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concept was conceived and a prototype constructed.  Various soil and rock samples were 
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known soil models.  The end result is a set of sampling requirements, a proven concept 
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Chapter 1  

Introduction 

 

The United States and Russia (as the Soviet Union) have been pursuing regular 

planetary exploration since the 1950s with the Europeans and Japanese becoming active 

in planetary exploration in the last 20 years [1].   Throughout this period, robots 

performed a majority of the work, taking pictures, collecting and analyzing samples, and 

transmitting data back to Earth for study.  With the Apollo program came pairs of 

astronauts working to deploy science experiments and collect samples, again, to be 

analyzed and studied back on Earth.  As the National Aeronautics and Space 

Administration (NASA) begins to implement its Vision for Space Exploration (VSE), 

robots will become more important in exploration of the solar system and will work in 

tandem with humans exploring the Moon and, eventually, Mars.  In order for a 

human/robot team to be successful, numerous hardware, software, and behavioral issues 

need to be resolved.  This thesis addresses one of the hardware issues, presenting a 

geologic sampling tool for human and/or robotic applications. 

1.1  Motivation 

Scientists study geology to learn the physical history of the earth and the 

processes involved in its formation. Comparable study of other planets can not only yield 

similar information for those planets, but can also offer insights into the history and 
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formation of the solar system.  One of the most important aspects of geology is to create a 

spatial map of the structural features of a region or body.  Another important aspect of 

geology, which is related to this spatial mapping, is sampling.  Collecting and analyzing 

samples gives scientists a chemical profile that is useful for studying past 

atmospheric/weather conditions or looking for signs of water or life. 

 Most human experience with planetary exploration and sampling has been 

robotic.  In these cases the spacecraft was only able, if at all, to collect a small sample (on 

the order of a few grams) for limited in-situ analysis.  The Apollo astronauts were able to 

collect several hundred kilograms of lunar samples for wide ranging analysis on Earth, 

though there were limits to what they were able to accomplish.  Concepts for future 

manned planetary expeditions (such as the one depicted in Figure 1-1 below) entail 

humans working together with robots to perform scientific surveys and deploy 

instruments and equipment.  The human will provide high level intelligence and decision 

making lacked by the robot, and the robot will provide mobility and dexterity currently 

lacked by a suited astronaut.   

 
Figure 1-1: Human/Robot Team Concept (image from [2]) 

 2 
 



 Humans and robots working together, especially in space, is an interesting and 

exciting idea, both technologically and ideologically.  This is one of the primary areas of 

research at the University of Maryland Space Systems Laboratory (SSL) which studies 

space robotics, human factors, and human/robot interaction.  The research at the SSL 

hopes to answer some of the questions regarding the astronaut/robot team that must be 

answered before they start exploring: What are the roles/task assignments for the 

astronaut and the robot?  How does the robot know what to do?  Is it autonomous or 

remotely operated?  Will an astronaut/robot team be technologically practical?  These are 

some of the general problems surrounding the astronaut/robot team.  More specifically, 

what tools are required for astronauts and robots to work together, especially in the area 

of field geology?  This is the question addressed in this thesis. 

1.2 Thesis Goal 

The goal for this project is to develop a tool that can be used as either a robotic 

end-effector or as a Crew Aid Tool (CAT) for geologic sampling and to use that tool for 

research in planetary surface systems and strategies.  The goal for this thesis is to 

research and develop the requirements for a general sampling tool, produce an initial 

prototype(s), and evaluate its sample and data gathering abilities.  The immediate goal is 

to define and evaluate the requirements associated with planetary sampling based on 

geology, lessons from previous planetary exploration, and soil/rock mechanics.  The 

ultimate goal is to develop a tool that can be used in robotic, human factors, and/or 

human-robotic interaction research in support of future planetary exploration.  
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1.3  The Tool for EVA or Robotic Planetary Sampling 

The result of this work is the Tool for EVA or Robotic Planetary Sampling 

(TERPS), pictured in Figure 1-2.  TERPS consists of two clamshell scoops driven by a 

single motor and a drill.  The scoop gear-motor drives a worm gear transmission, which 

can open and close the scoops up to 90º for the collection and manipulation of soil and 

small rocks.  A small drill head protrudes from the “palm” allowing for cutting and 

coring both rocks and soil.     

 
Figure 1-2: Tool for EVA or Robotic Planetary Sampling 

 
 TERPS was tested in a lab setting using bins of differing soil types as well as in a 

large sand box.  The sand box testing confirmed TERPS’s ability to perform basic 

sampling tasks: scooping, digging, grasping, etc.  In the lab testing, the electric current 

drawn by the motor was measured to estimate the torque produced, and therefore the 

forces exerted by the scoops on the soil.  This was compared to a soil cutting model based 
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on soil parameters.  Both sets of tests yielded positive results showing promise for future 

research using TERPS. 

1.4 TERPS Applications 

All of the research presented in this thesis was conducted at the Space Systems 

Laboratory (SSL) at the University of Maryland which is actively researching aspects of 

both manned and robotic space exploration.  The SSL conducts research in EVA suit and 

tool technology, space related human factors, dexterous robotic manipulators for 

space/underwater applications, and human-robot interaction.  With NASA planning to 

begin surface system development within the next five years for an expected 2020 lunar 

landing [2, 3], now is a good time for laboratories such as the SSL to begin addressing 

some of the issues associated with planetary exploration, especially human/robot 

exploration.  One area not covered in depth is surface tools.  TERPS is a sampling tool 

that provides a platform for investigating some of these exploration issues.  For example, 

TERPS could be used to: 

• Study the task assignments for an astronaut/rover team  

• Study effectiveness of having identical or similar tools for both human and 

robot explorers 

• Study remote/control methods and hardware for powered surface CATs 

(including both hand position/availability and glove/dexterity issues) 

• Study the effects of dust on the mechanism and mitigation strategies 

This is far from a comprehensive list of research possibilities.  There are likely 

countless other problems for which TERPS would make an adequate research tool.   
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1.5 Thesis Organization 

Chapter 2 gives an overview of planetary surface exploration, especially with 

regard to sampling missions and activities.  Chapter 3 discusses a study of the Apollo 

surface activities, astronaut/rover studies in recent years, and how the two drive the 

requirements for a new sampling tool.  The TERPS system and development is described 

in greater detail in Chapter 4.  Chapter 5 discusses the laboratory set-up used to test the 

TERPS system.  Chapters 6 and 7 discuss the testing and results.  Finally, Chapter 8 

presents conclusions and future work.  
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Chapter 2  

Background: Planetary Surface Exploration & Sampling 

 

Planetary exploration missions have ranged form orbital imaging and mapping to 

sample collection and return.  The technological and financial constraints of spaceflight 

limit what hardware can be sent away form Earth, so the tools and instruments on these 

spacecraft tend to be limited and task specific.  However, each new mission has more 

ambitious scientific objectives forcing improvements in technology and spacecraft 

capabilities, with the sampling and analysis systems building and improving on previous 

ones.  This chapter discusses the goals of planetary geology, particularly with respect to 

robotic sampling technology and how that technology has evolved*. 

2.1 Planetary Geology 

The goals of planetary geology, as describes by the Space Studies Board of the 

National Research Council, are to: 

…‘understand how physical and chemical processes determine the main 
characteristics of the planets, thereby illuminating the workings of Earth.; 
(2) to ‘learn how planetary systems originate and evolve’; (3) to 
‘determine how life developed in the solar system and in what ways life 
modifies planetary environments’; and (4) to ‘discover how the simple, 
basic laws of physics and chemistry can lead to the diverse phenomena 
observed in complex systems.’ [4] 

                                                 
* For the purposes of this review, sampling will be defined as collecting, manipulating, or destroying 
surface materials for analysis or imaging by another instrument.  For example, impacting is not considered 
sampling because any data gathered is based on the impact itself.  Grinding, on the other hand, is 
considered sampling because it exposes the subsurface to cameras or instruments.  
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These goals and the study of geology in general, are achieved by analyzing data 

gathered in the field.  It is important to note that sampling is not the primary objective of 

geologic field work.  The primary objective in field geology is to establish a “baseline of 

data” by mapping the spatial distribution of different rocks and features in an area and 

using that information to determine how they relate to each other and how geological 

events (fracturing, weathering, impacts, etc.) affect them [5].  This should not, however, 

diminish the importance of sampling.  Collecting samples allows for in-depth analysis of 

the area’s physical/chemical composition adding detail to the observations made in the 

field.  Sample analysis can help determine the chemical effects of catastrophic impacts, 

the thermal/chemical history of the region/body, the similarities or dissimilarities with 

Earth and other bodies, the potential for economic benefit, and the presence (past or 

current) of water or life [4, 6].   

Chemically analyzing planetary samples allows scientists to classify and compare 

planetary bodies.  Of particular importance, especially in studying asteroids and comets, 

is knowing the abundance of metals such as iron, magnesium, and aluminum, which 

classifies a body and, overall, identifies the mineral composition and distribution of the 

solar system.  Geological histories can be observed by the abundances of rock forming 

elements (magnesium, silicon, calcium, titanium, chromium, iron, and nickel).  Biologic 

studies look for water and other volatiles (chemical compounds containing carbon, 

hydrogen, oxygen, and/or nitrogen).  There are several types of tests that can detect these 

elements.  Alpha-Proton-X-ray Spectrometers (APXS), Gamma-ray spectrometers can 

detect most of these elements; the Mössbauer Spectrometers and X-ray Florescence 

devices can accurately detect iron and similar metals.  All of these has spaceflight history 

 8 
 



 

and can be deployed on a target – it is possible to use these devices without physically 

collecting a sample.  Gas chromatographs and other mass spectrometers are useful for 

studying organics and volatiles.  These instruments, which heat and vaporize the sample, 

do require sample collection and processing [4].   

