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ABSTRACT 

 Percussive digging methods have shown to reduce excavation forces when applied in a 

regolith (extraterrestrial) environment.  Similarly bucket wheel excavators lend themselves to be 

favorable for future robotic planetary or Lunar missions due to their simple construction and 

continuous operation.  This thesis analyzes the possibility of combining these technologies and 

the effects they would have when implemented into a planetary rover.  Specific focus is placed 

on electrical robustness, power systems, and autonomous operation.    Contributions include an 

experimental prototype and a simulated power analysis.  Results conclude that a percussive 

bucket wheel would suffer from increased power consumption while gaining the benefit of 

increased electrical robustness, improved autonomous operation, and reduced launch mass.  

Finally, future improvements are discussed and a concluding statement is provided. 
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LIST OF ABBREVIATIONS AND SYMBOLS 

ANT  Artificial Neural Tissue 

BLE  Bucket Ladder Excavator 

BWE  Bucket Wheel Excavator 

GUI  Graphical User Interface 

IMU  Inertial Measurement Unit 

ISRU  In-Situ Resource Utilization 

LRV  Lunar Roving Vehicle 

MARTE Modular Autonomous Robotic Terrestrial Explorer 

MER  Mars Exploration Rover 

MSL  Mars Science Laboratory 

RAMP  Robotic Architecture for a Modular Platform 

RDT  Rapid Digging Tool 

REMOTE Regolith Excavation, Mobility & Tooling Environment 

RMC  Robotic Mining Competition 

RTG  Radioisotope Thermoelectric Generator 

VIPER  Vibratory Impacting Percussive Excavator for Regolith  

 

a  Soil-Tool Adhesion (kN/m
2
) 

c  Cohesion (kN/m
2
) 

Ei  Impact Energy (J/blow)



 

iv 

 

Fo  Optimal Excavation Resistance (N) 

fp  Percussive Frequency (blows/s) 

Fr  Excavation Resistance (N) 

FR  Force Reduction (%) 

Fs   Static (Non-Percussive) Excavation Resistance (N) 

ṁ  Production Rate (kg/s) 

Pe   Excavation Power (W) 

Po  Optimal Power (W) 

Pp  Percussive Power (W) 

Pt   Total Power (W) 

ve  Excavation Speed (m/s) 

δ  External Friction Angle (degrees) 

ηprod  Production Efficiency (kg/Ws) 

ήprod  Production Efficiency Score (normalized value) 

σ  Normal Stress (kN/m
2
) 

τ  Shear Strength (or Tangential Stress, kN/m
2
) 

ϕ  Internal Friction Angle (degrees) 
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CHAPTER 1 

INTRODUCTION 

1.1 Introduction to Planetary Excavation 

In the history of planetary exploration, rovers have consistently assisted mankind in our 

mission to learn about our neighboring worlds and spread humanity’s reach into our solar 

system.  In 1971 the Soviet Lunokhod 1 rover became the first rover to explore the surface of the 

Moon.  The Apollo astronauts travelled on the Lunar Roving Vehicle (LRV) to cover ground that 

would otherwise be impossible on foot.  To date four successful rover missions have been sent to 

Mars:  the Sojourner rover, the Mars Exploration Rovers (MER) “Spirit” and “Opportunity”, and 

the Mars Science Laboratory (MSL) “Curiosity”.  With each new mission comes bolder goals 

that require new technologies.  As we expand our reach into the solar system, mankind will 

require a more permanent presence on our planetary neighbors.  This will come in the form of a 

sustainable outpost.  Again we will turn to robotic rovers to aid us in our journey.  However, in 

addition to the robotic explorers of the past, a new type of rover will be required: the robotic 

excavator. 

The key to a sustainable Lunar or planetary outpost is a process called In Situ Resource 

Utilization (ISRU) which means utilizing the available local resources rather than relying solely 

on resources brought from earth.  The first step in this process is the excavation of the surface 

material, or regolith.  Once excavated, the regolith can be used for the extraction of consumables 

(O2, H2O, N2, He, etc.), the extraction of materials for in situ fabrication and repair, the
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construction of berms or landing pads, habitat shielding from radiation or micrometeoroids, or 

other mission needs.  Robotic excavators must be more robust, will require more power, and will 

face new autonomy challenges compared to today’s rovers. 

Excavation on a planetary body presents a distinct challenge due mainly to the low 

reaction forces available in a low-gravity environment.  Traditional terrestrial earth-movers 

employ a brute force method of excavation by simply creating more massive machines where 

higher excavation forces are required.  This is infeasible for space missions, where lower gravity 

requires more mass to reach equivalent reaction forces, but low mass is essential to reduce 

launch costs.  This challenge has spurred research into lightweight robotic excavation including 

the comparison of different types of excavators and technologies to reduce excavation forces. 

1.2 Continuous vs. Discrete Excavators 

Most excavators can be classified into one of two categories depending on their method 

of excavation: discrete or continuous.  This classification describes the interaction with the soil 

while taking multiple cuts.  Continuous excavators stay continually in contact with the soil as 

they take multiple cuts.  This necessitates having multiple cutting surfaces; by the time each 

surface or bucket has accumulated an appreciable amount of soil it clears the ground and the 

next, soil-free, bucket has already started cutting. Continuous excavators include bucket-wheels, 

bucket-chains/bucket-ladders, and elevating scrapers [1]. 

Discrete excavators are those that must break contact with the soil before starting a new 

cut; between cuts, the excavator may need to dump its load or clear the cutting surface, for 

example.  These excavators fill one large bucket with a single cut; the cutting face has an ever- 

growing accumulation of soil as the bucket is filled. Discrete excavators include front-end 

loaders (FEL), dozers, mining shovels, and open bowl scrapers.  Figure 1.1 shows examples of 
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both continuous and discrete excavators [1].  The figure also shows the difference in the 

terrestrial machines compared to some of their corresponding robotic planetary excavator 

prototypes.   

1.3 Excavation Force Reducing Technologies 

Excavation forces consist of two main components: excavation thrust and excavation 

resistance.  Excavation thrust is the force supplied by an excavator that is available for cutting 

soil.  For most excavators this is limited by either the traction available while driving forward, or 

the weight of the robot as the digging head is articulated into the soil.  In either case, this force is 

a function of the excavator mass. 

 

NOTE—Source: [1]. 

Figure 1.1—Examples of continuous and discrete excavators. 
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 Excavation resistance is the force imparted on an excavator by cutting and collecting soil.  

This force is dependent on several excavator factors including the size of the cutting blade, the 

depth, speed, and angle of the cut, as well as any soil accumulation within the bucket.  It is also 

dependent on the soil properties including soil shear strength (a function of density, cohesion, 

and internal friction angle), and soil-tool adhesion.   

 For an excavator to collect or move soil, its available excavation thrust must be greater 

than the excavation resistance.  Since excavation thrust is limited in a lightweight excavator and 

can only be increased through added mass, research for reducing total excavation forces has 

focused on reducing the excavation resistance through the soil-tool interaction.  This is further 

necessitated by the fact that Lunar regolith has a very high density (and hence high shear 

strength) below the top few centimeters from the surface [2].  Methods to reduce excavation 

resistance have ranged from soil loosening techniques such as cutterhead wheels, rippers, or 

explosives, to soil agitation through percussion or vibration [1].   

1.4 Thesis Statement 

 This thesis will review two promising planetary excavation technologies, namely, bucket 

wheel excavators and percussive excavation, and provide an analysis for combining the two 

technologies within a lightweight robotic rover intended for a low-gravity environment 

(specifically, the Moon or Mars).  A general list of potential pros and cons includes: 

Pros: 

- Reduced excavator mass 

- Greater operational robustness 

- Greater electrical robustness 

- Improved autonomy 



 

5 

 

Cons: 

- Increased power consumption 

- Increased mechanical complexity 

This thesis will focus on the electrical and computer engineering aspects of the rover, which are 

highlighted in bold in the list above.  The analysis will be presented in context to current rover 

designs. 

1.5 Overview 

 Chapter 2 begins by providing background for several topics fundamental to planetary 

rovers and robotic excavation.  Chapter 3 will review previous work on the independent topics of 

bucket wheel and percussive excavation, as well as planetary rover power systems and rover 

autonomy.  Chapter 4 then introduces the concept of a percussive bucket wheel and discusses the 

effects the technology could have on a rover system.  Evidence for these claims will be provided 

both as an extrapolation of the related works results, as well as from data using an experimental 

prototype and a power model.  Chapter 5 investigates possible improvements on the current 

experimental setup and power model, and concludes with the contributions outlined in this thesis 

and their potential implications. 
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CHAPTER 2 

BACKGROUND  

2.1 Planetary Excavation Fundamentals 

2.1.1 Excavator Mass 

 Terrestrial excavators are typically very massive machines.  The Bagger 293, a bucket 

wheel excavator (BWE), once held the Guinness World Record for the largest land vehicle, 

weighing in at 14.2 million kilograms.    The large mass of these machines allows them to adopt 

a brute force approach to excavating the earth.  For a typical excavator, the total amount of 

excavation thrust it can provide is determined by its available lateral (or tractive) and vertical (or 

plunge) forces.  Figure 2.1 shows a schematic of the forces acting on an excavator [3].  The 

magnitude of these forces is directly proportional to the weight of the excavator, thus, larger 

excavation forces require a heavier excavator.   

While a brute force approach could work on the Moon or Mars, it quickly becomes 

infeasible for two reasons.  First, gravity on the Moon is 1/6 of Earth’s gravity, and similarly 

Mars’ gravity is 1/3 that of Earth’s.  For an excavator to apply the same excavation forces on the 

Moon, it would have to be six times as massive.  While this alone is not a major issue, it 

becomes a much bigger problem when considering launch costs.  Mass is the number one driver 

of launch costs, with the cost of placing 1 kg on the Moon being approximately $100k [3].  With 

this in mind, space missions seek to reduce payload mass as much as possible, which drives the 

need for lightweight excavators.   
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To put this in perspective, a standard Caterpillar 325C hydraulic excavator weighs 

approximately 27,400 kg which gives it a tractive force (also known as drawbar pull) of around 

23,600 kN.  In comparison, the Apollo LRV weighed approximately 700 kg fully loaded.  Zacny 

et al. [4] estimate that as an excavator the LRV would only have around 239 N of tractive force 

on the Moon, which would result in very limited excavation capabilities. 

2.1.2 Soil Shear Strength 

 A soil’s shear strength is its ability to resist sliding along internal planes.  For an 

excavator to penetrate (and thus excavate) soil, it must produce an excavation force that exceeds 

the shear strength of the soil.  The shear strength of a soil is defined by the Mohr-Coulomb 

equation [5]: 

τ  =  c + σ tan ϕ                (1) 

where  

τ is Shear Strength (or Tangential Stress, kN/m
2
) 

c is Cohesion (kN/m
2
) 

 

NOTE—Source: [3]. 

Figure 2.1—Forces acting on an excavator. 
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σ is Normal Stress (kN/m
2
) 

ϕ is the Internal Friction Angle (degrees) 

Cohesion is a measure of the soil particles’ ability to stick to one another, and can be 

defined as the shear strength when the normal stress (the force acting perpendicular to the shear 

force) is equal to zero.  A good way to understand the effects of cohesion is to consider the 

difference between wet and dry sand.  Wet sand is cohesive, which is why the particles stick 

together and hold their form when making sand castles.  Dry sand, however, is non-cohesive 

which is why it flows smoothly when being poured and doesn’t hold its shape.  The internal 

friction angle is a measure of friction between sliding particles, and is a function of (among other 

things) particle shape and density [6].  It is important to note that both cohesion and internal 

friction angle increase as soil density increases, as shown in Figure 2.2 [5].    

 

NOTE—Source: [5]. 

Figure 2.2—Internal friction angle and cohesion for Lunar regolith densities. 
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When considering excavation, another important equation is the tangential stress due to 

the soil-tool interaction.  This can be represented by [7]: 

τ  =  a + σ tan δ                         (2) 

where  

   τ is Tangential Stress (kN/m
2
) 

   a is Soil-Tool Adhesion (kN/m
2
) 

   σ is Normal Stress (kN/m
2
) 

   δ is the External Friction Angle (degrees) 

These properties are analogous to their counterparts in Equation (1), however rather than soil 

particle-to-particle interaction these represent soil particle-to-tool surface interaction. 

2.2 Bucket Wheel Excavators  

Bucket wheel excavators are a type of continuous excavator that feature a large rotating 

wheel with a pattern of buckets/scoops attached to the circumference.  The buckets alternate 

between digging on the lower half of the wheel and allowing gravity to deposit any soil that was 

collected as they rotate through the upper portion of the wheel.  Most terrestrial versions are 

quite massive and are used for removing overburden (the soil covering a desired resource).  They 

require little mobility and deposit any collected soil onto a conveyor belt which transports it for 

spreading. This configuration can be seen in Figure 2.3. 

These types of excavators will require onboard power and storage and will need 

increased mobility.  One of the advantages to BWEs is that they provide a high degree of 

implementation flexibility.  To date several robotic planetary BWE prototypes have been 

developed for various projects and competitions.  Muff [8] presented a BWE with a bucket wheel 

attached to the end of a boom that used an auger to transport collected material into onboard 
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NOTE—Reprinted with permission from © ThyssenKrupp AG, 

[http://media.thyssenkrupp.com/images/press/thyssenkrupp_p_831_m.jpg] 

Figure 2.3—Example of a terrestrial BWE. 

storage.  The University of Alabama 2012 Robotic Mining Competition (RMC) submission 

consisted of dual bucket wheels and a conveyor to transport material to onboard storage, as well 

as an offloading system that implemented both a screw conveyor and a conveyor belt.  

Skonieczny [1] presented a novel approach that implemented a transverse bucket wheel located 

inside the excavator wheel base.  This allowed the bucket wheel to offload directly into onboard 

storage, greatly simplifying the amount of moving components.  The transverse orientation of the 

bucket wheel also provides a much wider cutting surface (relative to forward orientation) as the 

excavator moves forward,  allowing  for  a  greater  surface  area  to  be  excavated  for  a  simple  

forward movement.  These prototypes can be seen, respectively, in Figure 2.4, Figure 2.5, and 

Figure 2.6. Figure 2.7 shows the different excavation paths of forward and transverse bucket 

wheel configurations. 
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NOTE—Source: [8]. 

