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2.0 Project Description 
2.1. Project Need 

The University of Colorado (CU) Department of Aerospace Engineering Sciences has designed a family of rovers for Jet 

Propulsion Laboratory (JPL) over the last 5 years for terrestrial exploration.  These rovers have been designed such that a Mother 

Rover (MR) can deploy multiple Child Rovers (CR) to explore and survey the immediate vicinity. The CRs could then be 

designed to fulfill very specific missions.  For example, a CR can be developed that focuses solely on collecting sample from the 

vicinity, while another robot takes photographs.  The previous MR and CR projects have been developed for and are limited to a 

flat surface. These surface design constraints prevent exploration of a large portion of terrestrial features such as crater walls, 

canyons, and caves. There still exists the need to develop a rover that can explore a non-level surface. Given this need, the goal of 

this project is to design and build a CR that is capable of deploying, communicating, and docking with the previously designed 

TREADS MR, while also being able to ascend and descend slopes between 30 and 70 degrees. These slopes will mimic a 

sandstone surface with random discontinuities, such as might be found when exploring canyon walls, craters, and caverns.  

2.2. Objectives 

Provided with the previous projects, as well as the customers requirement that the new CR be fully compatible with the legacy 

TREADS MR, the level one objectives for minimum project success are: 

 

 The CR will be contained within the limitations of an area of 36.6" x 18" and will weigh no more than 16lbs as set forth 

by the MR docking bay specifications. 

 The MR will receive commands from the legacy Ground Station to transmit to the CR. These commands will include 

deployment, docking, and exploratory motion. 

 The CR will deploy from and dock within the existing TREADS MR bay. 

 The CR will have a navigation system which can communicate both its relative position from the MR within ± 1m and 

its elevation angle to ± 5
o
. 

 Throughout its exploration, the CR will both capture and transmit photographic images to the MR which transmits this 

data back to the Ground Station. 

 The CR will be able to travel up to 20m to/from the MR over level terrain.* 

 After initial deployment from the MR, the CR will either ascend a 30
o 

slope for 20m and return to the MR, or descend a 

30
o 
slope for 20m and return to the MR.*  

 The DARE team will design and build a test bed to evaluate the CR’s ability to move and climb, integrate and 

communicate with the MR,  navigate from given commands,  and acquire, store and transmit images. 

 

Through these objectives, the CR will accomplish the main desires of the customer to design and build a CR that is capable of 

deploying, communicating, and docking with the previously designed TREADS MR while meeting the minimum climbing 

requirement of 30
o
.  If met, the following level two objectives demonstrate enhanced capability for exploration: 

 

 After initial deployment from the MR the CR will either ascend a 50
o 

slope for 20m and return to the MR, or descend a 

50
o 
slope for 20m and return to the MR.*  

 The CR will be capable of receiving commands directly from the Ground Station (but only transmit telemetry and data 

to the mother).   

 

For the level three objective the inclination angle will be increased even further. This tier details the ultimate goal which the 

group will design towards, however trade studies will need to be performed in the following weeks to examine full feasibility. 

 

 After initial deployment from the MR the CR will be able to both ascend a 70
o 

slope for 20m and return to the MR, and 

descend a 70
o 
slope for 20m and return to the MR.*  

 

The specific models used to analyze the final design solution will be developed as a solution forms. However, the following 

models may be used to analyze this project. Free-body diagrams will be a useful tool for preliminary analysis of transit 

mechanics, structures, and mass properties.  For a more complex analysis, the conservation of energy can be used to determine the 

power required, equations of motion can analyze the rover while in transit, finite element analysis can be used to analyze the 

structural loads, and CAD models can aid in determining mass properties.  

 

*The material used for the level terrain and inclination slopes will simulate a sandstone surface with randomly distributed 

discontinuities throughout. Following this PDD, a trade study will be performed to determine size, shape, and composition of 

such discontinuities.  
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2.3. Concept of Operations 

The Concept of Operations (ConOps) for this project outlines the path and tasks of the CR.  In the ConOps the different objects 

are represented as follows: the MR is the grey box, the CR is the red box, the motion of the CR is the green arrow, and the 

communication and imagery signal is the yellow sinusoid line.  The communication and imagery design has yet to be determined; 

the yellow sinusoid lines are simply to denote the existence of a communication system. The timeline begins with the MR 

deploying the CR.  The CR then moves towards the desired destination or terrain feature.  It then ascends or descends to its target 

destination while transmitting position and imaging data to the MR.  After completing the mission the CR returns to the MR and 

docks.     

1. CR deploys from MR 2. CR approaches feature 

 

 

 

 

 

 

3a. CR climbs incline, while taking and 

communicating photographs, and then 

descends the incline. 

3b. CR climbs decline, while taking and 

communicating photographs, and then 

ascends the decline. 

 

 

 

4. CR returns to MR 5. CR docks with MR 

 

 

 

 

Figure 1: Concept of Operations 
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2.4. Functional Block Diagram 

The functional block diagram (FBD) below details the interaction between all of the systems within the child rover, as well as the 

interaction between the CR and the MR and the ground station. The diagram also shows which systems are intended to be 

designed by the DARE team and which systems are intended to be implemented from the legacy projects. These legacy systems 

are presumed to be functional at the current time and will only be altered and/or redesigned to the minimum level necessary to 

satisfy the objectives of the DARE project. In this diagram, C&DH represents communication and data handling, and EPS 

represents electrical power systems. 

 
Figure 2: Functional Block Diagram 

*Black box systems comprise all systems from other areas of the project that don’t encompass the focus of this project and are provided 

via legacy systems. 
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3.0 Design Requirements 
R.1) The CR shall fit within the docking bay dimensions of the TREADS MR. 

R.1.1) The CR shall have an area no greater than 36.6” x 18”. 

R.1.2) The CR shall weigh no more than 16lbs. 

R.2) The CR shall deploy from and dock with the MR. 

R.3) The CR shall contain a navigation system. 

R.3.1) The CR shall know its relative position to the MR to within ±1m. 

R.3.2) The CR shall know its elevation angle to within ±5
o
. 

R.3.3) The CR navigation system shall meet its position tolerance requirements while operating within a 20m circular arc 

of 140
o
 where the center of the circle is at a maximum of 20m linear distance across level ground in front of the MR, 

and the centerline of the 140
o
 arc is facing directly away from the MR (refer to diagram 1 in the appendix). 

R.4) The CR shall communicate with the MR. 

R.4.1) The CR shall transmit images to the MR. 

R.4.2) The CR shall receive commands from the MR. 

R.4.3) The CR shall transmit telemetry data to the MR. 

R.4.4) The CR shall be capable of communicating with the MR while operating within a 20m circular arc of 140
o
 where the 

center of the circle is at a maximum of 20m linear distance across level ground in front of the MR, and the centerline 

of the 140
o
 arc is facing directly away from the MR (refer to diagram 1 in the appendix). 

R.5) The CR shall capture photographic images. 

R.5.1) The images shall be captured in the visible light spectrum. 

R.6) The CR shall communicate directly with the GS. 

R.6.1) The CR shall receive commands directly from the GS in the event that it is incapable of communicating with the 

MR. 

R.7) The CR shall travel 20m on level terrain.* 

R.8) After deploying from the MR and travelling 20m across flat ground, the CR shall ascend a maximum of 20m up a 

slope of 70
o
, then descend the same slope to return to the MR. 

R.9) After deploying from the MR and travelling 20m across flat ground, the CR shall descend a maximum of 20m down 

a slope of 70
o
, then ascend the same slope to return to the MR. 
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4.0 Design Options Considered 
There has been much work in recent years to develop rovers capable of fulfilling a variety of missions.  Because of this work, many 

innovative rover technologies have been developed.  Given the multitude of solutions available, the DARE team summarizes the 

important design options considered.   

 

The DARE team thought it important to first understand the status of the legacy rover systems available, including the TREADS MR 

and the XROVER CR.  The previous rovers were analyzed to provide a baseline of available technology, and no actual trade study 

was performed on the legacy systems.  However, the status of the legacy systems was taken into consideration when choosing the final 

conceptual design.  The analysis of the legacy systems is summarized in section 4.1.   

