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1. Problem/Need 

Rovers and Unmanned Ground Systems (UGS) have been developed to replace high-risk human 

work in areas such as planetary exploration, military reconnaissance, and disaster relief. Steep and rocky 

terrain navigation is one of the biggest challenges for current UGS. For example, current rover systems lack 

the capability to descend vertical or near-vertical terrain. In light of this inability, our project aims to 

develop and demonstrate  a rappelling rover system.  
This project will design, build, and test a child rover (CR) that can rappel a 90º vertical surface to 

a depth of up to 5m. This CR will be transported to the terrain to be explored by a mother rover (MR) from 

which the CR can successfully dock and undock. The CR will be in communication with a ground station 

(GS) using the MR as a relay. Throughout this mission, the CR will receive movement and imaging 

commands whenever sent by the GS. After rappelling down the vertical surface, the CR will explore 5m 

radially from the touchdown point over a horizontal surface covered with small rocks no larger than 3cm in 

diameter. While traversing this terrain, the CR will supply adequate lighting to take images with a 10cm 

resolution at a 5m from an object. The image will be transmitted to the GS. The CR will know its position 

within +/-10cm, horizontally and vertically, relative to the MR and transmit its position to the GS. After 

taking and locally storing at least 5 images, the CR will ascend the 5m 90º vertical surface and re-dock with 

the MR. All components will be designed for an Earth-like environment between 0 and 40ºC. 

2. Previous Work 

The Jet Propulsion Laboratory (JPL) Rover legacy project began in 2008. This year marks the 7th 

addition of either a MR or CR to the legacy program. The first project was ReMus which was a MR that 

could house two CRs while navigating via the GS and image processing[1]. The 2009-2010 school year 

produced a CR to traverse to a location, take a picture and then transmit it to the MR[2]. The third project, 

X-ROVER, improved upon previous projects by allowing them to traverse varying terrain[3]. In the 2011-

2012 school year, STARR designed a CR that was able to identify and retrieve samples based on color[4]. 

The most recent iteration of the MR is called TREADS from the 2012-2013 school year. This team 

designed a new MR to support two deployable child rovers. The TREADS MR was intended to store 

samples collected from the STARR project[5]. The most recent project is the CR DARE, which can dock 

and undock with TREADS and descend slopes ranging from 30-70° [6]. 

   

(A) AXEL[7] (B) SPIDAR[8] (C) TRESSA[9] 
 

Figure 1: Several rappelling robot systems with similar design requirements as the proposed RACER project.  

Beyond legacy projects, several methods have been explored to accomplish missions such as the 

one defined for RACER. First, the AXEL system from JPL and CalTech[7] shown in Figure 1(A) is a 

deployable system to accomplish a task very similar to RACER’s using a two wheel axle chassis connected 

through a single tether back to the main rover. SPIDAR from Hagen Schempf of Automatika, Inc. is 

another similar project[8]. This system, shown in Figure 1(B), incorporates a single point tether with 6 

wheel drive and an articulating chassis. SPIDAR was designed to aid in search and rescue missions by 

being able to traverse terrain ranging from horizontal to 90° vertical slopes while transmitting a live feed 

from its camera. Lastly, TRESSA from the Mobility and Robotic Systems Section at NASA’s JPL[9] shown 

in Figure 1(C) is another project that can perform similar tasks to RACER’s requirements. This design 
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uses a multi-point tether with a point of contact at two discrete “anchorbots” with a 4-wheel high-clearance 

configuration used for slopes up to 85°. None of the above examples fulfill RACER’s requirements fully, 

but each will be investigate to see how some aspects could be applied to our project. 

3. Specific Objectives  

3.1 Definitions 
Adequate Scene Lighting – Lighting bright enough so that a point of interest is clearly resolved from the 

image background. 

Cave/pipe – A horizontal floor with a minimum of 5m radius area covered with small rocks no larger than 

3cm in diameter on top of it. The MR will be fixed at the top of an up to 5m vertical surface above this 

floor. 

Child Rover – A smaller rover designed to perform a specific task. The child is constrained to interface 

with a larger MR that houses the child for transportation. The CR can receive commands relayed from a GS 

through the MR. For this project, the TREADS rover will be used as the mother. 