Figure 2.4—BWE prototype presented by Muff. 

 

NOTE—Developed by The University of Alabama 2012 RMC team. 

Figure 2.5—Dual bucket wheel design.  
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NOTE—Source: [1]. 

Figure 2.6—Skonieczny’s BWE prototype featuring a transverse bucket 

wheel. 

 

Figure 2.7—Excavation paths of a forward (A) and transverse (B) bucket 

wheel. 

One of the main reasons BWEs are advantageous for a planetary excavator comes from 

their continuous nature.  Skonieczny [1] showed through a gravity offload experiment that 

lightweight continuous excavators can achieve higher production rates than discrete excavators 
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when operating in a reduced gravity environment.  This is due mostly to the increasing 

excavation resistance experienced by discrete excavators during a single cut because of the 

accumulating surcharge.  For a sufficiently small discrete excavator, the production rate will 

remain constant until the excavation resistance increases past a threshold where traction begins 

to fail causing wheel slippage and effectively lowering the production rate.  Since bucket wheels 

use repeated smaller cuts, the average excavation resistance is bounded, allowing them to 

continue excavating at a constant production rate.  Figure 2.8 shows a graph displaying this 

resistance effect [1]. 

 

NOTE—Experimental results depicting excavation resistance normalized by 

excavator weight (Fex/W) vs. accumulated payload ratio throughout a dig cycle.  

Discrete excavation resistance (blue) increases without bound, while continuous 

excavation resistance (red) remains low and bounded.  The plots show both raw 

data and linear regression.  Source: [1]. 

Figure 2.8—Excavation resistance vs payload ratio. 
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2.3 Percussive Excavation 

 The low gravity environment and harsh characteristics of regolith combine to present a 

unique challenge for excavation on the Moon or Mars.  As mentioned earlier, launch costs 

dictate a need for lightweight excavators for space missions, limiting their potential excavation 

thrust.  Low gravity leads to even further reduced traction and plunge forces and overall reduced 

excavation thrust.  At the same time, Lunar regolith has shown to reach very high densities 

within just a few inches beneath the surface [9].  It is also highly cohesive due to irregular 

particle shapes [2].  These characteristics lead to a shear strength (and hence excavation 

resistance) higher than most terrestrial soils, requiring even greater excavation thrust.  Since 

increasing excavator mass to increase excavation thrust is not an option, researchers have turned 

their attention to the other end of the problem: reducing excavation resistance.  Percussive 

excavation is one technique that has shown promise in this area. 

Percussive excavation can be defined as the method of applying periodic impact forces to 

a cutting blade during excavation to reduce excavation resistance.  Percussion in this context is 

distinct from vibratory excavation.  Vibrations lack the shock impulse found in percussion, and 

require a dramatic increase in power when applied to high relative density soils [10].  Research 

on the effects of vibration/percussion on soil shear strength can be dated back to the 1930’s.  

However, it wasn’t until recently that these effects were studied in the realm of excavation, and 

even more recently for planetary excavation [10].  While implementing percussion in a cutting 

tool increases complexity and power requirements, most studies have shown that the benefits 

outweigh the costs in challenging extra-terrestrial environments.   
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2.4 Planetary Rover Power Systems 

Rover power systems have the important task of providing and distributing all the energy 

needed for a rover to carry out whatever tasks are required to complete its mission.  Rover 

subsystems that require power include computer electronics, motors and actuators, and thermal 

systems providing much needed heat in frigid environments.  Since there is currently no 

infrastructure for power on the Moon or Mars, each individual rover must provide enough power 

to last its mission life cycle.   

 For some rovers this might mean bringing enough power directly from Earth.  The 

famous LRV from the Apollo 15, 16, and 17 missions ran off of two 36 V silver-zinc potassium 

hydroxide non-rechargeable batteries, each with a capacity of 121 Ah; enough to complete its 

~20 mile missions.  Other rovers, such as the Sojourner Rover and the MERs, depend on 

generating their energy from the Sun through the use of photovoltaic panels, otherwise known as 

solar arrays.  The Sojourner Rover’s solar array produced a maximum of 16 W during the 

Martian noon, enough to supply its driving power requirement of 10 W.  These arrays were 

backed up by nine non-rechargeable lithium-thionyl chloride D-cell batteries which provided 108 

Ah of energy.  The MER solar arrays generate around 140 W per Martian day while recharging 

two 28 V 10 Ah lithium ion batteries to store energy for use at night.  This combination of solar 

arrays and rechargeable batteries has allowed the MER “Opportunity” to exceed its original 90 

day mission by over 10 years.  The Sojourner and MER rovers can be seen in Figure 2.9 

alongside the newer Curiosity rover. 

 While solar power has proven to be an effective, reliable means of rover power 

generation, it does come with limits.  Solar arrays are susceptible to dust, which can stick to the 

array surface and decrease effectiveness.  The arrays also only produce power where there is 
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sunlight, limiting rovers from operating during the night, in shadowy craters, and even                               

preventing them from operating in areas of latitude where daylight is shorter.  To avoid these 

issues, the Mars Curiosity rover was the first rover to implement a Radioisotope Thermoelectric 

Generator (RTG).  An RTG is essentially a small nuclear power plant that produces electricity 

from the natural decay of plutonium-238.  The heat that is released from the radioactive material 

is converted into electricity through the use of thermocouples.  The heat can also be used to 

warm critical systems in the cold environments of the Moon or Mars.  RTG technology has been 

around for many years; the Voyager spacecraft has been operating for more than 40 years on an 

RTG power source and continues to operate beyond the solar system.  However, Curiosity was 

the first rover to use an RTG as a power source.  The RTG on Curiosity produces a constant 125 

W of power, and continuously charges two 28 V 42 Ah lithium ion batteries so that peak current 

demands can be met when the demands are higher than the constant output of the RTG.  RTGs 

also have a better energy to mass ratio than solar arrays, which is a critical factor in space 

 

NOTE—Source: NASA/JPL-Caltech. 

Figure 2.9—From left to right, the MER, Sojourner, and Curiosity rovers. 
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missions.  One of the disadvantages of RTGs is that the radioactive fuel used is in limited supply 

and is highly regulated.  RTGs also constantly produce heat that must be actively 

regulated/dissipated.  Finally, the radioactive nature of an RTG is a safety concern. 

 One power option that has been used in past space missions and could be used on a 

planetary rover is fuel cell technology.  Fuel cells combine two chemical components at a 

controlled rate to produce heat, electricity, and some chemical waste product.  The Apollo and 

space shuttle missions used hydrogen-oxygen fuel cells for electrical power, with a waste 

product of water.  Similar to RTGs, fuel cells have the advantage of operating without the need 

for sunlight, and unlike RTGs fuel cells use safe materials and can have a controlled reaction rate 

to reduce generated heat.  However, fuel cells require a large amount of support equipment, 

which results in a low energy to mass ratio and raises the chances of potential failures. 

 For future missions requiring excavation, excavating rovers will likely operate very 

differently from current rovers.  Excavators require constant high energy to power their way 

through dense regolith.  Current onboard power generation options such as solar arrays or RTGs 

will be unsuitable to meet these high power requirements.  Therefore, it is anticipated that 

excavation rovers will use batteries to provide the high energies required and will not use 

onboard supplemental power generation technologies.  While current rovers operate 

independently, excavating rovers may work in groups and function as part of a planetary outpost.  

This outpost could provide the infrastructure for a power generating station where excavators can 

recharge their batteries, thus supporting the concept of removing power generation from the 

rover helping to reduce rover mass.   
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2.5 Planetary Rover Autonomy 

As space missions involving ISRU become more complex and more remote, controlling 

the networks of robotic excavators and other machines will become increasingly difficult for 

human operators.  This will either result in very low operation efficiencies due to long 

communication delays, or it will require more human operators to be present on site, a very 

dangerous and expensive task.  For these reasons NASA has made a strong push for the 

development of autonomous robotic excavators [11]. 

For an autonomous excavator (or any autonomous rover for that matter) to successfully 

navigate and operate within a Lunar or Martian terrain, it must be capable of a few fundamental 

tasks, namely: localization, obstacle detection, obstacle avoidance, and path planning.  

Localization involves keeping track of the position and orientation of a rover relative to its 

environment.  Localization data can be acquired through several different methods including 

triangulation using local landmarks, triangulation using one or more beacons, and dead 

reckoning using a sensor to track incremental movements.  For example, a LIDAR or stereo 

vision system can be used to recognize local landmarks and calculate the relative distance from 

them, or a camera directed at the ground can provide data for optical flow algorithms to measure 

velocity vectors and compute changes in position and orientation.  Figure 2.10 shows an example 

of a robot implementing an optical flow sensor to detect velocity vectors in the dark [12]. 

Obstacle detection is accomplished by recognizing features in the local environment that 

would be hazardous for navigation, such as large rocks and craters.  This can be accomplished in 

real-time or at specific intervals such as specific waypoints.  Sensors used to accomplish obstacle 

detection include mechanical whiskers, full 3D point cloud LIDAR scans, and stereo-vision.   
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 Obstacle avoidance and path planning are typically interrelated functions as one usually 

depends on the other.  Once a robot has determined its position, it must plot a course from its 

current location to its desired location that avoids any obstacles that were detected in advance.  

Typically an A* algorithm is used with some sort of grid representation of the terrain to plot 

step-by-step instructions by which to navigate [13].  If an obstacle is encountered during the path 

traversal that was not detected in advance, the autonomous system must update its representation 

of the terrain to include the newly discovered obstacle and a new path must be computed. 

The majority of research in planetary rover autonomy has focused on autonomous 

navigation in hazardous environments.  The ability to have some form of autonomous navigation 

is a requirement shared by rovers of all types.  Current Mars rovers implement autonomous 

navigational algorithms but operate semi-autonomously as operators on Earth assist with feature 

point selection and target positioning.  However, autonomous excavators will have much 

different navigational requirements than current rovers.  Exploratory rovers, such as those for 

prospecting or sampling missions, navigate through unknown territory on meandering paths 

 

NOTE—Source: [12]. 

Figure 2.10—The Scarab robot uses optical flow data to help navigate in the 

dark. 
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covering large distances.  In contrast, excavating rovers will ideally operate in known territory, 

close to the outpost where they will be performing construction tasks or offloading to a 

processing station.  Excavators collecting regolith for ISRU will likely follow a set raster pattern 

to excavate an even area.   

Figure 2.11 compares the path of the Mars Spirit rover with an example path of an 

excavating rover.  The Mars Spirit rover traveled approximately 8 km from its landing zone, 

while an excavator will operate within a defined area.  This has significant implications for 

autonomous navigation.  The area selected for excavation will likely be relatively free of above 

ground obstacles to simplify obstacle avoidance.  In addition, a pre-selected area means having a 

priori knowledge of the operating environment.  This opens up the possibility of using a pre-

generated global map containing locations of any known obstacles, which would assist in path 

planning.  Also, rather than having to localize using the surrounding environment, a localization 

 

(A)            (B)  

  

NOTE—Navigation path for the Mars Spirit rover (A) and an example path for an 

excavation rover (B).  Source:  NASA/JPL/Cornell University of Arizona. 

Figure 2.11—Example navigation paths for exploratory and excavation 

rovers. 
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infrastructure, such as a beacon system, could be implemented close to the pre-defined area.  

These operational differences would greatly simplify autonomy for excavation rovers, increasing 

their operational efficiency, which is a governing factor in excavator productivity [1].  Overall 

these differences lend excavation rovers to be more suitable for full autonomy, while exploratory 

rovers lend themselves more towards semi-autonomous operation.   

In addition to their different navigational requirements, excavating rovers will likely 

require additional levels of autonomy to operate effectively.  Rovers built for exploration or 

sample return will probably operate independently from one another, while excavators will need 

to work as a coordinated group to accomplish their tasks.  Furthermore, excavators will need to 

autonomously excavate regolith and dock and offload collected material to a processing station.  

The algorithms to accomplish docking and offloading could vary greatly in complexity 

depending on the excavator type that is implemented.  For example, a discrete excavator such as   

FEL would have much more complex movement than a continuous excavator such as a BWE. 

Even their obstacle avoidance will have additional requirements, as excavators will have to 

consider obstacles below the surface as well as above.  Autonomous excavators will also have to 

account for large changes in mass as they collect payload, as this will affect their ability to drive 

over obstacles or handle inclines. 
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CHAPTER 3 

RELATED WORKS 

3.1 Bucket Wheel Excavators 

There have been several studies that evaluate the possible performance of a BWE within 

the conditions of an extra-terrestrial mission.  Muff [8] performed a trade study comparing 

different excavation technologies for processing water on Mars.  The technologies he compared 

included a dragline, FEL, mining shovel/backhoe, scraper, auger, and BWE. He used four 

different selection criteria: mass dependent excavation, excavation duty cycle (the amount of 

time spent removing material compared to all other operations), hauling flexibility (whether the 

machine could be implemented to excavate, excavate and haul, or excavate, haul, and process 

materials), and large rock management (the excavator’s ability to operate around large rocks).  In 

his comparison, the BWE vastly outscored the other excavator types due to its continuous 

operation, optimal excavation force vectors, and small cutting profile.  He also evaluated a BWE 

prototype on a testbed, concluding that the required excavation forces and power requirements 

were adequately small for a lightweight excavator.  It is important to note, however, that this 

study was based on a specific implementation of a BWE, in a specific environment (rocky 

Martian surface), and for a specific purpose (water harvesting).  This thesis considers the use of a 

bucket wheel for multiple implementations and multiple environments (in particular the Moon 

and Mars). 
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Johnson and King [14] expounded on Muff’s work by improving the BWE testbed and 

conducting in depth tests measuring excavation force and power.  Their experiments were based 

on a bucket wheel designed for a 20 kg excavator.  Their conclusions agree with Muff’s in that 

bucket wheels produce low resistance forces suitable for a lightweight excavator.  They add the 

observation that BWE production rates are best improved by increasing rotation speed rather 

than bucket width or advance rate since the latter result in increased forces and increased mass. 