 

Initially, the DARE team decided to focus on surface crawling rovers, as the legacy projects had done.  The DARE team decided that 

the most important design feature to meet the functional goal of climbing and descending 70
o 

slopes was the surface interaction 

between the CR and surface.  Specifically, the surface interaction is the method of balancing the external loads on the rover to allow it 

to climb such steep inclines.  The team found many different types of surface interaction technology, and each one led the team down 

very distinct design paths.  A summary of each alternative is provided in section 4.2.  Because the surface technology had such 

variation in implementation, the team determined it to be the most important design driver at this point of development.  A trade study 

was then performed on surface interaction technology in section 5.1. 

 

To satisfy the navigation system requirements, the DARE team investigated currently used systems of varying complexity.  The 

different methods investigated are outlined in section 4.3. A trade study was then performed on navigation system designs in section 

5.2. 

 

Next, the method of locomotion was thought to be an important design alternative, as different types of locomotion will require 

distinct methods of modeling and experimentation.  Because of this, section 4.4 outlines 4 types of locomotion that are common to 

surface crawling rovers.  During the investigation of the locomotion, several dependencies between surface interaction and locomotion 

were found.  Because of these dependencies, the team decided that the surface interaction design choice would drive the locomotion 

choice.  A trade study was then performed on the locomotion systems in section 5.3. 

   

Finally, after analyzing the 3 trade studies, team DARE found that not all design solutions were feasible with the legacy electronic 

power system.  The team decided to summarize both the legacy on-board battery system, and an alternative off-board battery system 

in section 4.5.  Since only 2 EPS designs were chosen, no trade study was performed.  Much like the legacy systems analysis, the EPS 

design solutions were used primarily as 2 baseline solutions that allow the design alternatives of surface interaction, navigation, and 

locomotion to be feasibly attainable.    

 

Figure 3, below, summarizes the approach of the team.  In Figure 3, the blue rectangles are the design components for which a trade 

study was performed; the green rectangles are the design components that were analyzed, but no trade study was performed.  
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4.1. Legacy System 

The state of the TREADS MR legacy rover system with the XROVER CR legacy system was assessed by the DARE team 

through inspection and tests. Without a compiled list of the legacy parts on hand, taking an inventory of the legacy system was at 

the top of the priority list. The team found the GS, CR, MR, MR Computer (MC), a multitude of spare parts, including fasteners, 

wheels, motors, and electronic components. After concluding that the legacy TREADS system was intact, the team transported 

the necessary parts (GS, CR, MR, MC) to the senior projects room for preliminary functionality testing.   

 

4.1.1. GS & MC 

Testing the GS and MC for functionality was fairly straightforward. Using the Rover System Setup and Control Procedure 

found in the legacy documentation, both computers were started, validating that they are functional. The battery and power 

charging systems for each respective computer work. Through the boot-up procedure for each computer, certain commands 

are sent which initialize the MR & CR system and the Wi-Fi network. Both computers are able to connect to and 

communicate over the "Darkside" network. Through comments from the TREADS team and an analysis of the previous C++ 

code, DARE was able to understand the basic command architecture and was able to identify certain functions in the code 

that are likely to still contain bugs.  It appears that the code may need modification to provide the needed functionality of the 

MR that will allow team DARE to satisfy the objectives of the new CR. 

 

4.1.2. MR 

Through our preliminary inspection, the MR appears to be fully intact and able to receive commands. However, the design of 

the MR provides difficulty in reaching the power cords  for the batteries, which need to be plugged in before each use and 

unplugged after each use. The battery is also located in a hard-to-reach area, which makes it difficult to remove for charging.   

After being brought to the senior projects room, the basic commands were tested with the MR suspended above a table so 

that no actual movement would occur. The CR was not placed inside the MR. These commands include move 

forward/backward a specified amount of inches, turn right/left a specified amount of degrees, raise/lower the ramp, and report 

telemetry. The telemetry command provides how many degrees the MR has turned right or left, how many inches the MR has 

Figure 3: Trade Study Flow Diagram 
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moved forward or backward, and status of the ramp. The findings of each command are shown below in Table 1: MR 

Command Test 1.  

Table 1: MR Command Test 1 

Command 

Desired 

Command input 

to computer 

Command output 

by GS to MC. 

Command output 

by MC to MR 

Pass/Fail 

Drive Forward 2" F 2-2-0 0-0-0 Fail 

Drive Backward 2" B 3-2-0 3-2-0 Pass 

Turn Right 5
o
 R 4-5-0 4-5-0 Pass 

Turn Left 5
o 

L 5-5-0 5-5-0 Pass 

Ramp - Raise A - 1 N/A N/A "Ramp already 

raised" 

Ramp - Lower A - 2 6-2-0 0-0-0 Fail 

Request Telemetry T 7-8-0 0-0-0 Fail 

Ramp - Raise A - 1 6-1-0 6-1-0 Pass 

We observed that the forward command was the only command to fail repeatedly. There was also an issue with the ramp 

command. Initially, the system  was able to determine that the ramp was raised. DARE believes that this is determined by 

sensors on the ramp which can be tripped when the ramp is lowered or by sensors on the MR that are tripped when the ramp 

is raised. However, upon execution of the Ramp-Lower command the indicator now showed the ramp to have been lowered, 

even though the ramp had visibly failed to lower, implying an additional built-in software safety mechanism. Following this, 

the command to raise the ramp was sent, and the command passed. However, once again the ramp never actually moved.  

 

The team then performed a second test of the MR system with the MR placed on the ground, the CR in one docking bay, and 

a ten pound weight in the other bay. This round tested the functionality of the MR, sending the MR commands for moving 

forward and backward varying distances as well as turning left or right for varying degrees. Through this test DARE 

determined that there were certain tolerances for each of the commands; such as the MR being intermittently unresponsive to 

commands of forward/backward a distance under 5" and right/left to 5
o
. However, DARE experienced no issues with raising 

or lowering the ramp.  

 

These two tests, in combination with the input from the TREADS team, leads the DARE team to believe that the MR system 

shall be sufficient to perform the functions of the new project. After performing the simple commands with the MR, the team 

tested the functionality of the XROVER CR. The CR performed the mission very well, with only minor errors such as 

overshooting the angles desired. However, DARE believes this to be caused by minor bugs in the C++ code, and will thus be 

resolved easily if the team decides to  implement the previous codes into the new CR. 

 

4.1.3. Communication 

The communication system was also tested while assessing the state of health of the MR. The communication system was 

found to be fully functional from the GS to the MR, and the MR to the CR.  It has not yet been determined if the GS is 

capable of communicating directly to the CR. While the TREADS legacy communication system appears to be fully 

functional, the DARE team still has concerns about replicating the legacy XROVER communication system onto the DARE 

rover, since there is little documentation available. The team may need to reverse engineer the communication system in 

order to understand its operation and make any needed modifications. 
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4.2. Surface Interaction 

This section summarizes the various design concepts for the surface interaction group.  The design concepts considered are 

Neutral Buoyancy, Suction Fan,Track, Gecko Feet, Microspines, and High friction dry adhesive.   

4.2.1. Neutral Buoyancy: 

 

Neutral Buoyancy is the method of using buoyancy forces to lift the CR.  This method is based on the idea of displacement.  

A balloon will be filled with a gas of lower density than the surrounding atmospheric gas.  The CR will then be lifted by the 

pressure exerted on the balloon from the surrounding atmosphere.  The CR will not completely leave the ground as this 

would create a more complicated control system.  With this solution the CR will be unable to slide back down the incline it is 

climbing with virtually no weight pulling it down.  However, it will still need enough normal force to keep traction with 

surface.  The balloon could be filled as soon as the CR reached the incline with a predetermined amount of gas from an 

onboard-pressurized canister, or the balloon could be filled while the CR is onboard the MR. Once the CR has completed its 

mission it will vent the gas allowing the balloon to deflate for storage. Pros and cons of neutral buoyancy are listed below in 

Table 2. 

Table 2: Neutral Buoyancy Pros & Cons 

Pros Cons 

Simplifies locomotion, which would only need to direct 

the CR along the desired path; not carry its mass. 

It will be difficult to determine correct gas displacement 

remotely, especially if the rover is operating in 

extraterrestrial atmosphere. 

Will not work in near vacuum atmospheres. 

A balloon is lightweight and needs little volume during 

storage.  