The types of analysis desired or required for any given planetary exploration 

mission drive the sampling system design.  Many of the early missions were strictly 

observational, used mechanical measurements, or returned samples to earth for analysis, 

and the sampling system reflected that.  Later missions, especially to Mars, performed 

more in-situ analysis and the sampling systems were based almost entirely on the 

capabilities of on-board scientific instrumentation.       

2.2 Sampling Methods of Previous Missions 

The first extraterrestrial planetary sample was taken in April of 1967 when 

Surveyor III began digging trenches on the moon with its scoop.  Since then, 19 missions 

have collected samples of other planetary bodies [1].  This activity, outlined in Table 2-1, 

has included manned missions, stationary landers, mobile rovers, and several different 

sampling methods.  By far, the most popular sampling methods are scooping and drilling, 

but other methods have been used or studied, including rakes, abraders, and projectiles.    

Table 2-1: Overview of Past/Current Successful Planetary Sampling Programs ([1, 7]) 

Program (Country) Planet Time 
Frame 

Sampling Method 
(Mission No.) 

Sampling 
Activity 

Luna (USSR) Moon 1959-1976 Drill (16, 20 & 24) 330 g 
Surveyor (USA) Moon 1966-1968 Scoop (3 & 7) 49 tests 
Apollo (USA) Moon 1969-1972 Hand Tools (all) 382 kg 

Venera/Vega (USSR) Venus 1970-1984 Drill (13, 14, 1, 2) Unknown 
Viking (USA) Mars 1975 Scoop (all) 81 activities 

Hayabusa (Japan) Asteroid 2003- Projectile Unknown 
MER (USA) Mars 2003- Rock Abrasion   

Rosetta (ESA) Comet 2004- Drill En-route 
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2.2.1 Manned Sampling 

The most successful planetary sampling program in terms of quantity of samples 

was the Apollo Program.  The six Apollo landings returned 380 kg of lunar regolith† and 

rock.  On Earth, a geologist’s field kit would typically include a hand lens, a hammer, a 

notebook, and a camera.  He or she would observe, note/sketch, and photograph the area, 

using the hammer and hand lens to make note of rock types and composition.  The loss of 

mobility and dexterity to the EVA suit, and the fact that only one of the 12 Apollo surface 

astronauts (Harrison “Jack” Schmitt, Apollo 17) was a trained geologist, precluded this 

type of typical field survey on the lunar surface.  Instead, Apollo astronauts could only 

take pictures and relay observations to mission control vocally.  Sampling required the 

use of several different tools, including a hammer, a rake, scoops, and tongs.  Astronauts 

also made use of extension handles to avoid bending and kneeling.  These tools, shown in 

Figure 2-1, and their usage will be discussed with greater detail in Chapter 3.     

 
Figure 2-1: Apollo Lunar Surface Sampling Tools 

(A) – Astronaut training with drill, (B) – Rock Hammer, (C)-Spring Actuated Tongs, (D)-Small Adjustable 
Scoop, (E) – Core tubes, (F) – Rake (images from [9]) 

                                                 
†† Regolith is defined as, “The layer of rock and mineral fragments that rests on bedrock and is produced by 
the weathering of rocks. Regolith constitutes the surface of most land.”[8]  While both loose rock and soil 
constitute the regolith on a planet, the term is used here and in literature interchangeably with “soil.”  
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2.2.2 Drills 

The most common method for collecting surface samples is a drill, used on 19 of 

the 36 sampling missions [1].  The principle of drill is straight forward – rotary motion is 

used to cut, mill, or auger the sample from the surface or object.  Mechanically, the drill 

is relatively simple, consisting of a motor, gear train, and drill bit.  Collecting and 

transferring a sample typically only requires a one or two degree of freedom (DOF) 

mechanism.  This mechanical/electrical simplicity makes drills ideal for planetary 

spacecraft.  Drilling systems do, however, have limits.  First, drills, at least the ones 

flown to date, can only collect a few grams of surface material, the bare minimum for 

most scientific instruments [10].  Second, as it moves across the rock/surface, the bit 

generates frictional heat which can chemically alter the sample or overheat the motor, 

neither of which is desirable.  Third, drilling dulls the bit which limits the system’s 

lifetime or requires changing bits.  As long as these limitations are addressed, a drill 

system can successfully collect samples, as shown by the Luna, and Venera probes. 

Luna 

The Soviet Luna program consisted of three generations of lunar probes.  The first 

and second generations were orbiters/impacters (Luna 1-3) and landers (Luna 4 – 14), 

respectively.  The third generation spacecraft (Luna 15 – 24) were meant to advance 

exploration technology by either deploying a rover or collecting and returning samples to 

Earth (the first of this series was also likely mean to try and upstage the American Apollo 

11 landing) [11].  Luna 16 (1970), 20 (1972), and 24 (1976) successfully returned about 

330 g (total) of lunar regolith [1].  The samples were collected by a drill mounted to the 
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end of a 1 DOF boom (see Figure 2-2).  After collecting the sample, the arm swung up to 

deposit the sample in the return vehicle.   

 
Figure 2-2: Luna Sampler Arm and Drill (image from [12]) 

 
 

Venera/Vega 

The Soviet Venera and Vega probes were the only spacecraft to land on and 

sample Venus.  Venera 13 and 14, launched in 1981, and Vega 1 and 2, launched in 1984, 

were all similar probes that had a small drill to collect a sample for on board 

spectrographic analysis [1].  The extraordinarily harsh surface environment on the 

Venusian surface made this an interesting engineering challenge, but all four of these 

probes were able to collect surface samples and return data to Earth for about an hour 

after landing. 
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Figure 2-3: Venera/Vega Venus Surface Landers 

 (L) Venera/Vega Lander [1], (R) Venus Surface Drill [13] 

Rosetta 

A current example of a sampling drill system is the Sampling Drilling and 

Distribution (SD2) system aboard the European Space Agency’s (ESA) Rosetta lander.  

Launched in 2004, this probe and lander is en-route to the comet 67P/Churyumov-

Gerasimenko.  After landing the SD2 will be able to collect up to 26 sample cores of up 

to 23 cm deep at different locations immediately surrounding the lander [14]. 

2.2.3 Scoops 

A drill system may be a simple mechanical system, but the scoop is an easier 

method for collecting a sample – the sample is obtained by pushing or pulling a blade or 

container across the surface.  This tends to require a multiple DOF arm, which makes it a 

generally more complex and power consuming system.  It is, however, a very flexible 

system able to collect soil and rock chips (depending on size) with masses on the order of 

10 – 100 g.  Additionally, because it requires an arm, a scoop system can morel easily 

manipulate the environment (dig trenches, move rocks, etc.).  Scoops have been used on 

the Surveyor probes, Viking landers, and Mars Polar Lander type landers. 

 13 
 



 

Surveyor 

The Surveyor Program was a precursor to the Apollo Program with probes being 

sent to potential landing sites.  In fact, the crew of Apollo 12, which landed near 

Surveyor III, retrieved hardware from the probe to return to Earth; see Figure 2-4.  Two 

of the probes carried scoops (Surveyors III in 1967 and VII in 1968).  The Surveyor 

scoops were designed to conduct soil mechanics tests on lunar regolith.  The scoop was 

12 cm long by 5 cm wide and mounted on a 3 DOF pantograph arm with a reach of 1.5 m 

[1].  Engineers measured electrical currents and temperatures in the arm’s systems to 

determine the force exerted on the soil.  This allowed them to estimate mechanical 

properties of the soil.  Further inferences were made by examining images of soil piles 

and trench walls dug by the sampler [7]. 

 
Figure 2-4: Al Bean (Apollo 12) Standing at Surveyor III [1] 
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Viking 

The two Viking landers (1975) were the first to sample the Martian surface and 

were the first to carry a large suit of analytical equipment.  The Viking landers carried 

meteorology sensors, cameras, spectrometers, and various other instruments to, “study 

the biology, chemical composition (organic and inorganic), meteorology, seismology, 

magnetic properties, appearance, and physical properties of the Martian surface and 

atmosphere” [1].  The samples were collected with a 4.8 cm wide surface sampler head 

(see Figure 2-5) attached to a 4 DOF extendable boom.  The sampler head could either be 

pushed or pulled across the surface with surface properties estimated form the resulting 

motor currents.  Collected samples were deposited into the onboard chromatograph and 

spectrometers for analysis [15].   

 
Figure 2-5: Viking Lander/ Sampling System 

(L) Viking Lander Mockup with Sample Boom Extended [1], (R) Viking Sampler Head [15] 

 

Mars Polar Lander / Mars Surveyor / Phoenix 

After Viking, no Mars sample collection was attempted until the Mars Polar 

Lander (MPL) in 1999.  The MPL was a stationary lander designed to collect samples 

with a 2.2 m long, 4 DOF, back-hoe style arm with a 500 cc capacity scoop.  The arm and 

scoop were to deposit samples into a series of on-board chemical and biological analysis 
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instruments [16].  Communication with the MPL was lost just before landing and it is 

assumed a software glitch cut the engines to early cause the lander to crash.  However, 

the system architecture had already been used in the design of the 2001 Mars Surveyor 

Lander.  The Mars Surveyor ’01 was to collect samples using a scoop on a 2 m, 4 DOF, 

back-hoe style arm [17].  This mission, plagued by technical issues and cost overruns was 

canceled before launch.  Not to be deterred, NASA is using design and hardware heritage 

from MPL and the ’01 Surveyor on the Phoenix lander, set to launch in late 2007 (see 

Figure 2-6).  Phoenix will collect soil and rock samples for in-situ analysis using a scoop 

on a 2.3 m, 4 DOF, back-hoe style arm [18].      