Mueller and King [15] performed a trade study on different excavator types, grading 

criteria such as capability, mining productivity, construction productivity, reliability, dust 

generation, power efficiency, maintainability, supportability, and versatility.  They conclude that 

a multipurpose excavator with a bulldozing blade and an arm suited for various attachments 

would be best suited for Lunar site work.  However, in their work they admit that the decision 

analysis is uncertain as most of the criteria are subjective.  They also weigh mining productivity 

very low, focusing instead on capability in construction tasks.  The focus of this thesis in on the 

application of a bucket wheel for ISRU-related tasks, in which mining productivity is a prime 

factor.   

In a similar study, King, Duke, and Johnson [16] reviewed excavator concepts for a small 

oxygen plant focusing on capability, ease of material transfer, reliability, and stability.   Unlike 

Mueller and King’s [15] study however, their trade study concludes that continuous excavators 

such as bucket wheels and bucket ladders are most desirable.  Johnson and van Susante [17] 

further this study by experimentally comparing the performance of a bucket wheel and bucket 

ladder prototype.  They conclude that the bucket ladder has significantly higher production rates 

while using less power since it combines the digging and transportation systems.  This 

conclusion is further supported by the high success rate of bucket ladder systems at previous 
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NASA RMC and Centennial Challenges, which require prototype robotic excavators to dig in 

Lunar regolith simulant [18].  While a seemingly promising technology, bucket ladder chains or 

belts are exposed directly to the soil and would likely deteriorate quickly due to the abrasive 

nature of regolith [1].   

Boles et al. [19] compared Lunar base construction equipment, estimating the mass and 

corresponding launch costs for various alternatives as well as productivity for various 

construction tasks such as leveling, excavating, lifting, and transporting.  The alternatives they 

present can be grouped into three general categories.  The first group consists of typical 

terrestrial machinery with track-type dozer excavators.  The second group consists of two small 

robotic multipurpose machines with various attachments, including a clamshell digger, sweeper 

excavator, and a blade/scoop.  The third group is similar to the second, but rather than two 

multipurpose machines there is one large multipurpose “supercrane”.   Weights and scores for 

the alternatives were determined by a group of experts.  The study concludes that the third group 

would be the optimal choice, as their calculations show it having the lowest launch mass, 

followed closely by the second group; with the first group having a substantially larger launch 

mass than the other two.  They note that this is due primarily to the large maintenance resupply 

mass required for the track systems of the first group.  While the study focuses on construction 

equipment as a whole rather than a detailed look at excavator types, it gives good evidence to the 

need for a “vigorous pursuit of innovative techniques” such as the multipurpose machines they 

present.  They end with a recommendation regarding the need for “a maximum departure from 

conventional methods”. 

Abu El Samid [20] investigates the possible benefits of an autonomous approach to Lunar 

excavation and construction using Boles et al. [19] as a baseline.  The author performs trade 



 

25 

 

studies for both manual and autonomous versions of the excavator alternatives presented in 

Boles et al. with the addition of new alternatives consisting of small autonomous robotic fleets, 

including a fleet of bulldozers, a fleet of FELs, and a fleet of BWEs.  Each alternative’s score is 

based primarily on required launch mass and productivity rates.  Productivity rates are 

determined based on computer simulations of different excavation scenarios.  The author 

concludes that the autonomous alternatives benefit from both a reduced launch mass and 

increased productivity; with the fleet of robotic bulldozers scoring the highest followed closely 

by the FEL and BWE fleets.  While this work shows promise for autonomous excavation, the 

evaluation of the different excavator types is questionable as there is evidence that continuous 

excavator types (such as the BWE) allow for much lower required mass compared to the discrete 

(bulldozer and FEL) alternatives [1]. 

Skonieczny [1] develops a task model for excavation site work along with the REMOTE 

(Regolith Excavation, Mobility & Tooling Environment) task simulator.  REMOTE computes 

metrics including task completion time, production ratio (weight of regolith moved per hour (the 

production rate), normalized by robot weight), and production efficiency (weight of regolith 

moved per unit of energy spent, normalized by robot weight).  Input parameters to the simulator 

include those that are task-related (hauling distance, cutting depth, etc.), system-related (speed, 

number of wheels, etc.), and environment-related (cohesion, friction angle, etc.).  Using 

sensitivity analysis, parameters governing system productivity are identified.  In all scenarios, 

payload ratio (mass of regolith carried relative to the mass of the robot), operational efficiency 

(amount of time spent executing a command relative to the amount of time waiting on a 

command), and driving speed have the most effect on productivity.  Skonieczny further verified 

these results through an experimental test with a prototype excavator.  A “lightweight threshold” 
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is defined which relates payload ratio, excavation thrust, and excavation resistance.  Excavators 

below this threshold exhibit reduced productivity as they lack the weight required to produce 

enough excavation thrust to overcome excavation resistance.  The work then shows that discrete 

excavators cross this threshold at higher weights than continuous excavators.  This is due to the 

fact that accumulating surcharge in a discrete bucket/blade adds to the excavation resistance 

during a cut.  As excavation resistance increases, mobility/traction begins to fail.  Continuous 

excavators avoid this by taking multiple, smaller cuts which results in a constant average 

excavation resistance.  While digging gets harder during a cut for discrete excavators, the 

opposite is true for continuous excavators.  As digging proceeds, collected regolith adds to the 

weight of a continuous excavator, which in turn increases its available excavation thrust.   This 

effect is further amplified by reduced gravity environments.  Skonieczny performs 1/6 g gravity 

offload experiments on a 300 kg excavator with both BWE and FEL attachments.  The BWE is 

able to continuously collect 0.5 kg/s without degradation, while the FEL production rate rapidly 

declines until the robot stalls at 20 kg of collected regolith.  The results show that not only can 

continuous excavators operate at a lower mass than discrete excavators, they can also achieve 

much higher payload ratios, which, as shown earlier in the work, is a governing factor in 

excavator productivity.  The results of Skonieczny’s work are the basis for the selection of the 

BWE excavator type in this thesis. 

3.2 Percussive Excavation 

 Research into the advantages of percussive excavation for space missions is still in its 

infancy.  Even so, for the past five years or so several papers have emerged which show promise 

for the technology.  Craft et al. [9] investigated the effects of a percussive scoop in Lunar 

simulant as an extension of a military project developed by Honeybee Robotics called the Rapid 
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Digging Tool (RDT).  Initially, they tested the downforce required for the RDT to penetrate a 

five gallon pail of compacted JSC-1A simulant both with and without percussion.  The test 

results revealed an orders-of-magnitude difference.  With percussion the average force required 

to penetrate was 3 lbs, while the non-percussive tests required an average of 93 lbs.  An image of 

the RDT can be seen in Figure 3.1 [9]. 

 The next set of tests used a prototype scoop developed for the Phoenix lander attached to 

a hammer drill that had been stripped of its rotary function.  The tests were performed in a Lunar 

simulant called FJS-1.  The first tests mimicked the tests performed with the RDT.  The results 

showed a 3-5X decrease in penetration force required for the percussive option, along with a 

reduced time to reach stalling depth and an overall deeper maximum digging depth.  For the next 

set of tests, the FJS-1 was mixed with water, compacted, and then frozen.  Without percussion 

the scoop was unable to penetrate the frozen regolith with downforces of up to 120 lbs.  With 

 

NOTE—Source: [9]. 

Figure 3.1—Rapid Digging Tool used for testing in JSC-1A. 
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percussion, however, the scoop was able to penetrate the material with less than 50% of the non-

percussive force.  These tests can be seen in Figure 3.2 and Figure 3.3 [9].  This last result has 

significant potential implications, as frozen regolith is expected to be a primary source of water 

for future space missions [4].  

 

NOTE--Source: [9]. 

Figure 3.2—Required downforce to penetrate FJS-1 with and without 

percussion. 

 

NOTE—Source: [9]. 

Figure 3.3—Required downforce to penetrate frozen FJS-1 with and without 

percussion. 



 

29 

 

 Following the work of Craft et al., Zacny et al. [3] refined the percussive scoop 

experiment to test a more controlled set of variables.  In their experiments, they set up a test 

stand consisting of a soil bin and a percussive scoop attached to a linear slide.  A series of 

pulleys and weights were attached to passively apply a constant downward force throughout a 

test.  Three different simulants were tested (GRC-1, GRC-3, and JSC-1A) at two different 

density levels.  Tests were performed both with and without percussion.  This setup can be seen 

in Figure 3.4 [3]. 

 The test results concurred with those of Craft et al., showing that percussion allowed for 

similar digging depths to be reached with significantly less force and within a shorter time 

period.  In addition, increasing the downforce from 5 N to 22 N for percussive tests resulted in a 

time decrease from 14 seconds to 3 seconds.  This implies time savings as well as energy savings 

 

NOTE—Source: [3]. 

Figure 3.4—Percussive scoop experimental setup. 
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since the percussive actuator is powered for a shorter period.  Another interesting result is that 

percussion becomes more advantageous the deeper the scoop is submerged into the soil.  The 

authors conclude that this is due to the effects of percussion on the increasing excavation 

resistance due to soil-tool adhesion.  As the scoop penetrates deeper, more surface area is in 

contact with the soil, which provides more frictional resistance.  In effect, the percussion greatly  

decreases the external friction angle between the soil and the scoop, allowing the soil particles to 

slide past the surface of the scoop with little frictional resistance.  Figure 3.5 shows the ratio of 

downward percussive force to downward non-percussive force as a function of depth [3].  The 

ratio in highly compacted soils could reach up to 45.  In terms of excavation, this means that a 50 

kg excavator could reach equivalent digging depths as a 2000 kg excavator.   

 Zacny and Mueller [4] expanded on these results by developing a parametric worksheet 

for sizing Lunar excavators.  Input parameters include properties for rover (mass, speed, etc.), 

 

NOTE—Source: [3]. 

Figure 3.5—Force ratios between percussive and non-percussive tests vs 

depth. 



 

31 

 

scoop/blade (vibration, width, etc.), soil (internal friction angle, cohesion, etc.), battery (energy 

density, charge rate, etc.), and task (volume, distance from base, etc.).  The worksheet calculates 

power, time, and energy for different excavator tasks.  As a case study they compare the 

tradeoffs for digging cable trenches with and without percussion.  The results show that the 

percussive option would require much more energy (and 800 kg of batteries), however would 

only weigh 200 kg compared to a 3000 kg no  n-percussive excavator.  They conclude that the 

mass advantage of the percussive system far outweighs the energy tradeoff, as energy is a local 

resource potentially available on the Moon through solar power. 

 Green [10] has performed the most controlled tests for percussive excavation on Lunar 

soil thus far.  Using the same Surveyor-style scoop as Zacny et al., Green constructed a test stand 

apparatus consisting mainly of a percussive scoop, a soil bin, and a penetrometer to measure soil 

relative density.  For each test, the scoop and soil parameters would be set and the soil bin would 

be forced horizontally against the scoop to simulate and excavation cycle.  A diagram of this test 

stand can be seen in Figure 3.6 [6]. 

 

NOTE—Source: [6]. 

Figure 3.6—Schematic of the percussive test stand apparatus. 
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 In this work, 125 tests were conducted monitoring six different control variables 

including: frequency of percussion, percussive impact energy, the angle of the scoop relative to 

the surface, excavation speed, excavation depth, and soil relative density (using JSC-1A 

simulant).  Excavation forces were measured for each test.  After analyzing the data, Green 

discovered several relationships that are crucial to the understanding of the design of a 

percussive excavator.   

The most important variable for percussive excavation is frequency.  As the frequency 

between impacts increases throughout the tests, the excavation resistance decays exponentially, 

approaching an asymptotical limit of around 80% force reduction.  In fact, once a high enough 

frequency is reached, there is little to no difference in excavation forces between low density and 

high density soil.  Given the linear relationship between power and percussive frequency, and the 

exponential relationship between excavation resistance and percussive frequency, an excavator 

could be designed for an optimized frequency giving the highest ratio of force reduction to 

power required. 

 Similarly, the impact energy (measured in joules per blow) was increased throughout 

several of the tests.  Interestingly, the results show that an increase in impact energy had little to 

no effect on the excavation resistance if the other control variables remain the same.  This means 

that once an adequate impact energy level is met, any increase would simply result in a waste of 

power. 

 Finally, Green concludes that the reduced forces observed in percussive excavation are 

due to a reduction in soil dilatancy.  This effectively eliminates the formation of failure planes 

along with the corresponding spikes in excavation resistance.  In addition, since soil dilatancy is 

a determining factor of a soils internal friction angle, the overall shear strength of the soil is 
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reduced.  This is why, with adequate levels of frequency and impact energy, there is little 

difference in excavation resistance between high density and low density soils during percussive 

excavation.  The soil particles around the percussive blade are kept in a constant disorganized 

and incompact state, flowing easily around each other and the blade surface.  In essence, the 

primary effect of percussion for excavation is that it nullifies the effects of soil density. 

Mueller et al. [21] took a similar approach to Green but on a larger scale.  They 

performed percussive excavation tests on a large bin of Lunar regolith simulant using a backhoe- 

style excavator deemed VIPER (Vibratory Impacting Percussive Excavator for Regolith).  The 

bin contained several tons of BP-1, which is a low-cost but high fidelity simulant from the Black 

Point lava flow in northern Arizona [22].  The test stand consisted of a simple truss structure 

with a pivoting arm that allowed the bucket to excavate in an arc.  The control variables 

consisted of a subset of those presented in [10], namely excavation speed, frequency of 

percussion, and impact energy.  Each control variable was tested at three different values.  

Excavation forces were measured throughout each test.  A schematic of the test stand can be seen 

in Figure 3.7 [21]. 