The compressed gas tank would present a significant 

mass to be loaded on either the CR or MR and a safety 

issue. 

Low power  Chance CR could become uncontrollable due to 

weather. 

Reusable   

 

Figure 4: Neutral Buoyancy Diagram 
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4.2.2. Suction Fan: 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The suction fan pulls the air away from the surface creating a low-pressure zone directly under the CR.  This zone holds the 

CR against steep inclines allowing it to use its locomotion method to then pull it laterally along the face of the surface.  If the 

power is strong enough it could even hold a low pressure zone under the CR when climbing over inconsistences like rocks.  

The system could be designed such that the CR will power on the vacuum fan only when the slope is steep enough to need 

better traction. Pros and cons of reverse hovercraft are listed below in Table 3. 

Table 3: Suction Fan Pros & Cons 

 

 

4.2.3. Track: 

The track is similar to having a tread on the tire but it allows for better traction 

with the surface.  The track will be attached to the front of the CR and will 

unravel as the CR moves forward.  Ideally when the CR is returning to the 

MR the track will be pulled back in the spool with a motor.  The track could 

be improved upon a normal tread by adding further attachments such as spikes 

to increase the friction of the track with the surface.  The track is not directly 

attached to the CR so if it is irretrievable it can be left once the mission has 

been completed. Pros and cons of a track are listed below in Table 4. 

 

 

 

 

 

Table 4: Track Pros & Cons 

 

Pros Cons 

Potential to climb vertical inclines. It will be difficult to keep the fan free of debris on 

inconsistent surfaces. 

Vacuum fan is commercially available and inexpensive. It will be challenging to build other systems around 

vacuum fan. 

Will simplify locomotion design as a simple wheel 

system could be used. 

Vacuum fan will draw a large amount of power. 

 Will not work in near vacuum atmospheres. 

Pros Cons 

The surface the CR is directly driving on is always 

known.  

Must carry a large amount of track. 

 Can only use once if track is left behind. 

 Can only move in a straight line 

 No change in direction once track has been laid 

Figure 5: Suction Fan Diagram 

Figure 6: Track Diagram 
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4.2.4. Gecko Feet:  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The feet of Geckos have a tiny hair-like structure on them known as setae. The microscopic setae are composed of hundreds 

(often thousands) of nano-scale tips called septulae. These septulae create van-der-Waals interactions between the surface 

and the Gecko’s toes that allow the gecko to climb straight up walls and even invert itself on a ceiling. Although the van-der-

Waals forces are often considered a weak force, the gecko toes contain millions of total septulae and are thus able to provide 

a significant grip on an object. Research has been done in the past decade by numerous Universities in the attempt to model 

and replicate these setae and septulae. Stanford University has been pioneering this new field and has one of the most 

successful implementations of this technology with their StickyBot
1
. Pros and cons of gecko feet are listed below in Table 5. 

Table 5: Gecko Feet & Cons 

Pros Cons 

Incredibly high stiction force Lack of detailed manufacturing information available 

Does not require power to  use (passive) No commercial availability 

Does not degrade over time Difficult to produce (nano-scale) 

 Expensive to produce 

 

Figure 7: Gecko Feet Diagram
1
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4.2.5. Microspines: 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The microspine method utilizes tiny claw-like spikes (often called spines) to grip onto a surface. These micro spines dig into 

slightly porous areas in order to grab hold of the surface. The micro spines are supported on a slightly compliant foot that 

allows the spines to displace until they are able to find an area that they can dig into. This technique has been done in the past 

by both the SpinyBot and RiSe research projects
2
. Both of these projects utilize the micro-spine feet in conjunction with leg 

based locomotion. Pros and cons of microspines are listed below in Table 6. 

Table 6: Microspines Pros & Cons 

Pros Cons 

High stiction force on porous surfaces difficult to manufacture 

Does not require power to use expensive to manufacture 

 No commercial availability 

 Difficult to integrate with a locomotion system 

 

4.2.6. High friction, dry adhesive 

In order to maximize the grip of the locomotion system, a high friction surface could be 

utilized in order to help provide the maximum amount of grip from a specific locomotion 

system. The surface that is implemented depends on what surface the rover is climbing on, 

but for the focus of this project and the sandstone based surface, wheels with a tread made 

of sandpaper type surface should grip the surface well. This can be seen and demonstrated 

by placing two sandpaper blocks together and attempting to slide them in different 

directions. This high level of friction would allow the rover to have extra grip to help 

propel itself up an incline, while preventing it from sliding down. This system would be 

ideal when using a rotary based locomotion system because the sandpaper would be in 

constant contact with the surface. Pros and cons of high friction wheels are listed below in 

Table 7 

 

. 

Table 7: High Friction, Dry AdhesivePros & Cons 

Pros Cons 

High level of grip May not have enough grip on its own without 

combining with another system 

Easy to produce and implement High friction wheel technology must be compatible 

with the terrain surface for most effective grip.   

Affordable  

 

Figure 8: Microspines Diagram
2
 

Figure 9: High Friction 

Surface
3 
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4.3. Navigation 

This section explores the navigation design solutions considered by team DARE.  The solutions include dead reckoning, tether, 

global positioning system (GPS), and inertial navigation. 

4.3.1. Dead Reckoning 

 

Figure 10: Dead Reckoning Diagram 

Dead Reckoning (DR) navigation is a process which determines change in position by using a combination of distance 

travelled, speed, travel time, and compass heading direction. Current inventions such as encoder wheels can be used to 

compare distance travelled with the recorded speed by the amount of time for data comparison purposes.  A second way of 

determining heading change is by evaluating the encoder wheel distances for right and left sides. If one has travelled further 

than the other, it specifies the direction of turn and this can be evaluated to determine change in direction relative to wheel 

size and turn distance. These systems are prone to uncertainty when not accounting for drift from the initial fixed position. By 

using DR, the complication of the system resolves around the integration of mechanical “wheels” for the encoder, and the 

sensors. This navigation system will require more post processing due to the multiple data sets. The path is not required to be 

straight; however, the error of the position will increase with drift and heading changes. Pros and cons of dead reckoning are 

listed below in Table 86. 

Table 8: Dead Reckoning Pros and Cons 

Pros Cons 

Provides two sources of distance calculation with a 

source of direction orientation. 

Orientation requires change of reference frame with 

rotational matrices.  

 For level surface, design solution becomes easier with 

wheels used for distance determination 

DR accumulates error as distance increases 

 DR can be combined with other position and 

navigational systems to lower error and acquire 

positional data not obtainable with DR alone. 

DR doesn’t account for slippage or drift 

Low Power Draw This doesn’t satisfy the inclination requirement of the 

design, thereby necessitating an additional system to be 

used and integrated. 

Low Cost Post processing will require additional memory and 

software implementation  

 More accurate encoders and accelerometer devices 

require higher power usage. 
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4.3.2. Tether Position Determination 

 

 
Figure 11: Tether Position Determination Diagram 

Tether position determination is a system which uses an internally packed tether to connect two bodies.  Tethers can be used 

as a winching mechanism to safely lower the CR, a wired communications system between the MR and CR, a measure of 

distance traveled, a power cord to an off-board power source, and a means to guide the CR back to the MR docking station. A 

tether system can be made of many different types of material depending on the needed length, strength, and space in the 

MR.  A tether connection requires a sensor to monitor tension for descent maneuvers, and a direct unobstructed path between 

the CR and MR. A tether does not aid in the ascension of inclined planes and is more likely to hinder the CR if the tension in 

the tether is not monitored. This position and navigation solution offers only a single dimensional position reading for the 

length of the unraveled tether.  This will require the implementation of an additional navigation system to calculate angle. 

Pros and cons of tether position determination are listed below in Table 9. 

Table 9: Tether Pros and Cons 

Pros Cons 

 The tether provides a measure of distance for the 

amount the tether is deployed which can be measured 

with a device such as an encoder. 

Will not give angular change position as the CR changes 

inclination/declination while connected to the tether 

especially if tether has changes in tension control 

meaning the tether may or may not always be taught.  

Tethering will require a separate position and navigation 

device to detect angular change. 

Stabilizes the CR when traveling up/down slopes by 

applying tension  control for descent motion and loosely 

taught tether for ascents.  