 

 
Figure 2-6: Mars Polar Lander/Phoenix Lander 

(Top L) Mars Phoenix Lander/Polar Lander Artist’s Concept (NASA used same image for both probes) 
[19], (Top R) Phoenix Test Scoop [19], (Bottom) Mars Polar Lander Scoop [16] 
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2.2.4 Other Systems 

Scooping and drilling have not been the only sampling methods used in planetary 

research.  In fact, the sampling missions in the past five years have made use of 

alternative sampling methods.  The Mars Exploration Rovers use a grinder, the Mars 

lander Beagle 2 was to use a mole, and the asteroid probe Hayabusa used a projectile. 

Mars Exploration Rovers (Abrasion) 

The twin Mars Exploration Rovers (MERs), launched in 2003, are six wheeled 

rovers derived in part from the 1996 Pathfinder Rover, “Sojourner.”  Unlike previous 

landers, Sojourner and the MERs were meant to drive to targets for analysis, as opposed 

to collecting samples and depositing them to on-board sensors.  Sojourner carried only 

cameras and an Alpha-Proton-X-ray Spectrometer (APXS) [1].  The MERs each carry a 

microscopic imager, Mössbauer Spectrometer, APXS, and Rock Abrasion Tool (RAT).  

This instrument suite is mounted at the end of a 0.75 m, 5 DOF robotic arm called the 

Instrument Deployment Device (IDD), shown in Figure 2-7 [20].  

 
Figure 2-7: Mars Exploration Rover “Sampling” System 

(L) MER Instrument Deployment Device [20], (R) RAT on MER Arm [21] 
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The sampling system on each MER is the RAT.  The MER approaches a target of 

interest (a rock) and the IDD places the RAT near its surface.  The RAT then grinds away 

a 45 mm diameter patch up to 9 mm deep [21].  This exposes the rock interior for 

analysis by the other instruments.  With this system, the MER can conduct sampling 

without ever collecting a sample.  

Beagle 2 (Grinder/Mole) 

Beagle 2 was the lander part of the ESA’s 2003 Mars Express mission.  It 

included a robotic arm with a sensor suite similar to that of the MERs, containing a mole, 

stereo camera, grinder/corer, Mössbauer spectrometer, and optical microscope.  Sampling 

was to be conducted with the mole and grinder.  The mole contained a spring mechanism 

that would allow it to move across the surface or burrow beneath it.  A cavity in the tip 

would collect and hold soil samples.  The corer/grinder would function similarly to the 

RAT and would also collect small core samples of rocks within reach.  Neither of these 

systems was ever used on Mars; ground controllers lost contact with the spacecraft after it 

entered the Martian atmosphere [1].   

 

Figure 2-8: Beagle 2 Sampling System 
(L) Sampling Suite on Beagle 2, (R) Corer/Grinder (image from [12]) 
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Hayabusa (Projectile) 

Hayabusa is a Japanese sample return probe to asteroid 25143, Itokawa.  

Launched in 2003, it arrived at Itokawa in 2005.  The “lander” approached the asteroid 

surface (see Figure 2-9) and was to release a small projectile.  The ejecta kicked up by the 

impact was to be funneled into a sampler horn and collected.  It is unknown whether this 

maneuver was successful, but scientists are hopeful that at least some dust or small 

particles floated into the sampler horn.  Hayabusa is scheduled to return to Earth in 2010 

[1].   

 
Figure 2-9: Hayabusa Projectile Sampling 

(L) Artist's Rendering of Hayabusa, (R) Projectile Sampling Sketch [12] 
 
 

2.3 Future Sampling Missions 

The next five to ten years will see a slew of Mars exploration/sample collection 

missions.  Phoenix is scheduled to launch later this year (2007), NASA’s Mars Science 

Laboratory (MSL) and Russia’s Phobos-Grunt missions are scheduled to launch in 2009, 

and the ESA is planning on launching its ExoMars Rover in 2011.  Further on, NASA is 

planning more Mars landers and a sample return mission. 
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Mars Science Laboratory 

NASA’s next generation rover is the Mars Science Laboratory (MSL) set to 

launch in 2009.  MSL is comparable in size, weight, and scientific payload to the Viking 

landers, but is wheeled like the MERs [1].  Samples will be collected using the Sample 

Acquisition/Sample Processing and Handling (SA/SPaH) system under development at 

NASA’s Jet Propulsion Laboratory (JPL).  The SA/SPaH system (see Figure 2-10) 

includes a 5 DOF manipulator and an end effector which includes an abrader similar to 

the RAT, a corer and scoop [22].  It will be able to collect both regolith and rock cores of 

up to 5 cm, grind them down to particles as small as 150 µm for the on-board chemical 

and spectrographic analyzers [23]. 

 
Figure 2-10: MSL Sample Acquisition/Sample Processing and Handling System [23] 

 
 

Future Sampling 

The other planned sampling missions are early enough in development that many 

of their systems have not been fully designed.  The trend in these missions is mobility, 

which is scientifically useful as a mobile robot can examine or collect more diverse 

samples.  These systems have limited equipment and few sampling requirements (only a 

few grams), so the sampling systems for these rovers continues to be small corers or 
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grinders, and will probably remain so until collecting larger samples become the main 

goal.       

2.4 Current Laboratory Research 

All of the systems discussed thus far have been mission specific and tailored to 

the requirements for that particular spacecraft.  Several organizations are conducting or 

have recently conducted research into similar types of sampling systems.  The goal for 

these projects has been to expand the technology by finding better ways of sampling (i.e. 

using less power, accessing deeper soil, etc.). 

Honeybee Robotics Sampling Systems 

The Honeybee Robotics Spacecraft Mechanisms Corporation (New York) has 

been active in sampling research.  Honeybee is the designer/developer of the MER RAT 

as well as the MSL corer/abrader tool.  They specialize in drilling systems but have done 

work on several interesting sampling platforms.  They have designed and tested drillers 

for 1 m and 10 m depths (see Figure 2-11) as well as tried to integrate sensors directly 

into the drill stem for direct measurements during cutting.   

 
Figure 2-11: Honeybee Robotics Sampling Systems 

(L) Mars Deep Drill (10 m), (R) Touch and Go Sampler [21] 
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 Another of Honeybee’s interesting systems is the Touch-and-Go Surface Sampler 

(TGSS).  This system, also shown in Figure 2-11, was designed for a balloon-based or 

hover-type craft.  The TGSS hangs below the craft from a flexible shaft.  The rotating 

sample head and counter rotating sample bits kick up debris into chutes on the system or 

on the base of the craft [21]. 

Micro Robot for Scientific Applications  

The Helsinki University of Technology Laboratory of Space Technology 

developed a Micro Robot for Scientific Applications (MRoSA2) as part of an ESA grant.  

The goal was to design a 5 kg 11 X 11 X 35 cm sampling drill capable of collecting a 

core sample of up to 2 m of regolith.  The sampling system, pictured in Figure 2-12, 

houses a carousel ten 20 cm core pipes that automatically attach or detach to the drill 

motor.  Testing showed this type of sampling to be feasible with great promise for future 

development [12].  

 
Figure 2-12: Micro Robot for Scientific Applications (MRoSA2)  

(L/Top R) MRoSA2 Drill on 2m Test Stand, (R) MroSA2 Sampling System Model (adapted from [12]) 
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Ultrasonic/Sonic Driller/Corer (JPL) 

JPL has developed an interesting, unconventional sampling device.  The 

Ultrasonic/Sonic Driller/Corer (USDC) uses high frequency vibration to “bounce” a free 

floating mass off the drill bit to fracture the target rock (see Figure 2-13).  The USDC 

unit has been successful in drilling 5 mm holes in several types of rock, doing so with 10 

times less axial force and power draw than a conventional drill.  It also works as a “lab-

on-drill” showing promise in determining rock properties based on power draw and 

sample rate [24].  It can “drill” holes, collect cores, abrade, or mole depending on the bit 

used.  

  
Figure 2-13: Photograph and Sketch of USDC [24] 

 

Pyrotechnic Rock Chipper (APL) – 2004 

Another interesting, unconventional sampler was developed at John Hopkins’s 

Applied Physics Laboratory (APL).  APL designed a pyrotechnic rock chipper that uses a 

projectile to collect a sample (similar to the Hyabusa sampling discussed in Section 

2.2.4).  The pyrotechnic chipper consists of a small explosive charge, a steel penetrator, 

and a catcher.  The charge fires the penetrator into the rock/surface (see Figure 2-14) 

which kicks up 3 – 16-g of chips and dust into the catcher [25].  This system has the 

benefit of being light weight and drawing very little power (only enough to ignite the 
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charge) making it an extremely efficient method of sampling.  The drawback to this 

system is that it is not reusable; each sample requires a new charge.    

 
Figure 2-14: Schematic of APL Pyrotechnic Rock Chipper [25] 

 
 

Underwater Sampling Methods (UMD SSL) - 2007 

 The University of Maryland SSL, in conjunction with the Woods Hole 

Oceanographic Institute, is developing a robotic manipulator called SAMURAI (Subsea 

Arctic Manipulator fro Underwater Retrieval and Autonomous Intervention) to 

autonomously collect geological and biological samples around geothermal vents on the 

floor of the Arctic Ocean [26].  Several of the concepts for end-effectors for the 

SAMURAI arm show the similarities and differences between sampling in two harsh 

environments, deep underwater and extraterrestrial planetary surfaces. 