 Several tests were performed for each unique combination of control variables, and the 

average maximum excavation resistance was computed.   Load reduction percentages were 

compared against the non-percussive tests for each of the three speed values.  The results 

generally agree with the findings of [10], however, some of the differences are puzzling.  The 

non-percussive excavation forces for the highest speed were actually lower than those for the 

middle speed.  Also, while excavation forces did decrease from non-percussive to percussive 

tests, the trends quickly flatlined and sometimes increased as the percussive frequency increased, 

rather than continuously decreasing.  The authors suggest that these differences could have been 
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caused by the changes in scale, method of excavation (scoop/plow vs backhoe), method of 

percussion, method of energy transfer (rotational pivot vs linear slide), or environment (outside 

and exposed to heat and humidity vs inside).  

3.3 Planetary Rover Power Systems 

 In the past planetary rover power systems have generally consisted of some combination 

of batteries, solar arrays, and RTGs.  These rovers were designed to operate independently, 

without the aid of outside resources.  Their miss  ions were largely focused on exploration, with 

power systems designed for low power movement and the occasional power hungry instrument.   

 Jiang and Zhang [23] take an in depth look into the design of an electrical power system 

for a Mars rover similar to the MER rovers.  They determine that lithium ion batteries are 

 

NOTE—Source: [21]. 

Figure 3.7—Test stand setup for VIPER. 
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currently the most advantageous battery technology due to their high specific energy and energy 

density, long cycle life, improved low temperature performance, low self-discharge, and high 

charge/discharge efficiency.  Their final design includes solar arrays for a primary source of 

power, lithium ion batteries, and a small RTG for auxiliary power. 

 Freundlich et al. [24] look into future rover power generation options via a specialized 

rover that can manufacture solar arrays on the Moon.  The rover contains solar arrays to power 

its operation and parabolic collectors/concentrators to harness solar heat energy.  The parabolic 

collectors couple into fiber optic cables, allowing the rover to redirect collected heat directly 

onto surface regolith to melt the regolith into glass used for solar panels.  The rover proceeds to 

deposit the remaining layers and interconnects required for the array using materials directly 

produced on the Moon.  In this manner solar arrays are continuously deposited directly on the 

Lunar surface, eventually forming a field of power generating solar arrays that could provide 

enough energy for a Lunar outpost, or a power station for Lunar excavators.  They conclude the 

study with a cost analysis, determining that a fully local production system would become cost 

effective if designed to produce power in the 10 GW range or higher. 

 Harrison et al. [25] describe a design for a next generation Lunar rover known as the 

“Chariot” rover.  The prototype vehicle is a multipurpose, reconfigurable, modular Lunar surface 

vehicle.  The Chariot was designed as an improvement on the Apollo LRV.  The result is a six-

wheeled rover with adaptive suspension and all-wheel independent steering, and capable of 

accommodating up to four crew members.  The multipurpose chassis can be equipped with a 

bulldozing blade to accomplish excavation and construction tasks, as seen in Figure 3.8.  The 

Chariot is powered by eight 36 V 60 Ah lithium ion battery packs with a maximum battery 

output of 120 A.  Unlike the LRV, the Chariot’s batteries are rechargeable; however, it does not 
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come with any onboard power generation such as solar arrays or RTGs.  The Chariot is 

specifically designed for a long term Lunar mission, and will depend on a recharging station to 

replenish lost battery power. 

As planetary rovers continue to grow in size and functionality, their power requirements 

will continue to grow as well.  This will be especially true for planetary excavators, which will 

require power to operate digging mechanisms in addition to their mobility systems.  Excavation 

rovers will also have to handle increased loads due to onboard regolith transportation.  This will 

likely lead to rovers similar to the Chariot design with large battery packs capable of high current 

output.  It is unlikely that robotic excavators will operate alone as current rovers do, rather they 

will work alongside similar rovers, operating in a pre-defined area close to a planetary outpost.  

This would allow for power stations where rovers could recharge or swap out their batteries, and 

would eliminate the need for onboard power generation. 

  

NOTE—Source:  NASA. 

Figure 3.8—NASA’s Chariot rover configured as a bulldozer excavator. 
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3.4 Planetary Rover Autonomy 

As future planetary missions develop there will be a growing need for semi-or fully- 

autonomous systems including autonomous rovers.  Improvements in sensor technology and 

lowered costs have enabled a wide audience of university groups to research real world 

applications of autonomous rovers.  While there are many works focused on autonomous 

operation, few have explored operating within the realm of excavation. 

Wettergreen et al. [12] applied autonomous navigation algorithms to the Scarab robot to 

perform analog field tests for a Lunar-crater prospecting mission.  They developed terrain 

modeling, path planning, and motion control to enable Scarab to navigate autonomously in 

unknown terrain on kilometer scales.  Scarab incorporated a TriDAR multipurpose 3D scanning 

laser system that contains both laser triangulation and laser time-of-flight modes.  The rover 

scans the terrain ahead with a 30 degree square field-of-view at intervals based on driving (3 m), 

turning (10 degrees), or time (100 s).  Algorithms developed in the work merged subsequent 3D 

scans to model 3D structure of the terrain over a large extent.  Between scans an onboard inertial 

measurement unit (IMU) and an optical ground speed sensor are used to estimate position and 

velocity.  The field tests performed were executed in a semi-autonomous manner where the 

operator specifies navigational goals while the autonomous system calculates intermediate goals.  

To choose a path, the path planning algorithm generates a cost function based on a combination 

of a near-field safety analysis (based on slope and collision hazards) with a far-field progress 

analysis (based on an A* search for the goal).  Using this system the Scarab rover successfully 

navigated several analog missions that involved traveling at least 3 km at night and descending 

into a crater.  Images displaying real-time terrain modelling side-by-side with photos of resulting 

autonomous operation can be seen in Figure 3.9. 
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Although the mission parameters in this work call for a Lunar prospector robot, the same 

navigational techniques could be applied to an autonomous Lunar excavator.  However, while 

prospecting rovers such as Scarab traverse in meandering paths over km distances, an excavator 

would likely operate in a predefined area close to an outpost with few above ground obstacles, 

following a set raster pattern.  This would result in reduced travelling distances and simplified 

navigational algorithms, allowing for faster decision making and more efficient autonomous 

operation.  

Similarly, Faulkner [26] explores the details required to autonomously navigate a robotic 

excavator through a case study in the form of the University of Alabama 2014 RMC submission:  

the Modular Autonomous Robotic Terrestrial Explorer (MARTE).  The competition 

requirements  call  for  competing  excavators  to  navigate  across  an  obstacle  area  consisting  

of rocks and craters, excavate regolith simulant, navigate back through the obstacle area, and 

 

NOTE—Images of the terrain model with actual rover tracks (left) and photos of 

Scarab autonomously descending into a 9 m deep sand pit (right).  Source: [12]. 

Figure 3.9—Images of autonomous operation for the Scarab rover. 
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deposit excavated material into an elevated collection bin.  Competing robots are allowed two 

ten minute runs and are scored based on a point system that includes aspects such as excavator 

mass, mass of regolith collected, and a heavy emphasis on autonomous operation.  The UA team 

was the first to complete a fully autonomous run using obstacle detection and path planning.   

MARTE utilized a LIDAR mounted on a pan-tilt gimbal system along with an IMU.  The 

gimbal allowed for the LIDAR to take 3D point cloud scans of the obstacle area for obstacle 

detection and 2D scans of the arena walls for localization.  The IMU data was used to actively 

stabilize the LIDAR during scans and provided additional yaw data to assist in localization and 

break any arena symmetry.  The autonomous system used Euclidean clustering to analyze the 

pointcloud and detect rocks and craters.  This data along with localization data were used as 

parameters in an A* algorithm to plot a safe course across the obstacle area.  A visualization of 

the autonomous navigation data used by this system can be seen in Figure 3.10.  Protruding 

obstacles (such as rocks and the arena walls) are represented in red and craters are represented in 

blue.  The path calculated using an A* algorithm is shown along with waypoints showing goal 

position and orientation [13].  

 

NOTE—Source: [26]. 

Figure 3.10—Example of navigation data used by MARTE. 
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Few studies exist that focus on the cooperative control of multiple robotic excavators.  

Thangavelautham et al. [27] investigated using a high-level, multi-robot control system 

implementing an Artificial Neural Tissue (ANT) architecture to accomplish ISRU excavation 

tasks.  The example task presented is to excavate a predetermined area to a set depth to simulate 

a hole for a nuclear power source.   A Darwinian selection process is used to generate an optimal 

controller based on environmental properties (such as the number of robots and the map size) 

and a collection of basic behaviors.  The robots share a common localization map to determine 

an individual robot’s proximity to other robots.  For multi-robot solutions, no direct robot-to-

robot communication is used.  Robots instead communicate through the use of stigmergy, which  

is a form of indirect communication mediated through the environment, allowing the evolved 

controllers to achieve a level of self-organization necessary to achieve a global goal.  The authors 

explain that the need for such a controller becomes more prominent as the number of robots 

increases and the tasks become more complex.  Even semi-autonomous systems operating with a 

human scheduler become subject to saturation when a human operator cannot attend to any more 

robot tasks.   

These high-level behavioral controllers are inherently affected by the complexity of the 

robots they command.  The robots in [27] did not have to account for ISRU-related excavation 

tasks such as docking and offloading to a processing station, which add to controller complexity.  

As such, evaluation of the simulations and comparison of real world results benefit from reduced 

complexity of individual robot systems.  This thesis argues that a percussive BWE benefits from 

such reduced operational complexity when compared to common discrete excavation systems 

such as FELs.   
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Sandel [28] describes in detail a robotic controller architecture known as the Robotic 

Architecture for a Modular Platform (RAMP) and its implementation in the University of 

Alabama MARTE platform.  The RAMP architecture is unique in that it allows for the 

autonomous system to be treated as a removable module, allowing for flexible switching 

between teleoperated and autonomous control of the robot, and complete removal of the 

autonomy hardware if desired.  In his work, Sandel describes the three main paradigms for 

autonomous architectures: deliberative, reactive, and deliberative/reactive hybrids.  Deliberative 

controllers continuously cycle through three states of sensing, planning, and acting.  The serial 

nature of these controllers simplifies their implementation, but comes with a performance cost 

due to bottlenecking.  Reactive controllers forgo the planning stage through parallel behaviors 

that read sensor inputs and react according to the behavior definition.  These behaviors must be 

combined in such a way that defines the overall operation of the system, which is often a 

complicated task.  This is the type of controller described in [27].  The hybrid paradigm 

combines the behaviors of the reactive approach by reintegrating an overall planning component.  

This keeps the performance benefit of the reactive paradigm while simplifying the controller by 

allowing the operation of the system to be defined explicitly in the planning component.  This is 

the type of controller implemented by the Scarab rover [12], and is also the paradigm used by 

RAMP.   

The paper concludes with a case study of the MARTE platform operating as an 

autonomous excavator.  A photo of the MARTE robot implementing a continuous bucket ladder 

excavator (BLE) can be seen in Figure 3.11.  Sandel explains that the planning portion of the 

hybrid RAMP architecture exists as a high level Executive Layer which calls functions such as 

“Excavate” and a Functional Layer that implements functions such as “Excavate” depending on 
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the type of module attached.  In this example, the BLE “Excavate” functionality simply drives 

the  bucket  ladder  motors,  lowers  the  excavation  system,  and  moves  forward.  However, 

this functionality would likely differ with a discrete excavator, requiring a more complex 

controller.    

The ability of Sandel’s controller to accept multiple excavation modules could prove 

essential for future planetary missions.  Several studies have expressed the need for multipurpose 

excavation machines due to the varying requirements of different excavation tasks [19], [15].  

For example, a bulldozer would be ideal for flattening an area while a BWE would work better 

for collecting material for ISRU processing.  A modular system could allow for a single robot to 

accomplish multiple tasks while reducing launch mass compared to a set of dedicated excavators.

 

NOTE—Source: [28]. 

Figure 3.11—The MARTE robot implemented as a BLE. 
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CHAPTER 4 

PERCUSSIVE BUCKET WHEEL CONCEPT 

4.1 Concept Origin 

 Planetary excavation is a challenging prospect.  Future space missions will require 

lightweight robotic excavators for ISRU and construction tasks.  These excavators must be able 

to overcome their diminished available excavation thrust due to their reduced mass and the 

reduced gravity environments in which they operate. Skonieczny [1] has shown that continuous 

excavators are able to operate with less mass than their discrete counterparts and can achieve 

higher production rates.  He chose the BWE as the base technology for an excavator prototype 

due to its simple operation and robust nature.  In addition, recent work has shown that applying 

percussion to a planetary excavator can greatly reduce the excavation thrust required to penetrate 

dense regolith.  However, to date percussive tests have been limited to discrete excavator scoops 

and shovels.  It is the goal of this thesis to analyze the potential pros and cons of combining the 

continuous and percussive excavation technologies on a planetary rover, specifically focusing 

on: 

 - Electrical robustness 

 - Power consumption 

 - Autonomous operation  
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4.2 Electrical Robustness 

4.2.1 Background 

 Excavation on the Moon or Mars will require excavators to be extremely robust due to 

the harsh environments and the high cost of maintenance.  Little research has been done on the 

general maintenance requirements of planetary excavators.  It is expected that the general nature 

of the excavation task along with the abrasive nature of regolith and rock encounters will create 

maintenance challenges such as current spikes.  Zacny et al. [4] estimated that a Lunar outpost 

would require 4500 m
3
 of regolith to be excavated.  Carrier [2] estimated for there to be at least 

one 40 mm sized rock or larger for every 0.2 m
3
 of Lunar regolith.  This equates to a total of 

22,500 possible rock encounters during excavation of a Lunar outpost.  In addition, preliminary 

data from Mars suggests that the surface is scattered with rocks.  Data from Viking missions 

showed that roughly 25% of the surface was covered with rocks larger than 30 cm [8].  Figure 

4.1 shows an image taken by the Spirit Mars rover after it landed, displaying a Martian landscape 

marked with rocks.  Planetary excavators on both the Moon and Mars will need a robust way to 

handle rock encounters.  

Skonieczny [1] acknowledges the challenge that rocks present for planetary excavators, 

and shows evidence for rocks producing large spikes in excavation resistance during a prototype 

BWE test in BP-1 simulant, which, unlike other simulants, contains naturally occurring rocks. 