Drift and slippage can be detected and re-tensed with the 

tether if descending, but this will not stabilize slippage 

on an inclined plane and could hinder climbing with 

excess weight addition or pulling CR into a slipping 

state if too taught when ascending.  

Direct connection back to the MR after deployment 

allowing for safe return.   

Tether only provides distance travelled outward, this 

does not determine change in path heading or altitude. 

This position and navigation device will require other 

devices/sensors to fulfill position requirement. This 

doesn’t provide direction for the return besides reeling in 

the tether. 

Does not require wireless to communicate telemetry 

with possibilities of connecting through tether from MR 

to CR with a communication cable and power cable. 

 Provides radial distance from the MR, but not angular 

position. 

 Tether adds weight and drag.   

 Requires fabrication changes to MR, taking time and 

funds away from more intensive CR needs 
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4.3.3. GPS Navigation 

 
Figure 12: GPS Navigation 

GPS is capable of locating longitude, latitude, altitude, and time.  There are 32 GPS satellites orbiting the earth in six orbital 

planes.  The orbits are arranged so that at least six satellites can be seen from anywhere on earth. The position is found by 

transmitting the time and satellite position to a receiver.  Using the time the message was sent and received, the distance to 

the satellite can be found.  A minimum of four satellites are required in order to determine the position without any known 

variables.  Redundant measurements are taken using additional satellites to improve precision.  GPS has an accuracy of 7.8 

meters at a 95% confidence horizontally, and typically 1.5 times as large with the same confidence vertically.
5
 For more 

accuracy, often GPS is combined with an inertial navigation unit (INU). Pros and cons of GPS navigation are listed below in . 

Table 10. 

Table 10: GPS Navigation Pros & Cons 

Pros Cons 

Provides CR position (x,y,z,t) GPS is subject to jamming and interference 

Commercially available and well understood 

technology. 

Accuracy may not be sufficient for return and docking 

with MR. 

Accuracy with the use of an inertial navigation unit 

(INU) 

GPS doesn’t work well indoors or underground 

Low Power Consumption Will not satisfy the minimum positional requirement 

alone 

Low Cost  

 



Project Definition Document (PDD) ASEN 4018 

 

ASEN 4018  P a g e  | 16 

4.3.4. Inertial Navigation 

 
Figure 13: Inertial Navigation Diagram 

Inertial navigation systems use inertial sensors to measure rotation rate and acceleration.  With these measurements and 

known initial conditions of position, velocity, and attitude, the position can be calculated using kinematic equations.  

Commonly, accelerometers and gyroscopes are used to perform the necessary measurements.  The figure shows how an 

acceleration is used to calculate position.  When an object moves, the acceleration is measured.  When the object stops, the 

acceleration is once again measured and the distance over the time of motion can be calculated. 

An accelerometer is a small device which detects changes in acceleration. The accelerometer reads both rate of change in 

velocity (acceleration) and detects weight changes along the different axes. Versatile instruments as they are, they can be 

customized to one, two, or a three dimensional axes, detecting changes in x,y, and z planes.  These rugged instruments can 

compute the linear and angular changes in motion of a rigid body. In order to decipher a change in gravitation acceleration 

versus a linear acceleration, gyroscopes are necessary to know the orientation of the accelerometers. Pros and cons of inertial 

navigation are listed below in Table 11
4
. 

Table 11: Inertial Navigation Pros & Cons 

Pros Cons 

Provides position (x,y,z,t) Must know initial position, velocity, and attitude 

Requires no external references after initialization Errors in acceleration become larger when calculating 

position
4 

Is not affected by jamming or deception Errors grow as time increases 

Low Cost Requires software and memory  to save accelerations 

Requires little excess power to implement 

accelerometer 

Difficult software design 
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4.4. Locomotion 

This section describes the 4 locomotion design solutions explored by team DARE.  They include wheels, tracks, linked feet, and 

independently controlled legs.   

4.4.1. Wheels  

 
Figure 14: Wheels

6 

Wheels are the traditional method of locomotion for 

many rovers. It is the simplest of all the available 

options, and provides easy control under conventional 

circumstances. 

Wheels can either be mounted with the axles fixed to the 

body of the rover, or they could be connected to a 

suspension system to provide additional ground 

clearance. The pros and cons of wheels are listed below 

in Table 12.
6 

 

Table 12: Wheel Pros & Cons 

Pros Cons 

Easy to procure. Stationary mounted wheels are going to have a hard time 

traversing discontinuities.  

Very predictable and well understood. Wheels on a suspension would require a lot of time and 

effort in specialized manufacturing. 

Wheels are very inexpensive relative to the other 

options.  

Wheels may experience slippage on steep inclines. 

 Any suspension that is utilized will reduce the friction 

between the rover and the surface. 

 

4.4.2. Tracks 

 
Figure 15: Tracks

6 

Tracks are used on many military and search & rescue 

robots. Tracks provide more surface contact area thereby 

increasing traction. Tracks can be configured to grant 

higher obstacle clearance and could also have internal 

suspension to stay in greater contact with the object face.  

However, it should be noted that track suspension 

systems are more difficult to implement with a smaller 

return than wheeled suspension systems. The pros and 

cons of tracks are listed below in Table 13.
6 

 

Table 13: Tracks Pros & Cons 

Pros Cons 

Easy to procure. May require additional effort for programming multiple 

Tracks. 

Handles discontinuities in terrain well. Tracks are relatively heavy. 

Will have less slippage than wheels. Tracks are difficult to turn and maneuver. 

 Suspension implementation can be difficult 
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4.4.3. Linked feet  

 
Figure 16: Linked Motion Diagram 

Linked feet are a relatively simple compromise between 

wheels and fully independent legs. They are 

mechanically complex, but the driving mechanism is a 

circular rotor. As can be seen in the picture immediately 

to the left, the circular rotor moves the appendage along 

the traced red triangle.  The rotor moves the foot up and 

to the left to avoid obstacles and then down on the far 

left side of the triangle.  At the end of the downward 

sweep, the foot impacts the ground and the CR is 

propelled forward as the rotor pushes the leg toward the 

far right end of the triangle.  The difficulty in using 

linked feet is the mechanical complexity of the parts. It 

would require a large amount of custom parts machined 

to high tolerances. The pros and cons of linked feet are 

listed below in Table 14. 

 

Table 14: Linked Feet Pros & Cons 

Pros Cons 

Customizable step orientation.  Requires over 60 closely machined parts. 

Can easily handle discontinuities on the surface. Could be heavier than other options due to the structure 

required. 

Potential for low slippage.  

 

4.4.4. Independently Controlled legs 

 
Figure 17: Independently Controlled Legs

7 

Independently controlled legs are a growing area of 

research. This system utilized software with coding for 

the movement of each individual joint.  Independently 

Controlled Legs operate in a very similar fashion to the 

Linked feet described above.  However, with 

individually controlled joints, it affords much more 

freedom of motion and maneuverability.  This system 

operated very similarly to how a spider would move 

across the ground.  There are commercial kits available 

for variously sized platforms.  

The cost of legged chassis, like the one shown in the 

picture directly to the left, cost between $1,000 and 

$2,000.
7
 This is several times more expensive than a 

wheeled or tracked chassis of comparable load bearing 

capacity. The pros and cons of independently controlled 

legs are listed below in Table 15. 

Table 15: Independently Controlled Legs Pros & Cons 

Pros Cons 

Very adaptable Expensive. 

May be able to use open source/commercial code. If no previous code is available, would be very difficult 

to program. 

No slippage. May have adequate load bearing capacity. 

 Will require a massive amount of power to operate due 

to weight bearing. 
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Figure 18: Moment/Force 

Diagram of CR on Slope 

  

4.5. Electronic Power System (EPS) 

The electrical power system (EPS) of the CR was identified in the Project Definition Document (PDD) as a critical project 

element for team DARE.  While no functional objectives were given for the EPS, it will still be a large design driver as it is 

implicitly necessary to satisfy all other objectives of the CR.  Because of this, the team found it necessary to examine the EPS of 

the legacy CR and MR as well as a potential alternative EPS solution that may be necessary based upon the selected design 

solution.  This section summarizes the legacy system batteries and outlines an alternative off-board CR EPS system.  Rather than 

performing a trade study on the EPS, this section seeks to characterize the baseline EPS designs, to act as constraints for the 

analysis of the 3 trade studies on locomotion, surface interaction, and navigation.    