Explore – Descend the maximum 5 meter depth of the cave/pipe and then traverse a horizontal distance of 

5 meters radially from the touchdown location. The CR must take pictures of a point of interest with 

specific resolution and Field of View (FOV) requirements described later in the document, and then 

transmit the image to the MR/GS. The CR must acquire at least 5 images within the 8 hour mission 

duration. The point of interest must be illuminated with adequate scene lighting as mentioned above. 

Point of Interest (POI) – An object of 10 cm diameter placed 5 meters away from the CR imaging system. 

3.2 Levels of Success 

 
Figure 2: Levels of Success Diagram for RACER project. 

 To satisfy the engineering problem, project RACER must successfully design, build, and test a CR 

to rappel into caves/pipes, explore them, and then return to the MR. While exploring, the CR must be in 

communication with the MR/GS to receive movement/imaging commands as well as to transmit 

imaging/positioning data. The movement commands will include forward, reverse, and turning motions.  

The imaging commands will include turning on/off the light source, taking a picture, and transmitting the 

image to the GS.  
 Three levels to define the success of project RACER are described above in the Figure 2. The 

Level 1 success criteria are the requirements that, without being met, make the entire project a failure. 

Without at the bare minimum being able to rappel a vertical surface and take pictures, the CR would not be 

worth producing. The Level 2 success criteria go more in depth to the functional objectives of the CR, such 
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as communication dropout handling. Specifically, the CR will halt its mission until communications are 

restored. Level 3 success entails goals that are likely to be difficult to attain, but are still essential to overall 

completion of RACER’s mission. If the CR is not able to return to the MR, it would severely constrain its 

real-world applications. The deliverables to the course and customer are the CR that can attain these 

levels of success as well as any software written for a GS used to interface with the CR. These deliverables 

are explicitly defined in the Functional Block Diagram in Section 4.2. The additional deliverables for the 

customer are a separate PDR and CDR with engineers at JPL over teleconferences. 
 The levels of success will be verified as several smaller systems tests outlined more in the Concept 

of Operations (CONOPS) shown in Section 4.1. A single full system test is desirable but acquiring or 

building a facility to perform this in may prove to be too difficult based on the distance requirements. 

4. Functional Requirements 

4.1 Concept of Operations 

 
Figure 3: Concept of Operations for RACER project. 

 The Concept of Operations (CONOPS) shown in Figure 3 describes the main functions and their 

respective system tests for the CR and its interfaces with the MR/GS. In the Deployment Stage, the 

operator will command the CR to undock with the stationary MR from the GS. During the Rappelling 

Stage, the CR will be commanded to descend a vertical face to a maximum of 5m. At the bottom of the 

face, the CR will transition from vertical to horizontal motion. Meanwhile, the CR will transmit images and 

positional data back to the GS via the MR. In the Exploration Stage, the CR will traverse up to 5 meters 

radially from the touchdown point over a horizontal surface covered with up to 3 cm diameter gravel to a 

point of interest, as commanded by the GS. There, the GS will command the CR to record images with 

FOV, resolution, and lighting requirements that were previously defined. Additionally, the CR will transmit 

its position relative to the MR back to the GS to within +/- 10 cm accuracy. During the Return Stage, the 

operator will command the CR to ascend the vertical face and re-dock with the MR. There will be TBD 

allowable positional errors during the re-docking process with TREADS. The angular range from which 

RACER will be able to re-enter the CR bay will be determined by the physical dimensions of TREADS. 
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4.2 Functional Block Diagram 

 
Figure 4: Functional Block Diagram for RACER project. 

In the Functional Block Diagram (FBD) in Figure 4, operations begin when commands are 

manually input to the GS. These commands will include functions such as rappelling, moving, capturing 

images, etc. Commands are wirelessly transmitted from the GS to the MR, which then relays the commands 

to the CR. It has not yet been decided if the transmission will occur wirelessly between the MR and CR. If 

so, a transmitter/receiver component will need to be added to the CR. The commands are sent to the CR’s 

CPU, which then sends the commands to their respective peripherals (rappelling mechanism, imaging 

system, etc.). The CPU will also receive information from sensors and the imaging system for the purpose 

of positioning and image storage/transmission, respectively. Finally, the CPU will transfer the CR’s 

position and images to the MR to be relayed to the GS. The method we will use for navigation as not been 

decided but there are several viable options such as odometry, tether tracking (for depth only), and 

accelerometry. Currently the Electric Power System (EPS) is shown onboard the CR but trade 

studies/modeling must be conducted to determine whether  the power source should be placed there or on 

the MR. 