Two concepts under review for the SAMURAI system are the Bushmaster basket 

device and the Mussel Pot device shown in see Figure 2-15.  The Bushmaster device, 

developed at Pennsylvania State University, consists of a flexible cage that can close 

around the sample it is trying to collect.  The Mussel Pot, developed at Pennsylvania 

State University and the College of William and Mary, is similar in function to the 

Bushmaster, but with a rigid sample container with the opening sealed either by an iris 

mechanism or drawstring cloth.  These two devices are adequate for collecting geologic 
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samples, but are primarily intended to collect biologics (tubeworms, mussel and clams, 

etc.).  The considered geologic samplers are somewhat more traditional.  The claw design 

and the Pacman scoop, both also shown in Figure 2-15, look more like what one would 

expect to find at the end of a sampling manipulator.  The claw is a basic gripper design 

that can grasp tubeworms and other biologics as well as rocks.  The Pacman scoop 

consists of two hollow semi-cylinders that open and close like a clam [27]. 

 
Figure 2-15: Underwater Sampling Concepts 

(Top L) Bushmaster netting device closed and open, (Top R) Mussel Pot / Sample Collection Can, 
 (Bot L) Claw concept sketch, (Bot R) Pacman Scooping Device—All images from [27] 

 

 The SAMURAI project faces many similar design issues as this project, 

specifically how to collect various, diverse sample types in a harsh, inaccessible 

environment.  Certainly, some of the elements of planetary surface sampling can be 

applicable to sub sea sampling and vice versa – note the similarities between the Pacman 

scoop and the TERPS concept – but the differences in the two environments are 

important to remember.  This is especially true for tock and soil samples (geologic 
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samples).  Water drastically affects the physical properties and behavior of soil, making 

the collection and/or manipulation of soils from the sea floor very different from 

collecting and/or manipulating dry planetary regolith.   

2.5 Summary 

There have been a few different means of collecting planetary surface samples.  

The most common forms are drills and scoops.  Each offers it own advantages and 

disadvantages for robotic exploration– drills are simple and well suited, mechanically, for 

robots but are limited in what they can collect, and scoops can be better at collecting and 

manipulating samples, but are more complex and power consuming.  This chapter has 

concentrated mostly on these robotic sampling systems.  When humans enter the loop, 

the sampling methods will, obviously, depend more heavily on the human capabilities. 
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Chapter 3  

Human/Robot Geology: Requirements & Lessons from Apollo 

 

The previous chapter mainly discussed robotic sampling technology.  It is self 

evident that sampling technology will differ for human sampling and again for 

human/robot sampling.  This chapter will analyze astronaut EVA sampling tools, review 

human/robot interaction in field geology, and define the requirements for a human/robot 

sampling tool.      

3.1 Apollo Era Sampling 

Since the Apollo program is the only instance of manned planetary exploration, it 

serves as a baseline for designing future manned surface systems.  For this thesis, Apollo 

17 was used as a case study in EVA geology tools and their usage.  Audio and video 

downlinks from the mission were studied to determine how astronauts used their tools 

and what problems arose during the mission [28, 29].  The Catalog of Apollo Lunar 

Surface Geological Sampling Tools and Containers [9] and astronaut post flight 

comments [30] were also examined for broader look at Apollo sampling technology. 

3.1.1 Apollo 17 

Launch in December of 1972, Apollo 17 was the last of the Apollo flights and is 

considered one of the most interesting scientifically.  Commander Gene Cernan and 
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Lunar Module Pilot Harrison “Jack” Schmitt performed the most EVA (22 hours total), 

covered the most distance (30km), and collected the most samples (111 kg) of any 

mission in the Apollo program [31].  The crew explored the Taurus-Littrow Valley along 

the rim of Mare Serenitatis, one of the more geologically interesting landing sites of the 

program.  This was also the first and only mission to have a geologist, Jack Schmitt, as 

part of the crew.  These factors make it an ideal mission for studying for surface systems 

and tools.   

3.1.2 Apollo Sampling Tools and Usage 

The Apollo tools were designed to allow the suited astronauts to collect samples.  

EVA suits are bulky and stiff making mobility, bending, and grasping difficult and tiring.  

Additionally, the tools had to be designed to minimize weight and sample contamination.  

Many of the earlier tools were deemed inadequate on the first few flights – Al Bean on 

Apollo 12 noted, “…the lunar equipment we have is generally too flimsy” [32] – and 

were redesigned.  By Apollo 17, the tools were proven and the astronauts knew what 

worked and what did not in terms of collecting samples. 

The tool catalog [9] in conjunction with the Apollo 17 video downlink [28] 

provided valuable insight into the tools, their usage, and their pros and cons‡.  The tool 

catalog contains information (size, weight, material, sample capacity, etc.) and photos of 

each of the surface tools used in the Apollo program.  The Apollo 17 video downlink 

consists of the videos recorded form the lunar rover camera – so it only shows those 

portions of the EVA when the camera was on, which does not include 

preparation/closeout activities or driving.  It does, for most of the time, show at least one 

                                                 
‡ Any mention of tool specifications or usage, unless otherwise noted, is attributed to [ ] and [ ]. 9 28
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of the astronauts performing tasks – there are times when they are separated or out of 

sight.  It also shows at least one example of each tool being used. 

Scoops 

The scoops used on Apollo 16 and 17 were large, adjustable scoops based on 

previous flight models (see Appendix A).  Each had an overall length of 35 cm with an 

11 cm wide, 15 cm long, 5 cm high pan, and a 76 cm long extension handle – at no point 

was either astronaut visible using the scoop without the extension handle.  The scoop had 

a joint to adjust the angle between the scoop pan and handle (see Figure 3-1).  Schmitt, 

whom the camera usually followed, used the scoop most of the time.  He used it for 

collecting soils and rocks, and trenching, usually to a depth of about 5 cm. 

 
Figure 3-1: Small Adjustable Scoop (adapted from [9]) 

 
 
 The astronauts (Cernan and Schmitt) had a few different ways collecting a sample 

with the scoop, all of which were one handed.  In one method, he would hold the scoop to 

the ground in front of him and push, sometimes leaning into it, then lift it out.  Similarly 

the astronaut would hold the scoop out to his side and push it into the soil.  This method, 

however, required him to bend one knee and lean to that side.  Using the same position, 

he could swing his arm forward and collect a sample at his side.   
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Figure 3-2: Jack Schmitt Using Scoop [29] 

 
 

Sample collection with the scoop was usually a two-man job.  One would collect 

the sample while the other held the bag.  It was possible, however, to scoop alone by 

adjusting the scoop to be perpendicular to the handle.  In either case, it often appeared 

awkward for the astronaut taking the sample to hold the scoop steady while trying to pour 

the sample into the bag. 

Rake 

The rake was used for collecting bulk chip and rock samples.  It consisted of a 29 

x 29 x 10 cm open ended basket on a 22cm handle with an attachment for the extension.  

The rake was also always observed being used with the extension handle.  The rake tines 

were 1 cm apart to allow for sifting out fines from larger rocks.  Samples were collected 

by moving the rake across the surface (Figure 3-3).  For this task, the astronaut either 

held the rake out to his side then side stepped, dragging the rake along, or swung the rake 

in front of him as if sweeping with a broom.  Because the rake was so large, collecting 

the bulk sample always required both astronauts (one to rake and the other to hold the 

sample bag).  
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Figure 3-3: Apollo Rake 

(L) Rake in Lunar Soil (Apollo 16), (R) Jack Schmitt Using Rake [29] 
 

Tongs 

The tongs were designed as grasp augmenters/extenders, capable of picking up 

single rocks and other objects up to 10 cm wide.  The tongs were 80 cm long (76 cm on 

earlier missions) with spring loaded tines (Figure 3-4).  The tines were held shut by the 

springs; the astronaut would squeeze a t-bar on the handle to open them.  Gene Cernan 

mainly used the tongs, and since he spend much time out of camera view, it is hard to 

accurately determine its usage.  It does appear, though, that it is a useful tool, especially 

for picking up other tools, but it also appears that it is tiring to use because it requires a 

firm grasp. 

 
Figure 3-4: Tongs (Apollo 12) [29] 
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Hammer 

The hammer was an important yet problematic tool.  It was meant to break chips 

off large rocks and boulders, and drive core tubes.  It could also be used as a hoe or 

pickax when attached to the extension handle, though this use was not observed during 

any of the Apollo 17 EVA.  Thirty-nine centimeters long and weighing 1.3 kg, the 

hammer was used the same way a hammer would be used on Earth.  This, however, is 

where the problems lie.  Hammering requires a tight grip and large, quick motions, both 

of which are difficult in a pressurized space suit.  

 
Figure 3-5: Hammer Used to Break Rocks (Apollo 15)  

 

Core Tubes & Drill 

The drill and core tubes were designed to collect subsurface samples while 

preserving the soil structure and layering.  There were two versions of the core tubes: the 

2 cm diameter core tubes were used on the early missions and the 4 cm diameter drive 

tubes used on the later ones, including Apollo 17.  The 4 cm drive tubes were 42 cm long 

and could hold a 35 cm soil column.  A single core could be taken or two tubes could be 

attached together to collect a single, 70 cm “double core.”  The astronaut collecting the 

core attached the “top” of the tube to the extension handle and pushed the bit into the 

 32 
 



 

surface.  He would then pound the tube to depth by hitting the extension handle with the 

hammer after which he would use the handle to pull out the core. 