 

4.5.1. MR and CR On-Board Batteries 

The MR utilizes Lithium Polymer (LiPo) batteries as the primary power source to its EPS 

system.  Specifically, it utilizes the Zippy 5000 30C 3S 11.1V series.  The legacy CR utilizes 

the  Lithium Ion (Li-ion) TENERGY 22.2V 7800mAh Battery pack.  Both of these systems 

rely on Lithium battery technology.  Lithium batteries are often utilized as a portable power 

source since they provide the highest energy density per weight.
CJB

  At the maximum 70
o 

incline that the DARE rover must be capable of climbing, the weight force creates a large net 

force opposing the forward motion of the CR, as well as creating a moment on the rover at any 

distance between the rover’s center of gravity and the slope, as show in Figure 18.  These 

forces are what make designing climbing rovers difficult, and most design solutions must 

directly overcome these basic forces.  While there are design solutions that do not necessitate a 

low center of gravity and minimal weight of the CR, all solutions can benefit from such 

considerations.  By choosing lithium batteries, the weight force can be directly reduced, 

thereby simplifying the requirements of the design solution chosen.  The electrical properties 

of the legacy batteries are shown below in Error! Not a valid bookmark self-reference. and 

are assumed to be representative of typical Lithium battery technology.  These properties will 

be used as a baseline to evaluate the feasibility of on board battery capabilities when 

examining design solutions.  However, future trade studies will be done at the PDR & CDR stage to select a specific battery if this 

solution is chosen. Error! Reference source not found. shows the pros and cons of this solution. 

Table 16: Battery Properties 

Properties Zippy LiPo 5000 30C 3S 11.1V TENERGY Li-ion 22.2V 7800mAh 

Capacity (mAh) 5000 7800 

Discharge (C) 30 Not provided 

Voltage (V) 11.1 (scalable) 22.2 

Weight (g) 429 866  

Size (mm) 137x46x40 110x54x73 

 

Table 17: On-board EPS Pros and Cons 

Pros Cons 

CR has a self-contained EPS. Adds extra weight to the CR. 

Lithium batteries provide the highest energy density 

solution available in portable battery technology. 

Solutions may still need more power or energy than 

current Lithium battery technology can provide. 

Easily rechargeable and long cycle life Lithium batteries present a safety risk as they can 

explode or catch fire 

A large variety of lithium batteries exist to fulfill 

specific mission power constraints 

Battery size and mass increase with an increased need 

for more stored energy 
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4.5.2. CR Off-Board Power 

 Another solution that will reduce the weight of the EPS 

system on the CR as discussed above is to place the 

power source on the MR, and have a cable transmit the 

power to the CR as it is deployed.  This solution will 

allow larger battery cells to be used if the CR has a 

significant power need.  This method will require that 

the power cord to transmit power to the CR be stored on 

the MR and the DARE team will have to engineer a 

deployment and gathering mechanism for the power cord.  To help reduce weight on the CR, this mechanism would 

optimally be kept on the MR.  There will still need to be a partial EPS on the CR to condition and distribute power to 

electrical components, motors, and sensors.  Another consideration that is currently outside the scope of this project is that 

the MR could house a local battery charging system such as solar panels without restricting the CR’s functionality. The basic 

concept of this solution is shown in Error! Reference source not found.Error! Reference source not found., and the pros 

and cons are listed in Table 18: Off-board EPS Pros and Cons. 

 

Table 18: Off-board EPS Pros and Cons 

Pros Cons 

Minimal EPS system weight on CR Adds weight to MR 

Potential opportunity to combine power cord with a 

tether system 

Requires integration with the legacy MR systems 

Can meet significantly higher power requirements by 

storing larger capacity batteries on the MR. 

The power cord will apply either a drag force if allowed 

to slacken or a tension force if held taut.  Both of these 

forces will act against the forward motion of the CR. 

Potential opportunity to combine power cord with a  

wired communication system 

Involves additional mechanical design to properly 

deploy and gather the power cord 

 Creates a possibility that the CR or MR could get 

entangled I power cord 

 

4.6. Conclusion 

After investigating the above design solutions, team DARE converted the information into quantifiable metrics to perform trade 

studies, as outlined in section 5.0.   

5.0 Trade Study and Results 
This section summarizes the trade studies performed to develop an effective design solution for the DARE project:  surface 

interaction, navigation, and locomotion.  The surface interaction trade study was important in satisfying requirements R.1, R.7, R.8, 

and R.9.  Surface interaction is summarized first, in section 5.1.  The navigation trade study was essential to finding an appropriate 

solution to R.3, and is summarized second, in section 5.2.  Finally, the locomotion trade study was critical to satisfy requirements R.1, 

R.7, R.8, and R.9.  Because surface interaction and locomotion satisfy the same requirements, many dependencies were found 

between the two.  The DARE team decided that surface interaction was the primary design driver since each solution involves very 

distinct implementation.  In each of the trade studies below, the metrics, quantification, and weighting methodology of the trade study 

are explained.  The trade study is then presented, and finally analyzed.  A trade study was not performed on legacy systems or EPS, as 

they were used as baseline constraints. However, it was assumed at this point in time that R.2, R.3, and R.6 will be satisfied by the 

legacy systems.  Therefore, the only requirement not addressed in this analysis is R.5, which was assumed to be simple enough from a 

high level design perspective to not require a trade study.  

 

MR 

CR 
EPS 

Power cord 

Figure 19: Off-Board Power Diagram 
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5.1. Surface Interaction 

This section summarizes the results of the trade study for the surface interaction solutions.  It first explains the methodology and 

metrics used in the trade study, shows the trade study, and then summarizes the results. 

5.1.1. Metrics 

Table 19 describes the metrics used in the trade study of navigation that follows, while Table 20 denotes the weights of each 

metric. 

Table 19: Surface Interaction Metric Description 

Metric Description 

Power This metric defines the amount electrical power drawn from the EPS by the 

climbing concept. This metric is defined with a standard weight because while the 

power system is crucial for the rover to complete the full mission, there are methods 

of mitigating the concern. However, it is important to consider the amount of power 

that the climbing mechanism would require to operate. A ranking of 1 for this 

metric indicates a concept with high power consumption whereas a ranking of 5 

indicates a system that consumes little to no power (i.e. passive).  

Mass This metric is derived from the mass requirement set by the legacy MR. This 

category utilizes the standard weighting, as none of the concepts push the bounds on 

the upper limit of the CR mass (16lbs), but it is still important to minimize mass in 

order to increase efficiency. A ranking of 1 for this metric indicates a concept with 

high mass while a ranking of 5 represents a system that has minimal mass. 

Size This metric is derived from the size requirement set forth by the legacy MR. This 

category implements a standard weighting due to the limited size of the CR. By 

minimizing the size of the climbing mechanism, there is more room for other 

elements of the CR. A ranking of 5 for this metric defines a climbing mechanism 

that occupies a minimal size, while a ranking of 1 defines a climbing mechanism 

occupying a maximum size. 

Cost This metric defines the budget necessary to allocate the materials and resources 

necessary to build the climbing mechanism. This metric implements a high 

weighting due to the importance of budget within this project. This is crucial due to 

extreme cost of some necessary materials for some of the climbing concepts. A 

ranking of 5 for this metric indicates a low cost whereas a ranking of 1 indicates a 

high (and potentially prohibitive) cost. 

Manufacturing This metric defines the difficulty and complexity of the manufacturing process 

necessary to build the climbing mechanism. This metric implements a high weight 

due to potentially prohibitive manufacturing difficulty of some designs. In effect, 

this metric measures the feasibility of the manufacturing for each potential climbing 

mechanism. A ranking of 1 for this metric indicates a design that is extremely 

difficult to manufacture (if not impossible given the scope of this project), whereas a 

ranking of 5 indicates a design that can either be manufactured with relative ease or 

bought directly with no manufacturing necessary. 

TRL This metric is based on the NASA TRL levels which describe how developed and 

proven a technology is. This metric implements a higher than standard weight in 

order to represent how much effort would be needed to develop a technology prior 

to its use in the CR. A ranking of 5 for this metric indicates a technology that has 

been successfully developed and thoroughly tested, while a ranking of 1 indicates 

that there will be extensive work to utilize the system.. 

