthally tracking mast. Meanwhile, the 420MHz 
radios are connected to two Yagi antennas with 20 feet of vertical separation to facilitate antenna 
spatial diversity. 
 
ROBOTIC ARM 
 
The rover included a five foot aluminum robotic arm as required by one of the competition tasks. 
The arm had four to six degrees of freedom (dependent on the end effector used). Three spatial 
degrees of freedom were facilitated by two linear actuators at joints in the arm and a 180 degree 
servo at the base. One to three degrees of rotational freedom were facilitated by servo motors in 



5 
 

the wrist mechanism (part of which was integrated into each end effector). End effectors 
included a gripper, voltmeter probes, and cleaning apparatus for the competition’s equipment 
servicing task, and a sample soil experiment apparatus and soil scoop for the competition’s 
sample return task. Controls for the robotic arm were facilitated by on onboard microcontroller 
unit which utilized an inverse-kinematic controls scheme to facilitate simplified operator 
controls. The mechanical design of the arm was the product of a mechanical engineering senior 
design project, and the controller for the arm was the product of an electrical engineering senior 
design project. 
 
 

2013 COMPETITION PERFORMANCE 
 

The Missouri S&T Mars Rover Design Team’s performance in its first year of competition is 
broken down in Table 1: 
 
Sample 
Return 
Task 

Astronaut 
Assistance Task 

Equipment 
Servicing Task 

Terrain 
Traversing 
Task 

Presentation 
Task 

Total 

53 5 0 0 85.5 143.5 
 

Table 1 – Missouri S&T’s performance at the 2013 URC; 100 points possible in each task. 
 
In its first year, Missouri S&T scored a total of 143.5 points out of 500. Figure 4 depicts the 
distribution of total scores (out of 500) of the 10 teams present at the 2013 URC. The median 
score was 206.5 points. 15 teams signed up to compete at the URC; however, only 10 attended.  
 

 
 

Figure 4 – Total point distribution among the 10 teams present at the URC [5]. 
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To summarize the MRDT’s performance in each of the four technical events: the MRDT did not 
participate in its first assigned task, the Equipment Servicing Task, due to wiring failures which 
required prolonged repairs during the competition. Thus, the MRDT received no points in this 
task. In the Astronaut Assistance task, the MRDT successfully deployed payloads to some 
astronauts; however, stalling of the rover’s stepper motors hindered its ability to reach all the 
astronauts in the field. Going into the Sample Return Task, the MRDT faced multiple technical 
obstacles, including a microcontroller software bug and wiring issues with the robotic arm (due 
to damage during transport). The MRDT opted to make quick repairs to the robotic arm, which 
resulting in temporarily removing the inverse kinematic controls on the arm. Unfortunately, the 
MRDT was still plagued by integration issues with the arm as well as a hidden microcontroller 
software bug. The team still successfully presented its sample experiment methodology and 
research and was awarded 53 points. Finally, the MRDT competed in the Terrain Traversing 
Task. The team nearly succeeded in earning some points in this task, but again was plagued by a 
software bug and stalling with its stepper motors. The MRDT, along with four other teams, 
received zero points in the Terrain Traversing Task. 
 
 

FAILIURE MODE ANALYSIS 
 

Failures in the MRDT’s competition rover can be sourced to a few specific physical/technical 
flaws as well as a few managerial/design-process failures. They are explored below. 
 
TECHNICAL FAILURES 
 
The rover’s primary technical failure was the selection of stepper motors for propulsion. The 
stepper motors offered high precision and torque, however, were prone to stalling in treacherous 
terrain. The team determined that stalling was typically caused by rapidly changing output torque 
requirements for each motor. Situations such as sharp turns or significant changes in terrain 
would frequently result in motor stalls. 
 
Wiring failures were also common leading up to the competition.  Electronics connections 
through the electronics housing were facilitated by LEMO-style quick-disconnect push-pull 
connectors, which became prone to failure due to a lack of wire strain-relief mechanisms. 
Additionally, the use of unshrouded header connectors when connecting to PCBs often resulted 
in loose connections. 
 
Finally, the MRDT elected to follow a modular design objective for its 2013 rover. While this 
facilitated the quick replacement of damaged components, it created duplicate functionalities and 
an increase in the number of potential failure points. An integrated approach (such as 
consolidating multiple microcontrollers into a single microcontroller unit) would have reduced 
the number of potential failure points. 
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PROJECT SCHEDULE 
 
Project scheduling issues were a serious failure mode during the design and implementation of 
the 2013 rover. As it was the team’s first year in this competition, its members did not have a 
sufficient understanding or mental model of a functional URC rover until late in the design and 
construction process. The team also spent significant time organizing itself for the first time. A 
rough outline of the schedule the team planned to follow is shown in Figure 5. 
 