The Apollo Lunar Surface Drill (ALSD) had a similar function, but was able to 

take a 3 m core using 8 2.5 cm diameter, 43 cm long (40 cm soil column) drill stems.  

The 4 kg rotary-percussive drill head, containing a 0.4 horsepower, Black & Decker 

motor, drove the stems into the ground at 2270 blows per minute and 280 rotations per 

minute.  A 3.5 kg, 16 cell, silver-oxide/zinc battery powered the system.  The astronaut 

would assemble the drill head, battery, 2 or 3 stems, and then drill down.  When the drill 

reached the ground, he would detach the head, attach more stems, reattach the drill, and 

repeat the process until he collected the full core.  He would then have to jack the 

complete core out of the ground.    

Sample Sizes 

The consensus among geologists is that astronauts and/or rovers should collect a 

small amount of a large number of different samples [4, 10, 33].  This was the case for 

the later, so called J-type Apollo missions (Apollo 15-17).  These missions collected 

1,842 samples weighing a total of 284 kg for an overall average sample size of 154 g.  

The samples collected can be categorized by type: rocks, rakes, soils and chips, and 

cores.  Rocks are the individual rocks collected by either the scoop or tongs and, for the 

J-type missions, had an average mass of 400 g.  The rake samples were the rocks and 

chips larger than 1 cm that were collected in bulk, but which averaged only about 5 g 

each.  The average mass of the regolith samples (collected with the scoops), which also 

included small rock chips, was about 200 g [33].     
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Table 3-1: Summary of Apollo 17 Sampling Tools 

Tool Sample 
Type 

Sample 
Capacity Sample Mass  Note

4 cm Drive Tube (single) C 470 cm3 450 g  
Drill (3 m core) C 940 cm3 1400 g+  

Heavy Weight Hammer R N/A 400 g  
LRV Soil Sampler SCh, R 650 cm3 500 g+ 1 

Rake Ch > 1 cm 5 g 2 
Large, Adjustable-Angle Scoop SCh, R 825 cm3 200 g  

32 Inch Tongs R 6-10 cm 400 g  
Sample Type: C – Core, R – Rock, SCh – Soil & Chips, Ch – Chips 
Sample Mass: Averages based on [33], + - Approximate based on capacity and soil density 
Note: 1 – See Appendix A, 2 – 5 g average mass per chip, rake could collect up to 1 kg of chips [28]  

 

3.1.3 Problems with Apollo Tools  

The Apollo tools, especially the modified and redesigned tools used on the later 

missions, were adequate for their task. David Scott and James Irwin of Apollo 15 agreed 

that, “…the geology tools and concept and the manner of sampling were just fine.” [34]  

There are, however, issues that must be addressed for any long term missions to the 

moon, whether those missions are just human or human and robotic.  Suit mobility and 

glove dexterity will be a major factor not only in suit design, but also in tool design.  

Stability will also play a large role in tool development.  A third, major issue to consider 

is dust, which will affect the design of any and every human or robotic system on the 

Lunar and Martian surface. 

Dexterity 

The biggest problem for the Apollo astronauts was the gloves.  At least once 

during each of the three of the Apollo 17 EVAs, one of the crew can be heard 

commenting that his hands were tired.  They complained in their debriefing that the glove 

exerts a constant pressure on the top of the hand and fingers that was particularly bad in 
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highly dexterous activities and caused fatigue and bruising [35].  Interviews with eight of 

the Apollo surface astronauts in 1994 (which ones is unknown) also show that the gloves 

were a problem during EVA [30]. 

Mobility/Stability 

Mobility and stability are related when it comes to lunar EVA.  Pressurizing the 

suit makes it stiff and makes any motion or bending difficult – this is what makes the 

gloves so problematic.  Adding to the pressure related difficulties, the mass of the suit 

and the backpack affected balance.  The Apollo astronauts had to conduct their sampling 

activities while carrying a total 30 kgf [36].  This makes any bending, whether for 

scooping, raking, drilling, or hammering, difficult.  Every time either Schmitt or Cernan 

(while on camera) had to bend over, kneel, reach for the ground, or try to get back up, 

they had to try more than once before succeeding.  This was clearly due to the suit.   

A good example of this occurred during the second EVA at mission elapsed time 

144:50:52 [29].  Schmitt was trying to collect a sample by himself using the scoop, and 

was having trouble.  He eventually dropped both the scoop and the sample bag and fell 

over.  He stood up, dropped the bag again, fell over again, trying to pick it up, and tried 

twice to get back on his feet.  He had to try twice to get the sample back off the ground 

and had to have Cernan pick up the other equipment he dropped with the tongs.  

Dust 

Lunar dust particles are very fine, very sharp, and very corrosive.  As Gene 

Cernan put it, “Everything is just full of dust. There's got to be a point where the dust just 

overtakes you, and everything mechanical quits moving” (mission elapsed time 
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167:21:05, [29]).  He said this as he was trying to adjust his scoop which was stuck.  At 

this point in the mission, both Cernan and Schmitt were completely covered in dust and 

were having trouble with the scoop, the tongs, and the extension handle.  In general, the 

dust was a major problem for tools, fasteners, connectors, zippers, and suit bearings [30]. 

3.1.4 Areas for Improvement 

Obviously, the biggest area for improvement is in the suit and the gloves, which 

need to be more flexible.  This, however, is out of the scope of this thesis, which focuses 

on sampling tools.  In general, EVA tool designs should reduce the amount of dexterity 

required to hold and operate.  The scoops, especially the improved, larger ones on Apollo 

16 and 17, appeared to work adequately but did require bending and stooping, which is 

undesirable.  The tongs were useful as a tool but required a squeezing grasp to actuate, 

something that future tool designs should avoid.  Other tools, like the drill, were so 

taxing, that many of the Apollo astronauts thought they should be automated or 

performed robotically [30]. 

3.2 Human/Robot Roles in Future EVA & Exploration 

The idea of using robots as assistants has long been a theme in science fiction.  

Astronauts have been using a robotic assistant on-orbit for more than 20 years (the 

Shuttle Remote Manipulator System).  In 1999 NASA began field testing human robot 

interaction in planetary surface exploration [37]. 

3.2.1 Astronaut-Rover Studies 

NASA Ames Research Center conducted Astronaut-Rover (ASRO) experiments 

to study how robots could help astronauts in the field, develop operational roles and 
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procedures for members of a human/robot team, and identify requirements for future 

rover and suit system designs [37].  The ASRO team members for these experiments 

were an “astronaut” and the Marsokhod rover (Figure 3-6).  The “astronaut” was a 

subject in an EVA I-1 prototype suit with a rock hammer, hand lens, and Apollo style 

tongs.  The Marsokhod rover is a Russian built, six-wheeled, 120 kg rover used by Ames 

as a research platform; it includes a 1 m long, 5 DOF manipulator with a small sampling 

end-effector [37, 38]. 

 
Figure 3-6: “Astronaut” and Marsokhod Rover in ASRO Study (photo from [39]) 

 
 

The ASRO team studied four mission scenarios.  In the first, the rover acted as a 

scout, performing a preliminary survey of an area to determine its interest for human 

EVA.  In the second, the rover acted as a videographer, following the suit subject and 

documenting his work.  The third scenario had the rover acting as a science assistant; the 

suit subject would place color-coded flags on targets of interest and the rover would 

follow, photographing or sampling based on the flag color.  Finally, the fourth scenario 

had the rover acted as a field cart, carrying tools and supplies. 

These experiments provided positive results that a human-robot team can improve 

EVA performance.  The ASRO experiments also identified several areas for further 
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research and development.  Specifically, with regards to this thesis, they found that, “The 

astronaut tools are currently not adapted to provide an efficient science field work.  They 

generate delays in task completion and over-exhaustion of the of the EVA test subjects,” 

and that, “It is critical to provide proper investigation tools.  It is necessary to develop a 

‘science tools box’ for EVA-Rover planetary surface exploration.” [37]   

3.2.2 EVA Robotic Assistant 

In 2000 and 2002, NASA Johnson Space Center (JSC) conducted field studies 

with the EVA Robotic Assistant, based on the ASRO studies.   The 2000 field trials dealt 

mainly with autonomy and interaction issues.  The rover, “Boudreaux,” performed 

passive tasks, such as laying cable and carrying tools, autonomously and in response to 

commands form the suit subject.  These experiments yielded a desire for Boudreaux to be 

able to manipulate its environment, so a 7 DOF arm with a Barrett Hand was added for 

future trials [40].  The 2002 field trials explored more active interaction between the 

rover and the suit subject (Figure 3-7) [41].  These trials were considered successful by 

those involved and are evidence of a continuing and serious study into using robots in the 

field with astronauts on EVA. 

 
Figure 3-7: NASA/JSC EVA Robotic Assistant (photo from [42]) 
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3.3 Requirements for Sampling CAT/End-Effector 

Everything discussed to this point provides the basis for the development of a 

human-robot sampling tool (TERPS).  The requirements driving its design can be divided 

into two main categories: geologic and functional. 

3.3.1 Geology/Sampling Requirements 

The baseline for future, manned planetary sampling is the later Apollo missions, 

so it makes sense for TERPS to be at least able to replicate the sampling capacity of the 

Apollo tools, with priority going to the most scientifically useful sample types.  The most 

studied sample types from the later Apollo missions were individual rocks, soil cores, and 

soils, in that order [33].  In terms of soil and rock collection, the baseline requirement, 

based on average samples from Apollo, is that TERPS should be able to collect up to 200 

g of regolith fines, and a rock up to a 400 g in mass.  This equates to an approximate soil 

volume of 100 cm3 and a rock diameter of 6-10 cm.  These sizes are adequate for 

allowing the division of the sample for several different tests or experiments.  The tool 

should also be capable of, at a minimum, interfacing with a 30 cm long, 3-4 cm wide core 

tube. 