Simplicity of Mechanical This metric defines the relative complexity of the climbing mechanism. This metric 

implements a low weight because the mechanical complexity does not necessarily 

prohibit any of the climbing concepts. However, a complex design would require 

excess man-hours to implement. A ranking of 5 for this metric defines a design that 

is mechanically simple, while a ranking of 1 denotes a system that is complex. 

Climbing ability This metric is derived from the requirements prescribed by the customer for the CR 

to climb an incline of up to 70°. This metric implements an extremely high weight 

as it is crucial for the design solution to be able to satisfy this incline requirement. A 

ranking of 5 for this metric indicates a system that can solely complete the incline 

requirement, whereas a ranking of 1 indicates a system that would need to 

piggyback on a second system in order to complete the requirement. 
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Table 20: Surface Interaction Metric Weighting Scale 

Metric Weight 

Power 10% 

Mass 10% 

Size 10% 

Cost 15% 

Manufacturing 15% 

TRL 15% 

Simplicity of Mechanical 7% 

Climbing Ability 18% 

Total 100% 

5.1.2. Trade Study 

The trade study is summarized in Table 21 and Table 22, below. 

Table 21: Surface Interaction Summary Matrix (1) 

Summary Matrix Balloon Gecko Feet Spines 

Metric 
Weighting 

(%) 

Raw 

Score 

Weighted 

Score 

Raw 

Score 

Weighted 

Score 

Raw 

Score 

Weighted 

Score 

Power 0.10 5 0.5 5 0.5 5 0.5 

Mass 0.10 4 0.4 5 0.5 5 0.5 

Size 0.10 3 0.3 5 0.5 5 0.5 

Cost 0.15 3 0.45 1 0.15 1 0.15 

Manufacturing 0.15 4 0.6 1 0.15 1 0.15 

TRL 0.15 2 0.3 1 0.15 1 0.15 

Simplicity of 

Mechanical 0.7 2 0.14 3 0.21 3 0.21 

Climbing 

Ability 0.18 1 0.18 4 0.72 5 0.9 

Total 1   2.87   2.88   3.06 

 

Table 22: Surface Interaction Summary Matrix (2) 

Summary Matrix Dry Adhesive Suction Fan Track 

Metric 
Weighting 

(%) 

Raw 

Score 

Weighted 

Score 

Raw 

Score 

Weighted 

Score 

Raw 

Score 

Weighted 

Score 

Power 0.10 5 0.5 2 0.2 2 0.2 

Mass 0.10 5 0.5 3 0.3 1 0.1 

Size 0.10 5 0.5 4 0.4 1 0.1 

Cost 0.15 5 0.75 4 0.6 2 0.3 

Manufacturing 0.15 5 0.75 3 0.45 2 0.3 

TRL 0.15 2 0.3 3 0.45 2 0.3 

Simplicity of 

Mechanical 
0.7 5 0.35 3 0.21 2 0.14 

Climbing 

Ability 
0.18 1 0.18 5 0.9 3 0.54 

Total 1   3.83   3.51   1.98 

 

5.1.3. Trade Study Results 

Upon initial evaluation of the trade study, the first design concepts to be removed were the track system (1.98), the balloon 

(2.87), and the gecko feet (288). The track design was eliminated first as it had the lowest overall score of the trade study. In 

addition, it was crucial to analyze that the track system not only scored poorly in the cost and manufacturing metrics but also 

in the climbing ability metric. This was important as it demonstrated that in addition to the complexity of the design solution, 
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the system would have trouble completing the climbing requirements on its own. During the evaluation of the balloon 

system, it was important to realize that the balloon would have difficulty completing the climb in a controlled manner on its 

own without a complex control system. As a result of this, the balloon system earned poor scores in the TRL, mechanical 

simplicity and climbing ability sections. Due to the extreme importance of the climbing ability of a system, the balloon 

concept was eliminated. The gecko feet were eliminated as well due to the extremely low scores in the cost, manufacturing 

and TRL categories. It was important to realize that in addition to the poor scores in these metrics, the gecko feet did not earn 

the maximum score in the climbing ability due to their unproven nature on surfaces other than glass. Before removing any 

further items for the trade study, it was determined that it was crucial to evaluate each remaining design concept more in 

depth. 

 

Of the remaining metrics, the micro-spine concept (3.06) had the lowest score but it also earned a maximum score for the 

climbing ability metric. As a result, it was difficult to eliminate it as a good design solution. However, it was evident that due 

to the scores in the cost, manufacturing and TRL categories, the micro-spine design would require a cost and manufacturing 

technology outside of the scope of this project. Thus, it was eliminated on the basis of the resources allocated to this project. 

While the two remaining metrics earned similar overall scores (3.83 for the dry adhesive and 3.51 for the suction fan), they 

earned drastically different scores for the climbing metric. Because this metric is the most crucial for the project, it would 

appear tempting to eliminate the dry adhesive design concept based on its low score in this category. However, the low cost 

and simplicity of the dry adhesive design lends itself towards being a suitable secondary system that can be easily 

implemented in conjunction with the suction fan. The dry adhesive design is focused on creating a way to help the 

locomotion gain as much traction as possible by increasing coefficient of friction with the surface, whereas the suction fan 

design utilizes the pressure differential above and below the rover in order to increase the normal force on the surface. Thus, 

the two design concepts do not interfere in any way with one another. Upon further analysis, it was determined that the 

design concepts actually complement each other as the suction fan design allows the rover to maintain a very high normal 

force aiding the dry adhesive tread in providing the maximum amount of traction for the rover to move forward up the 

incline. As a result of this, the overall design solution for the surface interaction was chosen to be a combination of the dry 

adhesive tread and the suction fan. 
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5.2. Navigation 

This section summarizes the results of the trade study for the navigation solutions.  It first explains the methodology and metrics 

used in the trade study, shows the trade study, and then summarizes the results. 

 

5.2.1. Metrics 

Table 23 describes the metrics used in the trade study of navigation that follows, while Table 24 denotes the weights of each 

metric. 

Table 23: Navigation Metric Descriptions 

Metric Description 

Power This metric rates the relative power draw needed to use each position and navigational 

system. The electrical and mechanical devices in this system should not be the main power 

draw for the CR; therefore, the power needs are low and can still be considered a design 

factor. Power is not the most important metric for determination of a position and 

navigation solution, however any power requirement savings is considered positive. The 

less power required for this system is optimal therefore a rank of 5 corresponds to a low 

power usage and a rank of 1 corresponds to a high power usage. 

Precision The precision is a metric to ensure the sensing capabilities required are present in the 

chosen device to determine position and navigation for the CR within +/- 1m and +/- 5
o
.  

The precision of the device will determine if the position and navigational system can 

fulfill the requirement or not. A rank of 5 in this metric corresponds to a high precision for 

the sensing device used to determine position, and a low rank of 1 corresponds to poor 

precision of the system’s sensing components in relation to the top level requirements. 

Dimensional Determination This metric identifies whether the position and navigation system can determine change in 

motion in 1 direction (x), 2 directions (x,y), or 3 directions (x,y,z). These are among the 

most important factors in satisfying the mission objective of knowing position relative to 

the MR within +/- 1m and +/- 5
o
. To have a system which accounts for all dimensions 

requires no integration between multiple devices to satisfy the requirement, making this 

one the highest weighted metrics. A ranking of 5 in this section corresponds to total 

determination (3D), 3 corresponds to (2D), and a ranking of 1 corresponds to (1D). 

Angular Determination The determination of angles and inclination metric is equally weighted in importance as 

the dimensional determination for +/- 1m and +/- 5
o
 position requirement. This metric is 

rating each position and navigation system by whether it has capabilities to determine 

angle/inclinations, or if these values must be derived from the data given through the 

device. Some systems have this capability and some do not, therefore a rank of 5 

corresponds to the position and navigation device with angular/inclination application, a 

rating of 1 means no capabilities are available for that device. 

Size The size metric is derived from the compatibility requirement with the MR docking 

compartments to fit contained within the limitations of an area of 36.6"x18". The CR has a 

potential to be mechanically complex therefore a smaller position and navigation is more 

advantageous to the design and compatibility with other subsystems within the CR. Size is 

a concern, but not of the highest importance therefore it is weighted at the standard value. 