Figure 4.2 shows this data compared to tests done in GRC-1 simulant [1].  In a non-percussive 

electromechanical excavation system, large spikes in excavation resistance lead directly to large 

spikes in motor currents.  Without a system in place to limit these current spikes, frequent rock 

encounters could shorten the lifespan of the motors.  However, it can be shown that a percussive 
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BWE has the potential to nullify these spikes along with an improved ability to dislodge rocks in 

its path.  To test this theory an experimental percussive bucket wheel is tested as part of this 

project. 

 

 

NOTE—Source:  NASA. 

Figure 4.1—An image displaying a sample of rock frequencies found on 

Mars. 

 

NOTE—Source: [1]. 

Figure 4.2—BWE test data showing large spikes in excavation resistance due 

to rocks. 
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4.2.2 Experimental Prototype 

The experimental prototype consists of a bucket wheel driven by an impact driver that 

interfaces into a gearbox.  A frame structure holds the components in place and interfaces to a 

rail system on top of a bin containing BP-1 regolith simulant.  To perform excavation tests, a 

linear actuator is mounted at the end of the bin that can advance the frame through the bin while 

the bucket wheel collects regolith.  Current and voltage are measured for both the bucket wheel  

motor and the actuator throughout each test, and a load cell placed between the frame and the 

actuator is used to give a measurement of excavation resistance.  To test both percussive and 

non-percussive excavation, a small 3D printed part can be placed inside the impact driver 

preventing the hammering mechanism from engaging as the bucket wheel turns.  A laptop 

executing custom control software implements a proportional controller that focuses on 

maintaining a constant excavation resistance by varying the advance rate of the actuator.  A 

complete description of the experimental prototype can be found in Appendix A. 

 To gauge some of the characteristics of the system, several tests were performed in 

compacted BP-1 with all rocks removed.  Throughout each test, the excavation resistance 

fluctuates due to varying levels of soil density as the bucket wheel advances through the regolith.  

When comparing the feedback data for percussive and non-percussive tests, it can be seen that 

the percussive system contains a built-in current threshold feature.  For non-percussive tests, 

there is a linear relationship between the bucket wheel motor current and the excavation 

resistance sensed through the load cell.  However, for percussive tests, once the excavation 

resistance reaches a level high enough to engage the percussion, the current is effectively limited 

regardless of any increase in excavation resistance.  Since the motor driving the percussion is 
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also driving the bucket wheel rotation, the motor can never be stalled regardless of the resistance 

encountered.  Even if the bucket wheel stalls on a rock, the motor will continue to spin, driving 

the percussion system.  This effectively thresholds the motor current and protects the motor from 

large current spikes such as those observed during rock encounters.  This current threshold effect 

is shown in Figure 4.3.   

Without this mechanical threshold, the drive motor would need to be protected from high 

currents, and this protection would have to be accomplished through additional hardware and 

software.  Limiting the current in software would require an additional control loop that could 

reduce the power output of the motor controllers when a high current is sensed.  Such software 

control would not be as responsive or reliable as the mechanical threshold.    

To observe the effects of rocks on non-percussive and percussive systems, small rocks 

were integrated into the compacted BP-1 simulant.  During non-percussive tests, the bucket 

 

NOTE—Data taken from one percussive and one non-percussive test shows how 

the percussive actuation acts as a threshold for the bucket wheel current. 

Figure 4.3—Percussive current threshold effect. 
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wheel typically excavates successfully for several seconds with a few current spikes from rock 

encounters, until a rock is encountered that stalls the bucket wheel. At this point the experiment 

is terminated to protect the bucket wheel motor.  However, during percussive tests, the current 

remains at the percussive threshold throughout the test, regardless of any rock encounters.  In 

addition, when a rock is encountered that stalls the bucket wheel (but not the drive motor), the 

percussive forces eventually shake the rock loose and allow the bucket wheel to continue until it 

completes its run.  Figure 4.4 shows current readings from one percussive and one non-

percussive test.   In this particular pair of tests, the non-percussive bucket operated until it stalled 

and the test was stopped.  The bucket wheel was then reset at the stall location in the bin without 

altering the state of the soil.  This was done to see if the percussive version could overcome the 

same obstacle that the non-percussive bucket wheel encountered.  The chart demonstrates that 

the percussive bucket wheel completed its 90 s cycle and indeed continued to operate until the 

last rock obstacle was removed. 

4.3 Power Consumption 

4.3.1 Background 

Planetary excavation will require much more power than current exploration rover 

designs.  Onboard power supplies will likely come in the form of large battery packs that will be 

swapped or recharged at a charging station.  Percussive excavation has been shown to reduce the 

amount of force required to excavate Lunar or Martian regolith.  Such a reduction in excavation 

resistance implies a reduction in power to supply excavation thrust; however, this power 

reduction is offset by the power required by the percussion system.   
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NOTE—Non-percussive currents spike during rock encounters and eventually reach stall current, forcing the 

experiment to terminate.  Percussive currents remain at the threshold set by the motor regardless of any rock 

encounters.  The percussive bucket wheel continues to operate until all rocks have been removed from its path. 

Figure 4.4—Current levels during percussive and non-percussive excavation. 
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4.3.2 Power Analysis Model 

 Green [10] developed a model that simulates excavation forces for a percussive scoop.  

His model takes in parameters that include scoop geometry, excavation depth, percussive 

frequency, excavation speed, and impact energy, and calculates the excavation resistance.  This 

thesis expands on Green’s model by using its output to analyze the power consumption of a 

percussive bucket wheel.  Green’s model is based on a percussive scoop travelling horizontally 

through regolith.  While a bucket wheel scoop travels in an arc rather than horizontally, his 

model can still represent a close approximation if one assumes that the bucket wheel scoop is at 

its lowest point, where its tangential motion is horizontal.   

The power analysis model presented in this section can give insight into the process of 

choosing design parameters of a percussive bucket wheel optimized for power efficiency.  To 

simplify this process, scoop geometry and excavation depth are set to match the parameters of 

the prototype described in Appendix A.  This then leaves excavator characteristics of percussive 

frequency, excavation speed, and impact energy to be evaluated. 

To begin, the percussive frequency is varied over a range for some constant excavation 

speed and impact energy.  Regardless of the specific values for speed and energy used, Green’s 

model shows that once a certain frequency threshold is passed, the excavation resistance will 

decrease as the frequency increases.  Figure 4.5 shows an example plot of excavation resistance 

vs percussive frequency as computed by Green’s model for an arbitrary excavation speed and 

impact energy.  Eventually the rate of force reduction slows down and approaches an 

asymptotical limit.   

The output of Green’s model, the excavation resistance vs the percussive frequency as 

shown in Figure 4.5, is used to further the analysis to include power consumption.  Specifically,  
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NOTE—As the percussive frequency increases, excavation resistance decreases 

exponentially. 

Figure 4.5—Excavation resistance vs percussive frequency. 

 

NOTE—As the percussive frequency increases, power increases linearly. 

Figure 4.6—Power vs percussive frequency. 
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as the excavation force decreases over the range of percussive frequencies tested, the 

corresponding power consumption increases.  Figure 4.6 shows the corresponding power vs 

percussive frequency plot.  The plot displays three power properties defined by the following 

equations: 

   Pe  =  Fr * ve                             (3) 

Pp  =  Ei * fp               (4) 

Pt  =  Pe + Pp              (5) 

where 

  Pe  is Excavation Power (W) 

Fr is Excavation Resistance (N) 

  ve is Excavation Speed (m/s) 

  Pp is Percussive Power (W) 

Ei is Impact Energy (J/blow) 

fp is Percussive Frequency (blows/s)  

Pt  is Total Power (W) 

While the required excavation power due to excavation resistance does decrease as the 

percussive frequency increases, this is overshadowed by the increase of power due to the 

percussion system.  However, given the exponential relationship between percussive frequency 

and excavation resistance, and the linear relationship between percussive frequency and power, 

one optimal frequency can be found that produces the highest ratio of force reduction to power 

for the same speed and energy inputs [10]. Figure 4.7 shows this relationship and the resulting 

optimal frequency.  Figure 4.8 and Figure 4.9 display the corresponding force reduction and total 

power for this optimal frequency. 
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NOTE—An optimal frequency exists that maximizes the ratio of force reduction 

to power. 

Figure 4.7—Force reduction/power vs percussive frequency. 

 

NOTE—Excavation resistance at the optimal frequency. 

Figure 4.8—Excavation resistance vs percussive frequency. 
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While this process gives the optimal percussive frequency that maximizes the force 

reduction to power ratio for a given excavator configuration, more analysis is needed to 

determine the remaining optimal parameters for an excavator design.  Specifically, a set of 250 

simulations was executed, each with a different combination of excavation speed (0 to 2.5 in/s) 

and impact energy (1 to 10 J/blow).  Each simulation varied the percussive frequency from 0 to 

5000 BPM, and computed the optimal frequency based on the highest force reduction to power 

ratio as described above.  For each simulation several additional factors were computed 

including: 

FR  =  1-(Fo/Fs)              (6) 

ηprod  =  ṁ/Po                (7) 

ṁ  ∝  ve               (8) 

 

NOTE—Total power at the optimal frequency. 

Figure 4.9—Power vs percussive frequency. 
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where 

  FR is Force Reduction (%) 

Fo is Optimal Excavation Resistance (N)   

Fs  is Static (Non-Percussive) Excavation Resistance (N)  

ηprod is Production Efficiency (kg/Ws) 

ṁ is Production Rate (kg/s) 

Po is Optimal Power (W)     

For each simulation, all of the above characteristics are computed for the specific optimal 

frequency.  The exception to this is the static excavation resistance which is independent and 

unrelated to percussive frequency. 

Rather than directly calculating the production rate (the rate at which the excavator 

collects regolith), which is difficult to estimate for a bucket wheel, it is noted that the production 

rate is directly proportional to the excavation speed, or the speed at which each bucket wheel 

scoop travels through the regolith and is filled.  Therefore, to obtain a score for production 

efficiency in the analysis model, the excavation speed is substituted for the production rate in the 

calculations: 

 ήprod = ve/Po                  (9) 

where 

  ήprod is Production Efficiency Score (normalized value) 

 Using the data computed for each optimal frequency, the next step is to find an 

excavation speed that optimizes power usage.  This optimized excavation speed is determined by 

comparing all the excavation speeds against the production efficiency scores.  Figure 4.10 shows 

this comparison, along with the corresponding average force reduction percentage.  As the 
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excavation speed increases, the average production efficiency score increases following a 

logarithmic curve.  This would imply that the highest excavation speed achievable should be 

chosen to maximize production efficiency.  However, it seems unlikely that an extremely high 

excavation speed would come without negative side effects.  Indeed, observing the average force 

reduction curve reveals that the reduction percentage peaks at a certain range of speeds and then 

begins to decrease linearly.  If the excavation speed were to increase significantly enough, the 

force reduction could be negated entirely, removing the advantage of percussion altogether and 

degenerating to non-percussive excavation performance with wasted percussive power. 

Therefore, an excavation speed should be chosen that maximizes production efficiency while 

minimizing loss in force reduction.  

 

NOTE—Varying the excavation speed shows that there exists an optimal speed 

that balances high force reduction with high production efficiency. 

Figure 4.10—Force reduction and production efficiency score vs excavation 

speed. 
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NOTE—Both the optimal percussive frequency and the production efficiency 

decrease as the impact energy increases. 

Figure 4.11—Percussive frequency and production efficiency score vs impact 

energy. 

Once an optimal excavation speed is chosen, impact energy remains as the final variable 

to optimize.  Figure 4.11 shows a plot of average optimal percussive frequencies and average 

production efficiency scores for different impact energies.  For any given excavation speed, both 

the optimal percussive frequency and the production efficiency decrease as the impact energy 

increases.  This would imply that, to maximize production efficiency, a percussive bucket wheel 

should implement a very low impact energy with a corresponding high percussive frequency.  

However, it is unreasonable to think that an infinitely small impact energy percussing at an 

infinitely high frequency would have any reduction effect on excavation resistance.  In addition, 

Green states that, for any given configuration, there likely exists an impact energy threshold 

below which percussion is less effective, and above which any additional increase in impact 
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energy is superfluous and simply results in wasted energy (or in excavator terms, reduced 

production efficiency) [10].  Therefore, to optimize a design, the lowest impact energy should be 

chosen that remains above this threshold. 

4.3.3 Design Comparison 

 It’s clear that a percussive BWE rover would gain the advantage of reduced excavation 

resistance (and therefore reduced mass) while suffering from an increase in power consumption 

compared to non-percussive versions.  To gain perspective on this tradeoff, two BWE designs 

are compared using the power analysis simulation data: one without percussion, and one with 

optimal parameters for percussion.  Following the process from the previous section, the scoop 

geometry and excavation depth for both designs are set to match the parameters of the prototype 

bucket wheel in Appendix A.  Next, an excavation speed is chosen that maximizes production 

efficiency while minimizing loss in force reduction (see the “Average Optimal Excavation 

Speed” highlighted in Figure 4.10).  To select an optimal impact energy, the lowest impact 

energy is chosen that reflects the impact energy and percussive frequency values tested by Green 

to give a measure of empirical basis, since the limits on low impact energy/high percussive 

frequency are not currently known.  Given the optimal excavation speed, optimal impact energy, 

and resulting optimal percussive frequency, enough information is available to perform the BWE 

design comparison.  This optimal data set is highlighted in Table B.1 of Appendix B. 

Table 4.1 compares the resulting excavator mass and total power between the percussive 

and non-percussive designs, assuming equivalent excavation speeds and production rates.  

Expanding on this data, Table 4.2 calculates the batteries required for a total excavation goal of 

150 kg.  It is unlikely that a 20 kg rover could carry a 150 kg load, so it is assumed that this goal 

is met over multiple dig/dump cycles.  For simplicity this ignores power used for non-excavating 
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operations such as navigating and offloading.  While the percussive BWE requires nearly 20 

times the battery mass, the total excavator mass is still only 40% of the non-percussive BWE.  