There was some interest in rock fragments collected by the rake and extracted 

from the soil (about 1,600 allocations of Apollo samples compared to 13,000 for the 

rocks and 6,000 for the soils, [33]).  So while soil and rock collection is the priority, 

TERPS should be capable of collecting and sifting bulk samples containing soil fines as 

well as chips (larger than 1 cm).  It should also be able to break rocks – expose at lease a 

few square centimeters of rock interior and collect at least a 5 g sample. 
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Manipulation was also important in the Apollo missions.  The astronauts routinely 

used their tools to manipulate large rocks as well as pick up other tools and deploy 

scientific instruments.  It id a fair assumption that this will also be the case in future 

manned exploration, TERPS should be able to grasp and manipulate large rocks – up to 

2-kg – and other surface tools and equipment. 

3.3.2 Functional Requirements 

Other requirements, not directly related to sampling, also came out of the study of 

previous sampling missions and the objectives of this research.  Since TERPS is meant to 

be used as either a crew aid or a robotic end-effector, nothing about its sample collection 

method should preclude its use for either function.  This is not to say that the tool should 

be interchangeable as a CAT or end-effector, but differing human and robotic versions of 

the tools would still need to meet the same requirements. 

  In general, the only functional requirements identified thus far have to deal with 

dust.  Long term Lunar and Martian missions will have to deal with prolonged exposure 

to dust and tool design, whether it be for research hardware or flight hardware, needs to 

take this into account.  This means that TERPS should be designed to protect, as much as 

possible, all moving parts against dust intrusion.  Additionally, all parts of the mechanism 

should be accessible, either by access panels or by disassembly/reassembly, for cleaning 

and study.  
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Table 3-2: Human/Robotic Sampling Tool Requirements 
No. Requirement Statement 
Sampling Requirements: TERPS should be capable of: 
S-1 Collecting 200 g of regolith fines 
S-2 Collecting multiple rock chips greater in size than 1 cm diameter  
S-3 Sifting rock chips larger than 1 cm form regolith fines 
S-4 Collecting single rocks up to 10 cm in diameter 
S-5 Grasping and manipulating rocks larger than 10 cm, up to 20 cm in diameter and 

up to 2 kg of mass 
S-6 Abrading away a 4 5cm2 area of rock surface 
S-7 Collecting a sample of up to 5 g from large rocks and/or boulders 
S-8 Collecting a soil core of at least 30 cm 
S-9 Grasping and manipulating ordinary hand tools* 
Functional Requirements: 
F-1 No aspect of the mechanical design or function of the sampling system should 

preclude its use as either a crew aid tool or a robotic end-effector 
F-2 Differing mechanisms for human and robotic use shall both meet this list of 

requirements 
F-3 All moving components should be protected as much as possible from exposure 

to dust 
F-4 Any and all components must be physically accessible  
* - This does not include ability to operate or use tools 

 

The next chapter discusses the development of TERPS as per these requirements.  

It is important to note that while all these requirements were considered in developing the 

tool concept, the prototype focused mainly on meeting and evaluating the sampling 

requirements. 
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Chapter 4  

TERPS Concept & Prototype 

 

TERPS is a tool designed based on the requirements defined in the previous 

chapter, particularly the sampling requirements.  As it stands, TERPS represents several 

design iterations and three prototypes.  This chapter discusses the current prototype and 

its development.    

4.1 Design Methodology 

The goal in this thesis was to develop a multipurpose sampling tool within a 

limited budget.  The approach taken was to first design around the sampling task 

requirements, prove concepts, then use this experience to optimize the mechanical design.  

As a result, many design choices were made based almost entirely on financial 

considerations, available materials, relative ease of manufacture and modification, etc.   

The first step in any design is to identify and define the requirements for the 

system.  This was discussed in the previous chapter.  For this work, the next step was to 

identify possible concepts, one to study further.  Having chosen a concept to pursue, a 

prototype was designed and constructed based on the sampling requirements, and then 

against those requirements.  This process involved quickly producing inexpensive, low 

fidelity prototypes.  Thus, as any issues or problems that arose during testing could be 
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addressed relatively quickly and easily.  Once the sampling requirements were met 

satisfactorily, emphasis was added on more detailed requirements and mechanical design.   

4.2 Initial Concepts 

Given the task of designing a sampling tool, even with the requirements 

previously discussed, there are a countless number of design possibilities.  Initially, 

several different methods for sample collection were considered.  The driving 

requirement in concept generation was the ability to cut rock chips and soil cores.  This, 

intuitively, meant that it should include a drill mechanism, so one of the first concepts 

was a drill and auger system where all samples are carried up a rotating shaft (see Figure 

4-1).  Another design was idea was to combine the scoop and tongs into a single tool 

where the sample is collected by a rigid scoop and secured with an actuated “finger.”  

Another design type was a grasping scoop, where the sample is collected with multiple 

actuated scoops.  Both of the latter two concepts would also include drills.   

The decision of which concept to pursue in depth ended up being only a matter of 

the requirements – a qualitative analysis outlined in Table 4-1 showed that multiple 

scoops met all the sampling requirements in the simplest fashion.  Looking at each of the 

concepts, it was clear that some requirements could definitely or probably be easily met.  

For example, all three concepts would clearly be able to collect soil – ensuring that it 

collects the required 200 g would be a matter of sizing the scoop or auger blade 

accordingly.  Likewise, it was clear that an auger, whose function is to lift regolith, would 

not be able to grasp any regular or irregular shaped objects or tools.  Other requirements 

were no as easy to evaluate.  An auger, for example, may be able to catch and pinch small 
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or medium sized rock fragments.  Determining weather or not these requirements could 

be met would involve more design detail, analysis, and perhaps testing. 

 
Figure 4-1: Initial TERPS Concepts 

 
 
Table 4-1: Initial Concept Comparison Matrix 
Sampling Requirements Auger Scoop/Finger Multi-scoop 
200 g Soil Yes Yes Yes 
1 cm Chips w/ Soil Yes Yes Yes 
1 cm Chips w/o Soil FSR Yes Yes 
Fist-sized Rocks FSR Yes Yes 
Football-sized Rocks No FSR Yes 
5 g Boulder Chip Yes FSR Yes 
Soil Core Yes Yes Yes 
Grasp/Hold Tool No Yes Yes 
Yes – Highly likely, if not certain, to meet requirement.  Any issues/problems relating to requirement are 

trivial or depend on specifications.  
FRS – Further Study Required.  More detailed development required to determine if requirement can be 

met. 
No – Highly unlikely, if not impossible, to meet requirement. 
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The auger would have been simplest mechanically, requiring only one DOF.  

Unfortunately, it would be unable to grasp or manipulate tools or large objects.  The rigid 

scoop, in theory, would have met all of the sampling requirements, but would have 

introduced unnecessary complexity in getting the sample collection device to the sample.  

Positioning a drill in the center area, the “palm,” would require an additional, 

translational degree of freedom to get the bit to the rock; placing it elsewhere on the 

system would add potentially, over-complex orientation requirements on the positioning 

system/device.  Multiple scoops give the flexibility to grasp tools and collect samples of 

different sizes.  In this concept, rock cutting involves opening the scoops wide enough to 

expose a drill.  This system also has an advantage of clearly meeting, or has clear 

potential for meeting, all of the sampling requirements.  This was the concept chosen for 

development and evaluation. 

4.3 Current Concept Overview 

TERPS, at present, consists of two scoops and a drill.  The scoops are driven by a 

single motor with planetary gear head and a worm-gear drive system.  They can open and 

close in a clam-shell fashion.  An off-the-shelf cordless drill motor and transmission 

serve as the drill.  The scoops and housing are made from 3 in (7.6 cm) wide, 0.125 in 

(0.3 cm) thick, square aluminum structural tubing§.  Other components were machined 

from aluminum, with the exception of shafts and gears, which are steel and brass.  All 

components were designed, modeled, sized, and fit using UGS I-DEAS CAD software 

(example of CAD models is shown in Figure 4-2, materials and drawings are shown in 

Appendix B). 
                                                 
§ Note on units.  Because of available stock and machining tools, all mechanical design uses the Imperial 
System (English units).  All analysis uses SI (metric units). 
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Figure 4-2: CAD Model of Overall System 

 
 

 
Figure 4-3: Photograph of Current Prototype (without Drill Installed) 
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4.4 Scoops 

The scoops are the main component of TERPS, responsible for most of the 

sampling functions.  The most obvious of these functions is soil collection.  The scoops, 

which rotate in a clam-shell style motion, can open to an angle of 90º (parallel to the 

palm) and close completely to hold up to 305 cm3 of sample material – this includes 

completely encompassing a rock with up to a 7 cm diameter/width.  With an open span of 

22 cm, the scoops can grasp objects as wide as 15 cm. 

This combination scoop/gripper design is ideal for several reasons.  Mainly, it 

meets all sampling requirements and does so without requiring a change in orientation – 

whether collecting soil fines, chips, or rock/soil cores, the palm is only required to be 

placed roughly parallel to the surface.  This, potentially, reduced the dexterity 

requirements any manipulator design.  This also makes it relatively easy for a human to 

use.  As discussed in Chapter 3, many of the Apollo sampling tools required the astronaut 

to bend forward or to the side while pushing or pulling against the soil.  With this design, 

an astronaut would only have to hold the tool over the sample to collect it.  Additionally, 

as a CAT, this configuration is intuitive and simple to use and handle.  