A rank of 5 in this metric corresponds to a smaller surface area and volume of the position 

and navigation device. 

Mass This metric is derived in consideration of other systems.  If the navigation system 

contributes a large mass to the CR, the systems for locomotion and surface interaction will 

be affected.  With less mass, less power will be necessary for locomotion.  A ranking of 5 

corresponds to a low mass, a rank of 1 corresponds to a high mass.   

Mechanical Design Difficulty This metric is intended to predict the difficulty of the mechanical design system due to 

limited time and resources.  The navigation system was rated depending upon its ability to 

be easily integrated.  A rank of 5 relates to the simplest integration between the 

mechanical design systems. 
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Electrical Design Difficulty Considering the allotted time for the project, a simple electronic design for the navigation 

system would allow more focus on other aspects of the CR. Therefore relative time spent 

lowers the rank of the design. A high rank of 5 for this metric is determined to be a simple 

electronic design system. 

Software Design Difficulty Similar to electronic and mechanical design systems, less difficult software design for the 

navigation system allows more time on other systems.  Because of limited time, a rank of 

5 corresponds to a simpler software design system, and a rank of 1 corresponds to a 

maximum difficulty of software design. 

Technology Readiness Level (TRL) This metric takes into account the amount of knowledge the team has for the different 

navigation design choices.  A rank of 5 provides much experience and familiarity with the 

design choice, whereas, a rank of 1 means outside resources and much learning is 

necessary in order to implement the design.   

Cost Cost is an important metric due to the restricted budget of $5000. A rank of 5 is 

determined by a lowest cost, and a rank of 1 corresponds to maximum cost.  With minimal 

cost, more of the budget can be distributed amongst the other systems. 

 

Table 24: Navigation Metric Weighting Scale 

Metric Weight 

Power 8% 

Precision 8% 

Dimensional Determination 15% 

Angular Determination 15% 

Size 7% 

Mass 10% 

Mechanical Design Difficulty 8% 

Electrical Design Difficulty 5% 

Software Design Difficulty 6% 

Technology Readiness Level (TRL) 6% 

Cost 12% 

Total 100% 
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5.2.2. Trade Study 

The trade study is summarized in Table 25, below. 

 

Table 25: Navigation Sumary Matrix 

Summary Matrix Dead Reckoning Tether Inertial GPS 

Metric 
Weighting  

(%) 

Raw 

Score 

Weighted 

Score 

Raw 

Score 

Weighted 

Score 

Raw 

Score 

Weighted 

Score 

Raw 

Score 

Weighted 

Score 

Power 0.08 2 0.16 2 0.16 4 0.32 3 0.24 

Precision  0.08 2 0.16 3 0.24 5 0.4 4 0.32 

Dimensional 

Determination 
0.15 1 0.15 1 0.15 5 0.75 5 0.75 

Angular 

Determination 
0.15 1 0.15 1 0.15 5 0.75 5 0.75 

Size 0.07 4 0.28 4 0.28 3 0.21 3 0.21 

Mass 0.1 5 0.5 2 0.2 3 0.3 3 0.3 

Mechanical 

Design 

Difficulty 

0.08 3 0.24 1 0.08 5 0.4 5 0.4 

Electrical 

Design 

Difficulty 

0.05 3 0.15 3 0.15 5 0.25 5 0.25 

Software Design 

Difficulty 
0.06 3 0.18 1 0.06 2 0.12 4 0.24 

Technology 

Readiness Level 
0.06 4 0.24 2 0.12 2 0.12 3 0.18 

Cost 0.12 5 0.6 5 0.6 4 0.48 4 0.48 

Total 1   2.81   2.19   4.1   4.12 

5.2.3. Trade Study Results 

Through conducting the trade study, Inertial and GPS navigation systems were determined to be the most viable options.  

When focusing on the metric with the highest weighted value – angular and dimensional determination – GPS and Inertial 

navigation systems were given a highest rank of 5, which greatly affected the trade study results.  Cost also was a highly 

weighted metric, but did not have a great affect due to all options considered having a relatively similar cost.   The next 

highest weighted metric, mass, provided a high weighted value for dead reckoning, but was negated by significantly lower 

scores in other metrics.  Mechanical design difficultly produced a high weighted value for Inertial and GPS navigation 

systems, contributing to their overall high scores.  The trade study helped discover which systems have  the necessary 

capabilities to satisfy the requirements, however further considerations are necessary in order to select a navigation system. 

 

The testing condition and the CR’s intended use must be considered in addition to the trade study.  Because team DARE 

isgoing to be testing indoors at the CU RECUV facility, the navigation system must be able to work inside.  In addition, the 

CR is intended to explore canyon walls, craters, and caverns, and the navigation system should not limit these capabilities.  

With these constraints in mind, GPS is considered to be impractical because it can only be effectively when used with an 

unobstructed view of satellites.  Therefore, implementing an Inertial Navigation System would provide the necessary 

capabilities to satisfy the requirements of this project, while allowing verification of the system inside the testing facility and 

exploration of the intended terrain.   
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5.3. Locomotion 

This section summarizes the results of the trade study for the locomotion solutions.  It first explains the methodology and metrics 

used in the trade study, shows the trade study, and then summarizes the results. 

 

5.3.1. Metrics 

Table 26 describes the metrics used in the trade study of locomotion that follows, while Table 27 denotes the weights of each 

metric. 

Table 26: Locomotion Metrics Descriptions 

Metric Description 

Traction Traction is based on our best knowledge of the amount of friction and mechanical 

grip each of the methods provides. The rover requires a method which provides 3 

times as much lateral grip as amount of force normal to the surface. This is justified 

based on the ability to climb a 70
o
 incline [tan(70

o
) = 2.75]. The method must also 

be able to handle rough terrain.  A raw score of 5 indicates highly capable traction 

abilities, whereas a raw score of 1 which indicates very poor traction abilities. 

Traction is given a weight of 17% because it is the key element of the climbing 

mission for this rover. 

Steering Steering is the ability of the locomotion to accommodate changes in direction. 

Using a comparative measure of turning radius, ease of turn, and traction 

maintenance during the turn to evaluate these possibilities the relative weights are 

determined. A raw score of 5 indicates highly capable steering abilities while a 

score of 1 which indicates very poor steering abilities.  Because there is no turning 

required as part of the design requirements for this rover, its weight is only 3%; 

however, being able to maneuver would help the rover successfully traverse rough 

terrain. 

Handling on Changing Slopes This describes how the locomotion design bridges changes in angle of the surface. 

For example this could include the corner of the positive or negative slope, and the 

edge of a surface discontinuity. The rover must also maintain relative controllability 

during the transition or obstacle negotiation. A raw score of 5 indicates highly 

capable handling on changing slopes and a raw score of 1 which indicates very poor 

handling on changing slopes.  The transition between slopes is part of the required 

mission, though the amount of step angle change is not outlined as a requirement. 

This gives the Angle Tolerance measure a weight of 8%. 

Cost The cost of the locomotion system needs to be reasonable. An extraordinarily costly 

system would be limiting on the entire rover as our budget is quite limited. 

The costs of each locomotion concept were pulled from commercial sources. The 

approximate cost for a wheels, tracks, and independently operated legs were readily 

available. However, linked feet are not commercially available, so the cost would 

include the purchase of materials as well as machining. This makes the cost of 

linked feet hard to numerically quantify. A raw score of 5 indicates a relatively 

inexpensive total cost and a raw score of 1 indicates a very expensive total cost.  As 

the cost can be counted against the remaining systems in the rover its weight is 7%. 

Mass The DARE rover must move its own weight, which may not be light once the EPS, 

communications, locations, and data acquisitions systems are added to the chassis. 

Chassis rigidity and suspension, if required, will further increase the mass of the 

system. This means that the strength of the driving gear is critical to the mission and 

has weight of 17%.  A raw score of 5 indicates high capability of load bearing 

whereas a score of 1 which indicates very poor load bearing capabilities. 