This savings in mass more than justifies the increase in power due to the high launch costs. 

Table 4.1—BWE mass and power comparison. 

Excavator Property Percussive BWE Non-Percussive BWE 

Excavation Speed (m/s) 0.03556 0.03556 

Percussive Frequency (BPM) 1600 0 

Impact Energy (J/blow) 2 0 

Est. Production Rate (kg/s) 0.040 0.040 

Excavation Resistance (N) 33.67 82.49 

Est. Excavator Mass (kg) 20 50.5 

Total Power (W) 54.53 2.93 

 

Table 4.2—Battery requirements for an example task. 

Excavator Property Percussive BWE Non-Percussive BWE 

Excavation Mass Goal (kg) 150 150 

Total Time (min) 62.5 62.5 

Total Energy Used (Wh) 56.8 3.05 

Mass of Lithium Ion Battery (kg) 0.568 0.0305 

Total Excavator Mass (kg) 20.6 50.5 

NOTE—Assuming ideal power transfer. 

4.4 Autonomous Operation 

 One of the advantages to continuous excavators is that they are inherently simpler to 

control than discrete excavators [1].  This can be seen when comparing a FEL or backhoe to a 

BWE.  Rather than having multiple joints to articulate, a BWE has a simple spinning wheel that 

is lowered to excavate.  Discrete excavators usually require a highly skilled and trained operator 

to function efficiently.  These skills are hard to replace with automation, whereas the continuous 

nature of continuous excavators lends them towards autonomous operation.   

For example, to excavate with a FEL an operator would have to lower the bucket to a 

certain height relative to the ground, angle the bucket steep enough to excavate but not too steep 
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as to jam into the ground, and drive forward a certain distance, monitoring the bucket and 

adjusting the bucket height and angle as it fills.  If the bucket could not be filled in one pass, the 

operator would have to lift the bucket, back up, and repeat the process.  On the other hand, to 

excavate with a BWE, an operator would simply have to rotate the bucket wheel, lower the 

bucket wheel into the regolith, and drive forward until the onboard storage was filled. 

Similarly, docking and offloading operations vary in complexity between continuous and 

discrete excavators.  Figure 4.12 and Figure 4.13 show an FEL and BLE (respectively) docking 

and offloading at the NASA RMC.  The FEL must first raise its bucket arm and articulate the 

bucket so that it can clear the offloading bin.  The excavator then drives forward until the bucket 

centered above the bin.  The bucket is then articulated down to release the excavated regolith 

into the bin.  Before the excavator undocks it must again articulate the bucket to a height that 

clears the bin.  Finally the FEL drives away from the bin and lowers the bucket arm to a height 

suitable for navigation.  Each of these movements must be carefully executed to keep from 

overshooting or colliding with the bin.  In contrast, continuous excavators typically store their 

 

Figure 4.12—A FEL offloading at the NASA RMC. 
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collected regolith in a central onboard container.  This allows for much simpler offloading 

techniques such as offloading with a conveyor belt or simply tilting the onboard container.  In 

Figure 4.13 the BLE simply drives toward the bin until it senses contact with the bin wall.  It 

then raises the onboard container until all the regolith is offloaded, lowers the container, and 

undocks, ready to continue excavating.  This method only requires one moving part and benefits 

from easily determined positional values. 

There are many methods of autonomously navigating around obstacles that are visible 

from the surface.  Excavation rovers can implement many of the same technologies as other 

types of rovers.  However, excavators have the unique challenge of having to negotiate with 

obstacles that are hidden underneath the surface in the form of submerged rocks.  This is a 

particularly  difficult  challenge  in  that  there  are  few  ways  for  an  autonomous  excavator  to 

determine the exact size of any rocks encountered.  As mentioned in section 4.3.3, a percussive 

BWE gains an advantage during these rock encounters due to its enhanced ability to push the 

rocks out of the way.  This advantage has an impact on autonomous operation as well. 

 

Figure 4.13—A BLE offloading at the NASA RMC. 
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 For an ISRU-oriented excavation task, it is safe to assume that the terrain selected for 

excavation has been pre-examined by a robotic prospector and determined to be free of large 

surface obstacles.  The prospector could even drill samples in a grid pattern to guarantee the 

absence of any large submerged rocks.  However, it would most likely not be able to guarantee 

the absence of all rocks large enough to become a hindrance.  As mentioned in the previous 

section, a BWE with a transverse bucket wheel would be well suited for this task, and would 

likely follow some sort of raster pattern to excavate over the pre-defined surface.  If a non-

percussive BWE were to hit a rock sizeable enough to stall it, the autonomous system could 

detect the rock as an obstacle to avoid, however it would have no information on how large the 

rock was, other than that it was smaller than the grid spacing set by the prospector robot.  This 

would make it very difficult for the autonomous system to navigate around, and would likely 

result in a very inefficient obstacle avoidance technique.  On the other hand, if the system were 

percussive, it would have a much higher chance of displacing the rock during normal operation, 

resulting in simpler and much more efficient autonomous operation. 
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CHAPTER 5 

FUTURE WORK AND CONCLUSIONS 

5.1 Recommendations for Future Work 

 This thesis provides an analysis of a percussive bucket wheel implementation and its 

effects on a planetary rover system.  While the models and experiments presented provide 

valuable data towards this analysis, there are many details that could benefit from future 

improvement.  An improved prototype design could allow for independent control over the 

percussive frequency and impact energy.  It would also be beneficial to more accurately measure 

the excavation resistance by including bucket wheel torque measurements to verify the 

effectiveness of the percussive system. 

 The power model in this thesis was based on the percussive excavation model developed 

in [10].  While it is currently the best tool available for simulating and predicting percussive 

excavation, Green admits that the goal of his work was to produce a first generation numerical 

model that would be easy to use to approximate characteristics of percussive excavation, and that 

future refinement would be needed to provide a more accurate model.  This of course would also 

help validate the power estimations predicted in this thesis. 

 Finally, much could be learned from an implementation of a percussive BWE rover 

prototype.  This would allow for the execution and evaluation of autonomous algorithms, as well 

as better evaluation of power requirements and operational effectiveness. 
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5.2 Conclusions 

 This thesis explores the concept of a percussive bucket wheel and analyzes several of the 

potential advantages and disadvantages when applied to a planetary excavation rover using data 

from related works, an experimental prototype, and a power model.  The potential impacts 

covered include improved electrical robustness, increased power consumption, and improved 

autonomous operation.  A theoretical example is presented comparing the mass and power 

differences between a percussive and non-percussive BWE design.  While the percussive BWE 

suffers from increased power consumption, requiring a more massive battery supply, the total 

mass savings (along with other advantages discussed) more than justify the extra power 

requirement due to savings in launch costs.  

 As humanity expands further into our solar system, ISRU will become a necessity for 

future missions.  This will require an abundance of innovative new technologies and a rethinking 

of existing strategies, especially within the realm of excavation.  The ideas proposed in this 

thesis seek to take a step in this direction, with the hope that future work will lead to a design 

suitable for the challenging tasks ahead. 
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APPENDIX A 

EXPERIMENTAL PROTOTPYE 

A.1 Prototype and Test Stand Description 

To test the potential advantages outlined in section 4.2, an experimental percussive 

bucket wheel prototype was developed as part of this work.  It was formed using welded steel, 

with flat cut-outs for the side walls and steel pipe cross section slices for the scoops.  It had an 

outside radius of 15”, with 12 scoops each 2” long and 1.75” wide.  The partially constructed 

bucket wheel can be seen in Figure A.1.   

The percussive driving system was implemented via a Craftsman Nextec right angle 

impact driver.  The impact driver was first stripped of its casing and electronics.  The bare 

component was then placed in a 3D-printed, custom housing that also served as an infrastructure 

that allowed the output of the impact driver to drive the input of a 64:1 reduction planetary 

gearbox.  A model of the assembled impact driver, 3D-printed housing, and gearbox can be seen 

in Figure A.2(A), and the actual assembly can be seen in Figure A.2(B).  The bucket wheel was 

mounted to the gearbox output shaft, and the assembled prototype was enclosed in an aluminum 

extrusion frame.  The frame also supported an aluminum collection bin for the bucket wheel to 

deposit into during tests.  A model of the prototype and frame can be seen in Figure A.3.   

The test stand consisted of a wooden crate containing BP-1 Lunar regolith simulant, the 

prototype structure, a rail system for the prototype to slide on, and a 24” linear actuator to 

advance the bucket wheel structure through the BP-1.  The prototype structure was designed
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such that it could be rotated 90 degrees within the test stand.  This would allow testing of the 

bucket wheel in both forward and transverse orientations.  The tabs extending from the prototype 

structure and resting on the rails were adjustable in height to allow the bucket wheel to be set at 

maximum digging depth with the frame sitting just above the soil surface.  The maximum 

digging depth was approximately 3 inches.   A model of the test stand can be seen in Figure A.4 

along with the actual complete test stand. 

 

Figure A.1—Bucket wheel mid assembly. 

         
   (A)       (B) 

NOTE—Percussive system includes an impact driver, 3D-printed housing, and 

64:1 reduction planetary gearbox.  (A) Model with half of the housing shown as 

transparent for detail. (B) Partial assembly. 

Figure A.2—Prototype percussive system. 
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Figure A.3—Percussive bucket wheel prototype and frame structure. 

                                  (A)                                                                         (B) 

 
(C) 

NOTE— (A) transverse orientation (B) forward orientation (C) final test stand. 

Figure A.4—Test stand model with bucket wheel.  
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A.2 Data Acquisition and Control Hardware 

 A data acquisition and control system was set up to measure several test parameters as 

well as control the motors for both the percussive bucket wheel and the linear actuator.  The 

parameters measured include the driving force of the actuator as well as the current and voltage 

for both motors.  The actuator force was measured using a Phidgets 200 kg button load cell 

connected to a PhidgetBridge interface board.  The load cell was mounted between the actuator 

and the prototype frame via a custom interface, as seen in Figure A.5.  A single 

PhidgetMotorController HC was used to drive the actuator and percussive system.  The motor 

controller board also provided built in current sensing for both output channels.  The output 

voltages for the motor controller channels were measured using two Phidgets Precision Voltage 

Sensors.  The voltage sensors connected to the analog input ports of a PhidgetInterfaceKit, and 

the remaining sensors connected to the PhidgetInterfaceKit via an onboard USB hub.  Finally, 

the PhidgetInterfaceKit connected via USB to a laptop running control software written in C#.  A 

12 V 6 Ah lead acid battery provided power for the motor controller output and the electronics 

were all powered via USB.  A schematic of the control network can be seen in Figure A.6. 

 

Figure A.5—Custom load cell-actuator interface. 
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A.3 Control Software 

 The control software for the test stand implemented a simple graphical user interface 

(GUI) to set and monitor the test variables.  The actuator and bucket wheel initial velocities 

could be set between 0-100%.  Clicking a start button began each test and clicking the stop 

button ended the test.  Once the test began, several additional parameters were displayed 

including the load cell feedback, the elapsed time, and the actuator and bucket wheel voltage and 

current.  Throughout each test the varying data was time stamped and recorded in 250 ms 

intervals.  An image of the GUI can be seen in Figure A.7. 

 

Figure A.6—Test stand control network schematic. 
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A.4 Testing Procedure 

 Prior to each test, the prototype was unwired and removed from the bin.  Then any BP-1 

that had been previously excavated was returned to the bin and smoothened out with a slight 

mound centered on the previously excavated trench.  Rocks would then be added or removed 

from the excavation path depending on the nature of the test.  While BP-1 has naturally 

occurring rocks, additional rocks were added to increase the frequency of rock encounters during 

tests with rocks.  The additional rocks came from landscaping lava rocks, and varied between 1”-

3” long.  Between each test the rocks were randomly dispersed within the BP-1 before the 

compaction process.  A plastic tarp was then laid over the BP-1 and an 8” x 8” steel hand tamper 

was used to compact the soil.  After approximately 5 minutes of tamping the tarp was removed 

and the soil that had been pushed to the side was re-mounded in the center.  The same tamping 

process was then repeated.  This process achieved a goal average soil density of approximately 

1.5 g/cm
3
.  The soil density was periodically measured using the “tuna can method”, often used 

 

Figure A.7—Control software GUI. 
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by NASA researchers.  This method consisted of an empty tuna can with no lid being pushed 

upside down into the BP-1 until the bottom of the can was flush with the soil surface.  The soil 

around the can was removed and a flat plate was slid underneath the can flush against the lid.  

The can was weighed with the regolith inside, and the density was calculated based on the 

known weight and volume of the can when empty.  After the soil had been compacted, the 

prototype was placed near the side of the bin, remounted to the actuator shaft, and re-wired.  The 

bucket wheel was then powered for several seconds until an initial trench was made that allowed 

the prototype frame to rest evenly on the rails.  Once this was complete the test stand was 

prepared for testing. 

 Each test began once the start button on the GUI was clicked.  The bucket wheel would 

immediately start spinning at the speed set in the GUI.  The actuator would start four seconds 

later to give time for some baseline data to record.  After six seconds, a proportional controller 

would start monitoring the load cell feedback and adjust the actuator speed/advance rate to 

maintain the force the actuator was applying to the prototype at a value specified in the code.  

The test would then run for a specified amount of time, depending on the test goals.  If rocks had 

been added to the BP-1, the test would run for 90 more seconds.  If there were no rocks, the test 

would only run for 20 more seconds.  After this set amount of time, the actuator would retract 

slightly to relieve any pressure on the wheel, and the bucket wheel would continue running to 

clear out its path.  Once enough time was given for the bucket wheel to spin freely and provide 

final baseline data, the stop button was clicked to stop the bucket wheel and end the test. 

 Tests were performed both with and without percussion.  The non-percussive setup was 

identical to the percussive setup, with a slight modification to the impact driver.  To remove the 

percussive capabilities of the impact driver, a 3D printed insert was placed underneath the 
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hammer inside the impact driver.  This prevented the hammer from sliding back, effectively 

removing its hammering ability and resulting in a standard fixed output shaft.  While this was a 

simple change, it required much disassembly of the frame structure and the percussive system, so 

it was performed as infrequently as possible. 