Initially, the scoops were designed such that the sides overlapped as they closed 

(see Figure 4-4).  This was the preferred design because it would prevent any sample loss 

out of the sides and would allow for greater control over sample release and sifting.  

These scoops would have been fabricated using a rapid prototyping (RP) machine which 

would automatically form plastic into each part directly from the virtual CAD model.  

Using RP scoops also had the advantage of being easy to redesign/re-fabricate as needed.  

Unfortunately, persistent malfunctions in the RP machine prevented this approach. 
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Figure 4-4: Initial Overlapping Scoop Design 

 
 Instead, the scoops were fabricated from the same aluminum tubing used for the 

housing.  Each scoop consists of half of a 2.5 in (6.4 cm) length of the 3 in (7.6 cm) 

aluminum square stock with one end cut at an angle of 30º (see Figure 4-5).  The bottom, 

blade, is a 0.125 in (0.3 cm) thick aluminum plate held in place by two corner brackets.  

One blade was serrated to allow for scrapping and scratching.  The other was smooth so 

that the two could close together (Figure 4-6).  Two aluminum strips bolted to the side 

attach the scoop to its drive shaft.  

 
Figure 4-5: Current Scoop Design 
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Figure 4-6: TERPS Scoops 

4.5 Actuation 

A single motor drives the scoops through a single planetary gearbox and a pair of 

parallel worm gear sets (Figure 4-7).  The gear-motor spins a series of spur gears which 

spin two worms in opposite directions.  This, in turn, spins two more shafts, each rigidly 

attached to one of the scoops.  The single motor configuration minimizes the required 

space in the mechanism and ensures that the scoops stay synchronized.   

 
Figure 4-7: Scoop Actuation Drive 
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4.5.1 Gears vs. Linkage 

Design of the actuation system centered around the desire to be able to grasp and 

hold a sample without continuously running the motor, which draws more power and 

wears out the motor.  So the options were a brake, which tend to be heavy and bulky; a 

mechanism that is biased closed, which would require the motor to run to keep the scoops 

open; or a self locking mechanism, which remains stationary in any position once power 

to the motor is cut. 

Lead Screw Driven Linkage 

Initial actuator design involved a lead screw driven slider-crank mechanism (see 

Figure 4-8).  The rotating lead screw applies linear motion and force to the slider element 

of the mechanism.  This, in turn, drives the crank, which is the scoop.  A lead screw and 

crank mechanism have great potential for mechanical advantage and lead screws resist 

backward motion, that is, a force applied to the slider element will not cause the lead 

screw to back rotate.  

θ2

θ1

F

r1

r2

d

Lead Screw

Sliding Element
(Lead Nut)

Link 
(Crank Arm)

Crank

 
Figure 4-8: Initial Scooping Mechanism 
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A force analysis was performed to identify the mechanical advantage of the 

system, the ratio of the output torque (on the scoop) to the input torque (from the motor).  

Assuming no friction, the force resulting from a supplied torque to a lead screw is given 

in equation 4-1, where F, T, and L are force, torque, and screw lead, respectively [43].  

The torque output to the scoop can be calculated from summation of forces and moments 

in static equilibrium and is given by equation 4-2 where r is the length of the link.  

Combining these two equations equation 4-3 shows that mechanical advantage is a 

function of the angle between the two links. 

L
Tπ2F in=           (4-1) 

( )212out θθsinrFT −=                  (4-2) 

( 212
in

out θθsinrLπ2
T
T

−= )      (4-3) 

The mechanism shown in Figure 4-8 has a mechanical advantage of 13, which can 

be increased to between 22 and 45 depending on the position of crank arm (θ2).  Avoiding 

the two limit positions, where both links are collinear, is desirable as these are the points 

with little or no mechanical advantage.  For a full scooping motion, this means the 

extreme positions (fully opened and fully closed) will have the lowest mechanical 

advantage.  A hand operated prototype was constructed to test this system.  The scoops 

performed well and the mechanical advantage issues were, at worst, inconvenient.  There 

was, however, a great deal of error in fabricating the system – ±0.01 in (0.025 cm) at 

each pin – which caused problems.  Errors in holes drilled for pins in the links and small 

misalignments in the parts often lead to asymmetrical motion and/or forces in the system.  

This usually cause the mechanism to stick and made the system unusable.  This led to the 
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use of a gear train, where such high tolerances (which accompany quick prototyping) do 

not drastically affect functionality.    

Gears 

The gear train developed for TERPS, shown in Figure 4-7, make use of worm 

gears, which as with lead screws, tend to resist back-drivability.  Worm gears also tend to 

have high gear ratios in relatively compact packaging.  Gear sizing depended on the 

available space within the body, so 20:1 worm gears, which had pitch diameters less than 

1 in (2.54 cm), were chosen.  Spur gears, 1:1 gear ratio, were used to transfer and split 

motion from the motor to the worms.  

4.5.2 Motor 

Motor selection was based mostly on size and cost.  The intention was to test 

system using a small, inexpensive motor to evaluate its performance and clarify 

requirements before investing in a high quality (high priced) motor.  The motor used for 

scoop actuation is a Hennkwell PK22G2150-104** Micro DC Planetary Gear Motor 

(specifications in Appendix B).  This is a small motor (140 g, 5.4 cm long, 2.2 cm 

diameter) that operates at 12 V with an operational range of 6 V – 18 V.  Attached to the 

motor is a two stage planetary gearbox with a gear ration of 104:1.  The combined system 

has a no-load speed of 144 rpm drawing 0.2 A, and is rated to output 2.5 kg-cm of torque 

continuously (0.8 A) and 7.5 kg-cm momentarily (1.9 A).  This motor turned out to be 

quite capable.  The overall gear ratio of 1700:1 gave an estimated/calculated pinch force 

of 150 N (discussed in the next section and in Appendix C) and performed well in testing.  

                                                 
** Broken motor replaced with PK22G650-016 motor in April 2007 
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4.5.3 Bearings 

For the purposes of this work, the prototype had to be easy to modify and 

reconfigure.  In the interests of simplicity, bronze Oilite® plain bearings (also called 

bushings) were used on the shafts.  These bearings only support radial loads.  Worm 

gears, however, induce axial loads (thrust loads) as well as radial loads.  The current 

prototype supports these axial loads directly through the structure, which adds friction to 

the system.  While this is not ideal, it does not prevent motion and still allows for 

sampling experiments.  Obviously, each shaft should be supported by a bearing(s) 

appropriate to the loading condition.  The loading condition for TERPS in its current 

configuration is outlined in Table 4-2.  This was based on a static analysis of all of the 

forces on the gears applied due to torque from the motor.  The forces on the gears are 

shown in Figure 4-9, the complete analysis and calculation of the loads is shown in 

Appendix C.  

Table 4-2: TERPS Bearing Loads for 7.5 kg-cm Max Input Torque and 144 rpm Speed 
Bearing Radial Load (N) Axial Load (N) Velocity (rpm) 
Transfer Gear Shaft 200 0 144 
Worm Shaft 235 450 144 
Worm Gear Shaft 800 35 7 
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Figure 4-9: Gear and Bearing Loading from Applied Torque 

 
 

4.6 Drill 

The drill is meant for sampling from large rocks, coring, abrading, and cutting.  

The TERPS drill was cannibalized from a Skil® 12 V Cordless Drill/Driver Model 2466-

02 (see Figure 4-10).  The motor is a LESHI LS-550PX with a no-load speed of 24,000 

rpm and current of 2 A (see Appendix B).  The gearbox is a two-stage planetary gear 

train with a gear ration of 36:1.  A ¾ in (1.9 cm) hole-saw serves as the bit for abrading 

and rock cutting.  A 3.5 cm diameter, 30 cm long aluminum tube serves as a core tube for 

soil cores.   
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Figure 4-10: Drill, Bit, and Core Tube 

 
 

4.7 Electronics 

All work done to-date has only required manual switching, so the electronics are 

fairly simple (see Figure 4-11).  The scoop motor was operated using a double-pole-

double-throw (DPDT) toggle switch, allowing for the motor to run in both directions.  

Two limit switches were included to protect the motor from running against itself while 

fully open or fully closed.  A cam on each scoop shaft engages the switch, breaking the 

circuit, when the scoops reach either their open or closed limit.  The drill is operated with 

a simple, on-off, push button switch.  The electrical leads from these switches as well as 

the two motors connected to cables leading to a small box containing a toggle switch for 

the motor, a push button switch for the drill, and wiring for the switches (Figure 4-12).  

This box is also where power is applied. 

 55 
 



 

+
12-V

-

+

-

+

-

+

-

+

-

V

D
ri

ll 
M

ot
or

Sc
oo

p 
M

ot
or

Limit Switches (NC)

1- Ω

DPDT Toggle

Push Button Switch

Measure Voltage Across 
1-Ω Resistor to 

Determine Current

 
Figure 4-11: Circuit 
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Figure 4-12: TERPS Switch Box 
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Chapter 5  

TERPS Testing Set-up 

 

Two types of testing were performed on TERPS.  One set of tests was to verify 

the motor performance based on a soil failure model described in the Chapter 6.  The 

other set of tests were to verify the requirements defined in Chapter 3.  These tests were 

performed both in a lab setting, using bins of soil, and in the “field,” using a large sand 

box.  This chapter discusses the overall set-up for this testing and evaluation.  Chapter 6 

and Chapter 7 discuss the specific approach and results of the soil theory testing and 

sampling evaluation, respectively.     