 
 

Figure 5 - A rough proposed 2012/13 project timeline. 
 

Unfortunately, this timeline did not account for the length of time required to organize and 
perform research for a new project. As a result, the design process for some sub-teams extended 
into the construction and testing phases, further hindering their ability to adequately complete 
subsequent phases of the engineering process. This was accounted for in part by the team’s 
inexperience in this competition, but was also due to the lack of scheduled time for system 
integration, i.e. time for mechanical and electrical teams to integrate their systems with one 
another. This is especially important in the case of senior design projects. A revised project 
timeline follows. 
 
 

PROPOSED IMPROVEMENTS 
 

As the MRDT prepares for participation in the 2014 URC, there are multiple improvements 
which can be made to its engineering process which would directly improve the managerial 
failure modes the MRDT faced, as well as work to avoid its technical failure modes. First of all, 
a revised project schedule would account for elements of the engineering process which were not 
included in the MRDT’s initial organization. This includes allotting time and determining 
methodologies to follow for research, project definition and the development of quantitative 
specifications, design reviews, system integration, and improved testing methodologies. One 
potential revised schedule is shown in Figure 6. 
 

 
 

Figure 6 - Proposed project timeline dividing the process into five phases. 
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This project schedule is organized into five phases: research, design, construction, integration, 
and testing. The initial phase is the research phase. This phase consists of the product/project 
definition process and the establishment of design requirements, as well as time to conduct 
research into potential solutions to various design requirements. An important product of this 
phase is quantitative design requirements and specifications, as well as product testing 
methodologies which correlate to each of these specifications. This will ensure that the products 
of the design and construction phases meet the requirements which the team sets out during this 
phase. The research phase is also an important time for the team to determine which major 
features it would like to see present on the rover, such as a robotic arm. This phase is rather 
lengthy as the team’s manpower is more limited during the summer months. 
 
The research phase is then followed by a three month design phase. The first month is spent 
designing the mission critical systems which the rover will need regardless of the year-specific 
competition rules, i.e. the rover’s body, robotic arm, power system, propulsion system, computer 
systems, and wireless communications systems. Around the end of this first period of the design 
phase, the official competition rules will be released, which will specify the various pieces of 
auxiliary equipment which must be present on the rover. This provides the team with two weeks 
to make the necessary changes to their design before the preliminary design review (PDR). The 
PDR will be the first design review and will allow an independent board of advisors to evaluate 
the team’s proposed solution to the requirements purported by the URC and those established by 
the team during the research phase.  
 
Following the PDR, the team will have one month to improve their designs and take into account 
feedback from the PDR. This will also provide the team with time to develop prototypes to test 
their proposed solutions. One month after the PDR, the team will face a critical design review 
(CDR). The CDR will be a full analysis of the team’s proposed solutions, incorporating full 
designs and possibly full prototypes. The CDR will evaluate both how well the team’s designs 
meet the various specifications it has set forth, and the feasibility of the construction and 
integration of the team’s designs. Finally, following the CDR, the team has two weeks to make 
the appropriate changes before a design freeze at the end of the year. At this point the team shall 
not make any design changes unless absolutely necessary, and the construction phase begins. 
 
In this proposed timeline, the Construction phase has been shortened to two months in order to 
allow for sufficient time for systems integration. The Integration phase provides sub-teams with 
time to integrate their various products with one another. This is especially important for the 
MRDT’s Communications sub-team which is tasked with facilitating the controls and 
communication between each subsystem on the rover. At the end of the one-and-a-half month 
Integration phase, the team is faced with the deadline of unveiling the rover. At this point the 
team is expected to have a functionally complete rover. 
 
Finally is the one month testing phase. This should not be the first time the team tests each of the 
Rover’s various subsystems, a task which should have taken place during the construction and 
analysis phases. Instead, the Testing phase is time for the team to test each systems efficacy at 
meeting the design requirements the team specified during the Design and Research phases, as 
well as provide the team time to train operators of the rover. 
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CONCLUSION 
 

As a result of the MRDT’s performance in the 2013 URC, the team learned a great deal about 
how to improve itself in future competitions. The team’s technical sub-team structure sufficiently 
handled the design and implementation process for each of the individual components of the 
rover. The team’s proposed project timeline and technical implementation; however, faced some 
critical flaws. By incorporating a technical design review process and allocating time for system 
integration, the team can avoid serious design flaws and meet a project timeline which will 
ensure successful participation in future University Rover Challenges. 
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