A.5 Test Stand Performance 

 After some initial tests (without rocks), it was clear that the BP-1 was not able to provide 

an excavation resistance high enough to engage the percussive action of the impact driver while 

the bucket wheel was in a forward orientation.  This was due primarily to two limiting factors.  

First, the maximum advance rate was relatively slow compared to the speed of the bucket wheel.  

This allowed the bucket wheel to operate very efficiently with small scoops and small excavation 

resistance.  Ideally, the bucket wheel rotational speed could have been lowered to raise the 

excavation resistance per scoop, however this was not an option as the percussive frequency was 

proportional to the bucket wheel speed due to the integrated percussive system, and could not be 

lowered.  The second limiting factor was the high resistance required to engage the percussive 

action due to the effects of the gearbox.  The gearbox was required to reduce the rotational speed 

of the bucket wheel relative to the impact driver.  However at the same time this reduction in 

speed resulted in an increase in torque.  The bare impact driver required approximately 0.5 ft-lbs 

of resistive torque to engage the percussive action.  After the 64:1 reduction, this was increased 

to 32 ft-lbs of torque, which was considerably high given the scale of the experiment.  However, 

the transverse orientation allowed each scoop to encounter much more soil (and hence much 

more resistance) per distance traveled.  Therefore percussion was possible in the transverse 

orientation. 
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 Initial test plans were to operate the actuator and bucket wheel at constant speeds for a set 

amount of time, while recording the average power used and average force applied by the 

actuator throughout the test.  These tests would be run both with and without percussion, and the 

results would be compared.  After several tests, it was clear that operating the actuator at a 

constant speed with the bucket wheel in transverse orientation caused instability.  If the bucket 

wheel encountered enough force to engage the percussive action, the speed of the bucket wheel 

would slow considerably.  As the bucket wheel slowed, its production rate decreased, and the 

excavation resistance increased due to the constant force of the actuator.  The bucket wheel 

would quickly become overwhelmed and stall in its rotation completely.  However, if the 

actuator operated too slowly, not enough excavation resistance was encountered to engage 

percussion.  In addition, a perfectly balanced actuator speed that caused percussion while not 

overwhelming the bucket wheel could not be found due to density fluctuations in the soil. 

 To solve these issues, a proportional controller was implemented that adjusted the 

actuator speed to maintain the excavation resistance at a level high enough to engage percussion 

without overwhelming the system.  The same resistance level was maintained for both percussive 

and non-percussive tests.  Tests without rocks set this level to 70 lbf, and tests with rocks 

lowered the limit to 45 lbf to prevent damage when encountering a rock. 
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APPENDIX B 

POWER MODEL DATA 

Table B.1—Simulation data. 

Excavation 
Speed 
(m/s) 

Impact 
Energy 
(J/blow) 

Non- 
Percussive 
Power 
(W) 

Non-
Percussive 
Excavation 
Resistance 
(N) 

Optimal 
Power 
(W) 

Optimal 
Excavation 
Resistance 
(N) 

Force  
Reduction 
(%) 

Optimal 
Percussive 
Frequency 
(BPM) 

Production 
Efficiency 
Score 

                  

0.00254 1 0.1734 68.2770 9.2443 30.5685 0.5523 550 0.2020 

0.00254 2 0.1734 68.2770 15.0735 28.9533 0.5759 450 0.1017 

0.00254 3 0.1734 68.2770 20.0715 28.1403 0.5879 400 0.0620 

0.00254 4 0.1734 68.2770 23.4080 29.4111 0.5692 350 0.0450 

0.00254 5 0.1734 68.2770 29.2345 26.6999 0.6089 350 0.0246 

0.00254 6 0.1734 68.2770 30.0762 29.9887 0.5608 300 0.0223 

0.00254 7 0.1734 68.2770 35.0711 28.0023 0.5899 300 0.0109 

0.00254 8 0.1734 68.2770 40.0672 26.4425 0.6127 300 0.0024 

0.00254 9 0.1734 68.2770 37.5807 31.7888 0.5344 250 0.0064 

0.00254 10 0.1734 68.2770 41.7436 30.2807 0.5565 250 0.0000 

0.00508 1 0.3498 68.8626 12.6512 29.7614 0.5678 750 0.3217 

0.00508 2 0.3498 68.8626 20.1469 28.9210 0.5800 600 0.1807 

0.00508 3 0.3498 68.8626 25.1550 30.5037 0.5570 500 0.1332 

0.00508 4 0.3498 68.8626 30.1559 30.6869 0.5544 450 0.1016 

0.00508 5 0.3498 68.8626 37.6408 27.7238 0.5974 450 0.0700 

0.00508 6 0.3498 68.8626 40.1506 29.6523 0.5694 400 0.0620 

0.00508 7 0.3498 68.8626 46.8075 27.7311 0.5973 400 0.0450 

0.00508 8 0.3498 68.8626 46.8244 31.0596 0.5490 350 0.0450 

0.00508 9 0.3498 68.8626 52.6492 29.3642 0.5736 350 0.0337 

0.00508 10 0.3498 68.8626 58.4757 28.0247 0.5930 350 0.0246 

0.00762 1 0.5293 69.4600 15.2283 29.9590 0.5687 900 0.4151 

0.00762 2 0.5293 69.4600 23.5622 30.0412 0.5675 700 0.2479 

0.00762 3 0.5293 69.4600 30.2318 30.4214 0.5620 600 0.1806 

0.00762 4 0.5293 69.4600 36.8936 29.7762 0.5713 550 0.1376 

0.00762 5 0.5293 69.4600 41.8986 30.4396 0.5618 500 0.1143 

0.00762 6 0.5293 69.4600 50.2136 28.0321 0.5964 500 0.0858 
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0.00762 7 0.5293 69.4600 52.7276 29.8665 0.5700 450 0.0790 

0.00762 8 0.5293 69.4600 60.2146 28.1570 0.5946 450 0.0620 

0.00762 9 0.5293 69.4600 60.2371 31.1091 0.5521 400 0.0620 

0.00762 10 0.5293 69.4600 66.8918 29.5403 0.5747 400 0.0501 

0.01016 1 0.7119 70.0695 17.8000 29.5273 0.5786 1050 0.4816 

0.01016 2 0.7119 70.0695 26.9744 30.2898 0.5677 800 0.2982 

0.01016 3 0.7119 70.0695 35.3021 29.7382 0.5756 700 0.2143 

0.01016 4 0.7119 70.0695 43.6247 28.6824 0.5907 650 0.1625 

0.01016 5 0.7119 70.0695 50.2914 28.6778 0.5907 600 0.1333 

0.01016 6 0.7119 70.0695 55.2990 29.4279 0.5800 550 0.1160 

0.01016 7 0.7119 70.0695 58.6491 31.0827 0.5564 500 0.1061 

0.01016 8 0.7119 70.0695 66.9632 29.1879 0.5834 500 0.0858 

0.01016 9 0.7119 70.0695 67.8229 31.7836 0.5464 450 0.0840 

0.01016 10 0.7119 70.0695 75.3063 30.1455 0.5698 450 0.0699 

0.01270 1 0.8978 70.6916 20.3679 28.9724 0.5902 1200 0.5314 

0.01270 2 0.8978 70.6916 30.3836 30.2040 0.5727 900 0.3373 

0.01270 3 0.8978 70.6916 40.3690 29.0529 0.5890 800 0.2396 

0.01270 4 0.8978 70.6916 47.0492 30.1196 0.5739 700 0.1974 

0.01270 5 0.8978 70.6916 54.5456 29.8401 0.5779 650 0.1624 

0.01270 6 0.8978 70.6916 60.3859 30.3894 0.5701 600 0.1411 

0.01270 7 0.8978 70.6916 64.5701 31.7635 0.5507 550 0.1283 

0.01270 8 0.8978 70.6916 73.7109 29.7301 0.5794 550 0.1052 

0.01270 9 0.8978 70.6916 75.4060 31.9662 0.5478 500 0.1016 

0.01270 10 0.8978 70.6916 83.7182 30.3058 0.5713 500 0.0858 

0.01524 1 1.0870 71.3265 22.1211 29.8168 0.5820 1300 0.5931 

0.01524 2 1.0870 71.3265 33.7901 29.9704 0.5798 1000 0.3685 

0.01524 3 1.0870 71.3265 42.9647 30.4892 0.5725 850 0.2775 

0.01524 4 1.0870 71.3265 50.4770 31.2965 0.5612 750 0.2277 

0.01524 5 1.0870 71.3265 58.8017 30.7294 0.5692 700 0.1873 

0.01524 6 1.0870 71.3265 65.4732 31.0530 0.5646 650 0.1624 

0.01524 7 1.0870 71.3265 70.4896 32.1264 0.5496 600 0.1467 

0.01524 8 1.0870 71.3265 80.4579 30.0445 0.5788 600 0.1214 

0.01524 9 1.0870 71.3265 82.9864 31.9174 0.5525 550 0.1160 

0.01524 10 1.0870 71.3265 92.1279 30.2643 0.5757 550 0.0988 

0.01778 1 1.2797 71.9746 23.8759 30.5155 0.5760 1400 0.6458 

0.01778 2 1.2797 71.9746 37.1955 29.7457 0.5867 1100 0.3939 

0.01778 3 1.2797 71.9746 48.0260 29.5810 0.5890 950 0.2922 
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0.01778 4 1.2797 71.9746 57.1955 29.7458 0.5867 850 0.2361 

0.01778 5 1.2797 71.9746 63.0597 31.4813 0.5626 750 0.2088 

0.01778 6 1.2797 71.9746 70.5607 31.5359 0.5618 700 0.1805 

0.01778 7 1.2797 71.9746 76.4083 32.3353 0.5507 650 0.1623 

0.01778 8 1.2797 71.9746 87.2042 30.2320 0.5800 650 0.1351 

0.01778 9 1.2797 71.9746 90.5650 31.7767 0.5585 600 0.1279 

0.01778 10 1.2797 71.9746 100.5364 30.1690 0.5808 600 0.1095 

0.02032 1 1.5237 74.9842 25.6319 31.0988 0.5853 1500 0.6912 

0.02032 2 1.5237 74.9842 38.9675 31.2079 0.5838 1150 0.4350 

0.02032 3 1.5237 74.9842 50.6234 30.6804 0.5908 1000 0.3216 

0.02032 4 1.5237 74.9842 60.6216 30.5900 0.5920 900 0.2591 

0.02032 5 1.5237 74.9842 67.3181 32.0576 0.5725 800 0.2276 

0.02032 6 1.5237 74.9842 75.6485 31.9130 0.5744 750 0.1962 

0.02032 7 1.5237 74.9842 82.3261 32.4543 0.5672 700 0.1756 

0.02032 8 1.5237 74.9842 93.9501 30.3549 0.5952 700 0.1468 

0.02032 9 1.5237 74.9842 98.1420 31.5962 0.5786 650 0.1381 

0.02032 10 1.5237 74.9842 108.9441 30.0569 0.5992 650 0.1187 

0.02286 1 1.7296 75.6613 27.3898 31.6352 0.5819 1600 0.7307 

0.02286 2 1.7296 75.6613 42.3720 30.8543 0.5922 1250 0.4520 

0.02286 3 1.7296 75.6613 53.2252 31.7245 0.5807 1050 0.3481 

0.02286 4 1.7296 75.6613 64.0502 31.3611 0.5855 950 0.2796 

0.02286 5 1.7296 75.6613 71.5779 32.5691 0.5695 850 0.2441 

0.02286 6 1.7296 75.6613 80.7364 32.2149 0.5742 800 0.2099 

0.02286 7 1.7296 75.6613 88.2435 32.5252 0.5701 750 0.1872 

0.02286 8 1.7296 75.6613 100.6963 30.4574 0.5975 750 0.1569 

0.02286 9 1.7296 75.6613 105.7194 31.4691 0.5841 700 0.1467 

0.02286 10 1.7296 75.6613 109.0880 33.0115 0.5637 650 0.1404 

0.02540 1 1.9392 76.3459 29.9498 30.8330 0.5961 1750 0.7434 

0.02540 2 1.9392 76.3459 44.1499 32.1478 0.5789 1300 0.4858 

0.02540 3 1.9392 76.3459 58.2816 30.7717 0.5969 1150 0.3541 

0.02540 4 1.9392 76.3459 67.4813 32.0731 0.5799 1000 0.2980 

0.02540 5 1.9392 76.3459 79.9462 30.6899 0.5980 950 0.2426 

0.02540 6 1.9392 76.3459 85.8258 32.5100 0.5742 850 0.2220 

0.02540 7 1.9392 76.3459 94.1621 32.6283 0.5726 800 0.1973 

0.02540 8 1.9392 76.3459 100.8452 33.2742 0.5642 750 0.1804 

0.02540 9 1.9392 76.3459 113.2965 31.3579 0.5893 750 0.1543 

0.02540 10 1.9392 76.3459 117.4954 32.6290 0.5726 700 0.1467 
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0.02794 1 2.2496 80.5171 31.7079 31.3014 0.6112 1850 0.7747 