Power The DARE rover must be self-sufficient in terms of its power.  This means that the 

locomotion system in itself cannot use too much power as this would detract from 

the power needs of the other various systems onboard.  A raw score of 5 indicates a 

system which will not need high amounts of power while a raw score of 1 which 

indicates a system which will need a high amount of power.  Because power is a 

relatively important aspect of the total project, it is given a weight of 11%. 
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TRL This parameter is based on how developed and proven a technology is. This metric 

implements weight of 10% in order to represent how much effort would be needed 

to develop a technology prior to its use in the CR. A raw score of 5 indicates a 

technology that has been thoroughly developed and tested where a raw score of 1 

which indicates a technology that has not been thoroughly developed and tested. 

Ease of Mechanical Manufacturing This metric is based on the effort that will need to be expended by the team in 

creating the physical locomotion device.  This includes any possible specialized 

machining that will be required as well as how easily the parts will be integrated 

into the rest of the system.  A raw score of 5 indicates that the system will be easy to 

make or procure and then implement, a score of 1 which indicates that the system 

will be very complicated to make or procure and then implement.  Due to the time 

costs of this type of work, this metric is given a weight of  9%. 

Ease of Software Development Every locomotion system will require some amount of programming in order to 

integrate and operate in conjunction with the other systems.  However, it is 

important to remember that many other systems will require programming and 

therefore the locomotion cannot require too much time and effort.  A raw score of 5 

indicated the system will require very little software development. A raw score of 1 

which indicates the system will require extensive software development.  Due to the 

time costs of this type of work, this metric is given a weight of  9%. 

Ease of Electrical Integration Every locomotion system will require some amount of electronics in order to in 

order to integrate and operate in conjunction with the other systems.  However other 

systems may require extensive electronics work and therefore the locomotion should 

require the least amount of time possible.  A raw score of 5 indicates that the 

electronics for the system will be very easy to implement and a raw score of 1 

indicates that the electronics for the system will be very difficult to implement.  Due 

to the time costs of this type of work, this metric is given a weight of  9%. 

 

Table 27: Locomotion Metric 

Metric Weight 

Traction 17% 

Steering 3% 

Handling on Changing Slopes 8% 

Cost 7% 

Mass 17% 

Power 11% 

TRL 10% 

Ease of Mechanical Manufacturing 9% 

Ease of Software Development  9% 

Ease of Electrical Integration 9% 

Total 100% 
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5.3.2. Trade Study 

The trade study is summarized in Table 28, below. 

Table 28: Locomotion Summary Matrix 

 

5.3.3. Trade Study Results 

The trade study revealed that tracks are the best design choice, albeit by a small margin. Wheels performed well based on 

their ease of use and maneuverability, however in the areas of traction and handling on changing slopes, they scored low. 

Both metrics were heavily weighted due to the central role they play in the rover mission success, and tracks had much 

stronger performance in these areas.  These weighted advantages overcame the less significant tracks disadvantages to 

wheels. Linked feet, being relatively untested and significantly more complex from a mechanical standpoint than any other 

option was hindered in its performance in this trade study and consequently dropped. Independent legs, while a growing area 

of research and a very interesting choice lacked both efficiency and affordability. The cost of independent legs is 

phenomenal, and the power required to support the weight of the rover with servomotors is prohibitive. Because of these 

reasons, team DARE decided to drop the concept of independently controlled legs.  This left the choice between tracks and 

wheels a narrow one. It may be in the projects best interest to maintain wheels as a backup in the event that tracks become 

unsuitable. It may even be possible to replace track rollers with wheels directly. Nonetheless, the choice selected by this trade 

study is the tracks. 

 

The testing conditions on a high friction surface favor the tracks greater contact area, allowing increased benefit to be 

obtained from the dry adhesive solution chosen by the surface interaction trade study. Tracks also have the advantage of 

being able to have adjustable tension allowing for the acceptance of protruding surface features while still being able to 

bridge gaps and recessed features. Once concern is that developing a custom tread and associative driving gear may be 

troublesome. An advantage is that the tracks only require one motor per tread, significantly reducing the number of motors 

required to have a fully driven system. 

Metric
Weighting 

(%)

Raw 

Score

Weighted 

Score

Raw 

Score

Weighted 

Score

Raw 

Score

Weighted 

Score

Raw 

Score

Weighted 

Score

Traction 0.17 2 0.34 4 0.68 5 0.85 5 0.85

Steering 0.03 5 0.15 2 0.06 3 0.09 5 0.15

Handling on 

Changing Slopes
0.08 2 0.16 4 0.32 5 0.4 4 0.32

Cost 0.07 5 0.35 4 0.28 2 0.14 1 0.07

Mass 0.17 5 0.85 5 0.85 3 0.51 2 0.34

Power 0.11 5 0.55 5 0.55 5 0.55 2 0.22

TRL 0.1 5 0.5 5 0.5 2 0.2 2 0.2

Ease of Mechanical 

Manufacturing
0.09 5 0.45 4 0.36 1 0.09 2 0.18

Ease of Software 

Development
0.09 5 0.45 4 0.36 2 0.18 1 0.09

Ease of Electrical 

Integration
0.09 5 0.45 4 0.36 3 0.27 2 0.18

Total 1 4.25 4.32 3.28 2.6

Wheels Tracks Linked Feet Independent LegsSummary Matrix
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6.0 Selection of Baseline Design 
  

To select a final conceptual design, Team DARE first analyzed the biggest design driver, surface interaction. The surface interaction 

trade study required quite detailed analysis as each of the design solutions were different, and the team had to assure that proper 

comparisons were being made.  The top 3 solutions from the surface interaction trade study were 1) dry adhesive, 2) suction fan, and 

3) microspines.  While the microspines are effective at climbing surfaces, they were cut for their high cost and difficult 

manufacturability.  The highest scoring surface technology, dry adhesive, actually had the lowest score possible in climbing ability, 

which is the most important factor in achieving R.8, and R.9. Because of this, the suction fan solution was more closely examined.  

The suction fan scored high in climbing ability and lended itself to a feasible overall design.  However, instead of choosing only the 

suction fan design solution, the DARE team has decided to utilize both dry adhesive technology and a suction fan.  This was deemed 

appropriate because the two systems actually complement each other.   The suction fan creates a high normal force to the surface, 

thereby holding the rover to the surface.  This normal force thereby increases the frictional force at the surface interaction, 

complimenting the dry adhesive technologies already high frictional force.  From a feasibility perspective, the dry adhesive 

technology will take minimal extra effort to integrate with the suction fan technology, thus these two solutions create the foundation of 

team DARE’s design.   

 

Among the navigation solutions examined, GPS and INU came in as a close top 2, however, team DARE decided to eliminate GPS 

since it has limited capabilities indoors and underground.  The team is hoping to utilize the indoor RECUV test facility for product 

testing, and the mission includes the rover exploring caverns, both of which will interfere with GPS.  The team therefore plans on 

developing an INU system to satisfy the navigation requirements. 

 

As noted above, the locomotion trade study had many dependencies to the surface technology section.  One of these dependencies 

included the fact that a suction fan is highly compatible with either wheels or tracks, thereby limiting the necessary analysis to these 

two solutions.  Luckily, these two solutions scored the highest in the locomotion trade study.  Tracks came in first primarily because 

of their advantages in traction and improved handling of changing slopes.  However, wheels biggest advantage lies in their ease of 

manufacturing and integration.  Tracks have an additional advantage of working exceptional well with dry adhesive technology, which 

made them a clear first choice for the locomotion design solution.  At this point in time, team DARE proposes using tracks, but will 

keep wheels ready as an alternative solution if tracks become unfeasible for any reason. 

 

Finally, because the suction fan solution typically requires a very high power draw, team DARE proposes to use an off-board power 

supply.  By doing this, the team has the opportunity to tether the power and communications cables directly to the CR and MR.  With 

a tether type system, the INU can also be simplified to a 2-dimensional problem system along the axis of deployment and in the 

direction of climb.  While this seems to reduce the scope of the project significantly, team DARE must continue to investigate the 

power requirements of the suction fan solution.  Team DARE plans to develop a more in-depth model of the power necessary to for 

the operation of the suction fan to determine if an on-board power source is feasible.  This solution must be proposed to JPL for 

approval. 
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7.0 Appendix 
Figure 20 shows the maximum operational range of the CR as the green highlighted sections.  The navigation and 

communications systems must meet their specific operational requirements while within this range. 
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Figure 20: Maximum Operational Range of Rover 
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