5. Critical Project Elements 

5.1 Docking With MR 
The MR is already designed therefore some constraints are set for the CR in order for the systems to work 

together. The CR’s volume constraint is set by the bay size of TREADS and the CR’s weight is limited by 

the maximal load of the CR bay ramp. Issues may arise from positioning of the CR relative to the MR dock 

upon egress and entry. The MR system has previous communication, docking navigation & guidance, and 

EPS subsystems that may need work done in order to operate with RACER. The current states of these 

systems are unknown. Team RACER has the option to fix the MR systems or design completely new ones 

depending on what is needed. This is expected to consume a moderate amount of time and moderate 

funding depending on the current state. 

5.2 Rappelling System 
Level 1 Success for RACER requires the CR to rappel. Because TREADS will serve as the fixed point, the 

two systems must be integrated with a sturdy connection. An effective and safe way for the CR to be 

lowered must also be designed.  After the CR is done exploring, it must ascend back to the MR which 

means sufficient electrical power must remain in the power source. The transition between vertical and 

horizontal motion will prove to be a challenge as well for landing at the bottom of the cave and upon return 
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to the MR. This system is critical for the CR to be able to fulfill any of its mission, so therefore this is 

expected to consume a large portion of funding as well as time. 

5.3 Communication 
Depending on the state of the MR and its communication system, it may need to be a completely 

redesigned to create an effective relay system between the CR, MR, and GS. This analysis can be done with 

trade studies to weigh the options to determine if starting from scratch is a viable decision. This will take a 

large amount of time and moderate funding. 

5.4 Imaging System 
Level 1 Success includes the CR taking and storing at minimum 5 images and sending them to the MR/GS. 

The imaging will require a mechanical setup to allow the image to fulfill the FOV requirements. The image 

data transfer size/rate and imaging system integration are expected to be a challenge. Overall this 

subsystem is seen to take minimal cost and a large amount of time.   

5.5 Position Determination 
Based on the required small tolerances of the positioning measurements for the CR, this is going to be a 

large challenge especially after the CR has been lowered into the cave/pipe. Different methods for 

performing these measurements will have to be analyzed to determine the most effective way to achieve 

this requirement. This project-specific element will require a lot of time and research with moderate 

funding. 

5.6 Power System 
The power system is a large constraint because it limits the duration of the CR mission. Weight is the 

largest constraint for the power system and will drive the system design. From a customer requirement, the 

electrical power source has an option of being located on either the CR or MR and a choice will be made 

depending on what a separate analysis of those options reveals. The power system will cost a moderate to 

large amount of funding and will take a moderate amount of time.  

6. Team Skills and Interests  

These team member skill areas/interests are not necessarily the roles that the team members will fill. This 

table demonstrates that the team has at least one member that can work on each critical project element. 
Critical Project Elements Team member(s) and Associated Skills/Interests  
Communication  (Manufacturing, EE) Casey, Dustin, Thomas, Nicole, Greg, Michael, 

John 
Docking with the MR (Designing, Mechanical, EE) Casey, Drew, Dustin, Greg 
Rappelling System   (EE, CS, Manufacturing, Mechanical) Casey, Thomas, Drew, Dustin, 

Nicole, Greg, Michael 
Imaging System  (EE, CS) Casey, Hunter, Nicole, Greg, Michael 
Knowledge of Position  (EE, CS) Casey, Hunter, Nicole, Greg, Michael, John 
Power System  (EE, Systems) Casey, Nicole, Drew, Dustin, Greg, Michael, John 
 

7. Resources 

Critical Project Elements  Resource/Source 
Communication PAB Board Advisor, Trudy Schwartz, Tim May 
Docking with the MR PAB Board Advisor, Trudy Schwartz, Matt Rhode, Chris 

Bennett/Stephanie Oij (Previous Rover Team) 
Rappelling System Matt Rhode, Bobby Hodgkinson, ITLL Workshop, ASEN Machine 

Shop 
Imaging System Trudy Schwartz, Tim May, ITLL Workshop 
Knowledge of Position Dr. Sternovsky, Dr. Schaub, CU Electronics Center 
Power System Dr. Erickson, Tim May 
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