0.02794 2 2.2496 80.5171 47.5533 31.7351 0.6059 1400 0.4974 

0.02794 3 2.2496 80.5171 60.8849 31.6718 0.6066 1200 0.3759 

0.02794 4 2.2496 80.5171 70.9148 32.7426 0.5933 1050 0.3146 

0.02794 5 2.2496 80.5171 80.1018 33.4688 0.5843 950 0.2719 

0.02794 6 2.2496 80.5171 90.9151 32.7535 0.5932 900 0.2328 

0.02794 7 2.2496 80.5171 100.0804 32.7038 0.5938 850 0.2062 

0.02794 8 2.2496 80.5171 107.5941 33.1923 0.5878 800 0.1878 

0.02794 9 2.2496 80.5171 113.4530 34.1085 0.5764 750 0.1751 

0.02794 10 2.2496 80.5171 125.9025 32.3001 0.5988 750 0.1521 

0.03048 1 2.4746 81.1870 33.4678 31.7514 0.6089 1950 0.8026 

0.03048 2 2.4746 81.1870 49.3367 32.9194 0.5945 1450 0.5259 

0.03048 3 2.4746 81.1870 63.4918 32.5383 0.5992 1250 0.3959 

0.03048 4 2.4746 81.1870 74.3499 33.3528 0.5892 1100 0.3297 

0.03048 5 2.4746 81.1870 84.3647 33.8370 0.5832 1000 0.2837 

0.03048 6 2.4746 81.1870 96.0048 32.9642 0.5940 950 0.2424 

0.03048 7 2.4746 81.1870 105.9986 32.7622 0.5965 900 0.2141 

0.03048 8 2.4746 81.1870 114.3412 33.0661 0.5927 850 0.1943 

0.03048 9 2.4746 81.1870 121.0311 33.8275 0.5833 800 0.1804 

0.03048 10 2.4746 81.1870 126.0676 35.0255 0.5686 750 0.1709 

0.03302 1 2.7026 81.8469 35.2302 32.2086 0.6065 2050 0.8276 

0.03302 2 2.7026 81.8469 52.7412 32.5427 0.6024 1550 0.5338 

0.03302 3 2.7026 81.8469 66.1025 33.3889 0.5921 1300 0.4143 

0.03302 4 2.7026 81.8469 77.7874 33.9404 0.5853 1150 0.3434 

0.03302 5 2.7026 81.8469 88.6290 34.1929 0.5822 1050 0.2944 

0.03302 6 2.7026 81.8469 101.0962 33.1967 0.5944 1000 0.2510 

0.03302 7 2.7026 81.8469 111.9183 32.8589 0.5985 950 0.2212 

0.03302 8 2.7026 81.8469 121.0898 33.0037 0.5968 900 0.2001 

0.03302 9 2.7026 81.8469 128.6077 33.5478 0.5901 850 0.1850 

0.03302 10 2.7026 81.8469 134.4745 34.5613 0.5777 800 0.1744 

0.03556 1 2.9335 82.4932 36.9950 32.6671 0.6040 2150 0.8503 

0.03556 2 2.9335 82.4932 54.5307 33.6715 0.5918 1600 0.5584 

0.03556 3 2.9335 82.4932 68.7170 34.2226 0.5851 1350 0.4312 

0.03556 4 2.9335 82.4932 81.2276 34.5208 0.5815 1200 0.3560 

0.03556 5 2.9335 82.4932 92.8956 34.5586 0.5811 1100 0.3040 

0.03556 6 2.9335 82.4932 106.1895 33.4509 0.5945 1050 0.2588 



 

81 

 

0.03556 7 2.9335 82.4932 117.8402 33.0002 0.6000 1000 0.2275 

0.03556 8 2.9335 82.4932 127.8406 33.0139 0.5998 950 0.2052 

0.03556 9 2.9335 82.4932 136.1875 33.3929 0.5952 900 0.1891 

0.03556 10 2.9335 82.4932 142.8825 34.1921 0.5855 850 0.1776 

0.03810 1 3.1668 83.1191 38.7627 33.1415 0.6013 2250 0.8707 

0.03810 2 3.1668 83.1191 57.9389 33.3927 0.5983 1700 0.5635 

0.03810 3 3.1668 83.1191 73.7726 33.4022 0.5981 1450 0.4302 

0.03810 4 3.1668 83.1191 84.6708 35.1034 0.5777 1250 0.3675 

0.03810 5 3.1668 83.1191 97.1647 34.9452 0.5796 1150 0.3128 

0.03810 6 3.1668 83.1191 111.2854 33.7381 0.5941 1100 0.2658 

0.03810 7 3.1668 83.1191 118.0166 35.4301 0.5737 1000 0.2474 

0.03810 8 3.1668 83.1191 128.0164 35.4263 0.5738 950 0.2236 

0.03810 9 3.1668 83.1191 136.3668 35.8732 0.5684 900 0.2064 

0.03810 10 3.1668 83.1191 151.2937 33.9550 0.5915 900 0.1804 

0.04064 1 3.3937 83.5069 40.5339 33.6419 0.5971 2350 0.8894 

0.04064 2 3.3937 83.5069 59.7354 34.4991 0.5869 1750 0.5850 

0.04064 3 3.3937 83.5069 76.3917 34.2458 0.5899 1500 0.4449 

0.04064 4 3.3937 83.5069 88.1175 35.6984 0.5725 1300 0.3781 

0.04064 5 3.3937 83.5069 101.4368 35.3555 0.5766 1200 0.3209 

0.04064 6 3.3937 83.5069 116.3835 34.0424 0.5923 1150 0.2723 

0.04064 7 3.3937 83.5069 123.9430 35.5057 0.5748 1050 0.2522 

0.04064 8 3.3937 83.5069 134.7709 35.3739 0.5764 1000 0.2273 

0.04064 9 3.3937 83.5069 143.9492 35.6605 0.5730 950 0.2091 

0.04064 10 3.3937 83.5069 151.4767 36.3350 0.5649 900 0.1959 

0.04318 1 3.6172 83.7703 42.3091 34.1767 0.5920 2450 0.9063 

0.04318 2 3.6172 83.7703 63.1497 34.3452 0.5900 1850 0.5883 

0.04318 3 3.6172 83.7703 79.0154 35.0951 0.5811 1550 0.4586 

0.04318 4 3.6172 83.7703 94.8260 34.5691 0.5873 1400 0.3726 

0.04318 5 3.6172 83.7703 105.7124 35.7972 0.5727 1250 0.3283 

0.04318 6 3.6172 83.7703 116.5718 36.4010 0.5655 1150 0.2923 

0.04318 7 3.6172 83.7703 129.8728 35.6528 0.5744 1100 0.2565 

0.04318 8 3.6172 83.7703 141.5292 35.4139 0.5772 1050 0.2307 

0.04318 9 3.6172 83.7703 151.5358 35.5666 0.5754 1000 0.2116 

0.04318 10 3.6172 83.7703 159.8908 36.0689 0.5694 950 0.1976 

0.04572 1 3.8466 84.1345 44.0883 34.7386 0.5871 2550 0.9218 

0.04572 2 3.8466 84.1345 64.9542 35.4528 0.5786 1900 0.6072 

0.04572 3 3.8466 84.1345 81.6443 35.9651 0.5725 1600 0.4714 
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0.04572 4 3.8466 84.1345 98.2797 35.2818 0.5807 1450 0.3818 

0.04572 5 3.8466 84.1345 109.9919 36.2759 0.5688 1300 0.3351 

0.04572 6 3.8466 84.1345 121.6778 36.6975 0.5638 1200 0.2974 

0.04572 7 3.8466 84.1345 135.8068 35.8723 0.5736 1150 0.2605 

0.04572 8 3.8466 84.1345 148.2915 35.5391 0.5776 1100 0.2337 

0.04572 9 3.8466 84.1345 159.1269 35.5845 0.5771 1050 0.2139 

0.04572 10 3.8466 84.1345 168.3100 35.9442 0.5728 1000 0.1991 

0.04826 1 4.0785 84.5114 45.8721 35.3381 0.5819 2650 0.9360 

0.04826 2 4.0785 84.5114 68.3759 35.4165 0.5809 2000 0.6091 

0.04826 3 4.0785 84.5114 84.2782 36.8455 0.5640 1650 0.4833 

0.04826 4 4.0785 84.5114 101.7371 35.9937 0.5741 1500 0.3905 

0.04826 5 4.0785 84.5114 114.2755 36.7912 0.5647 1350 0.3413 

0.04826 6 4.0785 84.5114 126.7882 37.0540 0.5616 1250 0.3020 

0.04826 7 4.0785 84.5114 141.7451 36.1611 0.5721 1200 0.2641 

0.04826 8 4.0785 84.5114 148.4913 37.8093 0.5526 1100 0.2495 

0.04826 9 4.0785 84.5114 159.3262 37.8415 0.5522 1050 0.2286 

0.04826 10 4.0785 84.5114 176.7348 35.9472 0.5746 1050 0.2004 

0.05080 1 4.3130 84.9011 47.6611 35.9795 0.5762 2750 0.9491 

0.05080 2 4.3130 84.9011 70.1919 36.5857 0.5691 2050 0.6260 

0.05080 3 4.3130 84.9011 89.3502 36.4211 0.5710 1750 0.4794 

0.05080 4 4.3130 84.9011 105.1997 36.7392 0.5673 1550 0.3986 

0.05080 5 4.3130 84.9011 118.5645 37.3589 0.5600 1400 0.3472 

0.05080 6 4.3130 84.9011 131.9035 37.4696 0.5587 1300 0.3062 

0.05080 7 4.3130 84.9011 147.6889 36.5263 0.5698 1250 0.2674 

0.05080 8 4.3130 84.9011 155.2608 37.9432 0.5531 1150 0.2515 

0.05080 9 4.3130 84.9011 166.9238 37.8707 0.5539 1100 0.2299 

0.05080 10 4.3130 84.9011 176.9372 38.1339 0.5508 1050 0.2137 

0.05334 1 4.5501 85.3041 49.4545 36.6431 0.5704 2850 0.9611 

0.05334 2 4.5501 85.3041 72.0141 37.7595 0.5574 2100 0.6420 

0.05334 3 4.5501 85.3041 91.9935 37.3737 0.5619 1800 0.4901 

0.05334 4 4.5501 85.3041 108.6680 37.5208 0.5602 1600 0.4061 

0.05334 5 4.5501 85.3041 122.8589 37.9748 0.5548 1450 0.3525 

0.05334 6 4.5501 85.3041 137.0245 37.9543 0.5551 1350 0.3101 

0.05334 7 4.5501 85.3041 147.8986 38.7189 0.5461 1250 0.2831 

0.05334 8 4.5501 85.3041 162.0363 38.1754 0.5525 1200 0.2534 

0.05334 9 4.5501 85.3041 174.5278 38.0171 0.5543 1150 0.2312 

0.05334 10 4.5501 85.3041 185.3692 38.1685 0.5526 1100 0.2143 
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0.05588 1 4.7901 85.7209 51.2575 37.4174 0.5635 2950 0.9720 

0.05588 2 4.7901 85.7209 75.4520 37.9141 0.5577 2200 0.6419 

0.05588 3 4.7901 85.7209 94.6440 38.3687 0.5524 1850 0.5001 

0.05588 4 4.7901 85.7209 112.1431 38.3510 0.5526 1650 0.4131 

0.05588 5 4.7901 85.7209 127.1598 38.6514 0.5491 1500 0.3575 

0.05588 6 4.7901 85.7209 142.1521 38.5133 0.5507 1400 0.3138 

0.05588 7 4.7901 85.7209 153.8526 39.1191 0.5436 1300 0.2855 

0.05588 8 4.7901 85.7209 168.8192 38.5207 0.5506 1250 0.2551 

0.05588 9 4.7901 85.7209 182.1397 38.2918 0.5533 1200 0.2323 

0.05588 10 4.7901 85.7209 193.8097 38.3513 0.5526 1150 0.2148 

0.05842 1 5.0329 86.1509 53.0659 38.2165 0.5564 3050 0.9822 

0.05842 2 5.0329 86.1509 77.2875 39.1553 0.5455 2250 0.6563 

0.05842 3 5.0329 86.1509 97.3022 39.4070 0.5426 1900 0.5095 

0.05842 4 5.0329 86.1509 115.6252 39.2314 0.5446 1700 0.4197 

0.05842 5 5.0329 86.1509 131.4678 39.3892 0.5428 1550 0.3622 

0.05842 6 5.0329 86.1509 147.2869 39.1464 0.5456 1450 0.3171 

0.05842 7 5.0329 86.1509 159.8141 39.6116 0.5402 1350 0.2877 

0.05842 8 5.0329 86.1509 175.6099 38.9698 0.5477 1300 0.2567 

0.05842 9 5.0329 86.1509 182.3651 40.4849 0.5301 1200 0.2451 

0.05842 10 5.0329 86.1509 194.0351 40.5413 0.5294 1150 0.2269 

0.06096 1 5.2389 85.9400 54.8822 39.0787 0.5453 3150 0.9915 

0.06096 2 5.2389 85.9400 80.7407 39.4916 0.5405 2350 0.6555 

0.06096 3 5.2389 85.9400 99.9686 40.4947 0.5288 1950 0.5184 

0.06096 4 5.2389 85.9400 119.1153 40.1684 0.5326 1750 0.4258 

0.06096 5 5.2389 85.9400 135.7836 40.1944 0.5323 1600 0.3665 

0.06096 6 5.2389 85.9400 152.4298 39.8586 0.5362 1500 0.3202 

0.06096 7 5.2389 85.9400 165.7839 40.1989 0.5322 1400 0.2898 

0.06096 8 5.2389 85.9400 175.8426 41.1623 0.5210 1300 0.2699 

0.06096 9 5.2389 85.9400 189.9889 40.8284 0.5249 1250 0.2455 

0.06096 10 5.2389 85.9400 202.4872 40.8010 0.5252 1200 0.2268 

0.06350 1 5.5068 86.7212 56.7073 40.0106 0.5386 3250 1.0000 

0.06350 2 5.5068 86.7212 82.5925 40.8269 0.5292 2400 0.6686 

0.06350 3 5.5068 86.7212 105.0751 40.5523 0.5324 2050 0.5132 

0.06350 4 5.5068 86.7212 122.6142 41.1684 0.5253 1800 0.4316 

0.06350 5 5.5068 86.7212 140.1081 41.0731 0.5264 1650 0.3705 

0.06350 6 5.5068 86.7212 157.5816 40.6557 0.5312 1550 0.3231 

0.06350 7 5.5068 86.7212 171.7629 40.8859 0.5285 1450 0.2917 



 

84 

 

0.06350 8 5.5068 86.7212 182.6473 41.6896 0.5193 1350 0.2709 

0.06350 9 5.5068 86.7212 197.6229 41.3059 0.5237 1300 0.2460 

0.06350 10 5.5068 86.7212 210.9502 41.2104 0.5248 1250 0.2268 

 