5.1 Lab Set-up 

5.1.1 Physical Set-up 

Sample collection testing was conducted using bins of several different soil types 

easily available.  TERPS could be mounted to a frame over the soil bin (Figure 5-1) or 

operated hand-held.  TERPS was mounted to the frame with a threaded rod; it could 

move freely vertically in either direction or be rigidly attached with a nut to maintain a 

constant position.  Dry playground sand, purchased from Home Depot, was the main soil 

type tested.  Dry sand shares similar properties to Lunar and Martian regolith, making it 

an ideal analog for basic testing.  The similarities in properties between sand [44] and 
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lunar regolith, JSC lunar stimulant [45], Martian soil [15], and JSC Mars soil stimulant 

[45] are outlined in Table 5-1.  The soils are similar in density and friction angle, but 

sand is less cohesive (i.e. less “sticky”).  To compensate, TERPS was also tested in 

increasingly more cohesive soils, specifically: moist sand, clay-like loam, and sandy 

gravel.     

 
Figure 5-1: Lab Testing Setup 

 
 
Table 5-1: Comparison of Lunar/Martian Soils to Sand [15, 44, 45, 45] 

Soil Bulk Density 
(g/cm3) 

Cohesion  
(g/cm2) 

Friction Angle 
 (º) 

Dry Sand 1.5 2.0 35 
Lunar Soil 0.0 – 2.3 3.0 – 18.4 25 – 50 

MSL-1 (JSC) 1.9 9.2 37 
Martian Soil (Viking1) 1.2 6.1 – 18.4 39 

Mars-1 (JSC) 1.9 9.2 41 
 
 

5.1.2 Data Collection 

Scoop performance data, namely motor current and scoop angular position, was 

collected with a National Instruments USB-6008 Multifunction Data Acquisition (DAQ) 

Board and software running at a rate of 500 samples per second.  The NI-6008 cannot 
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measure electric current, so the motor’s power draw were measured through the voltage 

drop across a 1 Ω shunt resister placed in series between the motor and ground (see 

Figure 4-11) – according to Kirchoff’s current law, the current through this resister is the 

same as the current through the motor.  Using Ohm’s law, which states that the current 

through a resistor is equal to the voltage drop divided by the resistance, the motor current 

can be calculated. 

The scoop angle, defined as the angle between the scoop arm and the local 

vertical (see Figure 5-2), was measured with a potentiometer attached to one of the scoop 

axils via a 1:1 spur gear set.  The voltage source for the potentiometer was a 9 V battery.  

Prior to any tests measuring position, the voltage across the potentiometer was measured 

with the scoops closed and opened.  At this point, the scoop angle, γ, can be found from 

the measured voltage, V, as shown in equation 5-1. 

⎟
⎟
⎠

⎞
⎜
⎜
⎝

⎛

−
−

=
openclosed

closed
open VV

VVγγ      (5-1) 

 
 

 

3 in (7.6 cm) 

Figure 5-2: Scoop Angular Position 
(L) Scoop Angular Position Convention, (R) Potentiometer 
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5.1.3 Data Processing 

All data collected was parsed, processed, and analyzed using MathWorks 

MATLAB.  The data collected by the DAQ board was recorded with the accompanying 

software and stored as a tabulated text file.  MATLAB code was written to extract and 

analyze that data.  A copy of the MATLAB code is available in Appendix E. 

5.1.4 Power 
The scoop motor operated at 12 V and 2 A and the drill motor operated at 12 V 

and 10 A.  To accommodate this, power was supplied through a Hewlett Packard 6674A 

System DC Power supply.  This system was capable of providing up to 60 V at up to 35 

A.  Testing away from the power supply was accomplished with a Makita 9000 9.6 V, 1.3 

A-hour cordless drill battery.   

5.1.5 Sand Box 
In addition to hand-held operation at a workbench, TERPS was also evaluated at 

the SSL “Lunar Surface Scaled Simulation Facility,” a 2.4 m by 3.7 m sandbox with 

about 15 cm of playground sand (Figure 5-3).  This sandbox, intended for rover research, 

makes an excellent “lunar landscape” for research in small planetary surface systems.  

Here, TERPS was mounted to a 1.2 m wood staff for study as a CAT and mobility aid.  

Sampling tasks were performed to demonstrate TERPS’s use as a CAT and identify any 

issues associated with that use. 
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Figure 5-3: SSL Lunar Scaled Surface Simulation Facility 

 
 

 
Figure 5-4: TERPS as a Crew Aid Tool 

 

5.2 Determination of Scoop Force 

There was no requirement defined for the amount of force the scoops must exert.  

The force exerted by the scoop is related to the torque output by the motor, which is 

proportional to the electric current flowing through the motor.  Knowing this relationship 

is useful for selecting a motor for a known task, or conversely, determining limitations of 

a given motor for unknown tasks.  Additionally, as will be discussed in Chapter 6, the 
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motor torque/current relationship can also be used to monitor or measure reaction forces 

in the environment and use this data to infer information about the environment – in this 

case, soil properties. 

For this work, the relationship between the scoop force and the motor current was 

measured directly.  To do this, the scoops were closed around one end of a scissor device 

(see Figure 5-5).  The resulting force, f, was measured on the other end with a Shimpo 

FGV-50A Digital Force Gauge.  With this setup, a force, F, applied to the small end is 

five times the force, f, measured by the force gauge.  The scoop applies the force by 

torque through the scoop arm, which in this setup is at a 10.4º angle, so the scoop force 

acting perpendicular to the moment arm is actually 5.1 times the measured force.  

Comparing this force to the measured current during the grip yields a linear relationship 

shown in equation 5-2. 

2.7I12.5F −=          (5-2) 
 

 

f 
F 

Figure 5-5: Grip Force Measurement 
 

Section 4.5.3 and Appendix C describe the calculation of bearing loads based on 

an input torque.  These calculations also yield the torque on each scoop axel, which can 
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be translated into a force at the blade.  Comparing this calculation with measured values 

yields the mechanical efficiency of the gear train.  The maximum measured current 

during strength testing was 2.1 A which, according to the derived model, means a scoop 

force of 23.6 N.  According the motor manufacturer’s specifications, 2.1 A results in a 

motor output of 8.2 kg-cm and a calculated pinch force of 156 N – a mechanical 

efficiency of only 15%. 

The drastic losses are a result of the nature of the study and the prototype.  Since 

this work is primarily “proof-of-concept,” less than optimal performance in the system is 

acceptable.  As mentioned previously, the plain bearings were used instead of the 

nominal bearings for financial reasons.  In manufacturing the prototype, ease of 

modification was more important than precision, so tolerances and errors were high.  For 

this study, cost-effective functionality was the top priority, so performance was 

sacrificed.  Future models should aim to optimize the system for both task functionality 

and mechanical performance.  
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Chapter 6  

Soil Mechanics & Theory, Testing, Results, & Discussion 

 

The overall objective of this work is to develop a research tool for planetary 

sampling.  The primary component of the concept developed in Chapter 4 is the scoops.  

As discussed, this prototype’s function is to evaluate its ability to meet the sampling 

requirements defined in Chapter 3 as well as explore and define other requirements, 

functional or mechanical, in order to improve and refine the design.  Of particular interest 

are the performance requirements for the two motors.  Since the drill motor was added 

late in the process and the mechanics of drilling are known and understood [12], this 

thesis emphasizes the mechanics of scooping.  As an object cuts, breaks, or moves 

through soil, the soil imparts resistive on that object.  In the case of TERPS, the soil 

imparts forces on each scoop as it closes.  This chapter briefly discusses soil mechanics in 

general before going on to describe the derivation of a model to predict the forces on the 

scoops. 

6.1 Soil Mechanics Overview 

Since most of this work involves scooping or manipulating regolith, it is 

important to understand its classification and mechanics.  Regolith is classified by 

particle size.  Cobbles and boulders, rocks, are particles larger than 60 mm.  Gravel is 

regolith particles between 2 and 60 mm in size – for the purposes of this work, these are 
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rock chips.  Sands have particles ranging from 0.06 mm to 2 mm, silts sizes range 

between 0.002 mm and 0.06 mm, and any smaller particles are called clays [46]. 

Soils, like any solid material, have mechanical properties and respond somewhat 

predictably to stress and strain.  Of particular interest, as with other materials, is how 

soils fail.  Soil failure is dependant on two properties, cohesion and internal friction.  

Cohesion, c, is the tendency of soil particles to stick to each other.  The internal friction 

angle, φ, is the internal resistance angle between shear (τ) and normal (σ) stress.  The 

critical values of shear and normal stress are related to cohesion and friction by 

Coulomb’s equation (6-1).  These parameters are important in determining the load 

baring capacity of soil, necessary for construction and mobility.    

( )ϕtanσcτ +=     (6-1) 

In addition to determining loading capacity, cohesion and internal friction angle 

are two parameters often used to describe soils, especially when dealing with excavation 

and failure [44, 45, 45].  These are two parameters that are affected by soil particle size, 

particle shape, moisture content, etc., so different soils behave differently under similar 

loads.  Knowing and understanding these differences can be of use geologically when 

studying an unknown region.  Pertinent to this work, the cohesion and friction angle of a 

soil will determine how well the current prototype can perform in that soil. 

6.2 Soil Cutting Model 

Determining soil properties is important for geological reasons as well as 

logistical reasons (traversability, bearing capacity, etc).  Previous planetary surface 

probes have sought to estimate soil properties by using motor currents to determine the 

resistance force of the soil and comparing that to tested soil cutting models.  The last 
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probe to do this through manipulation was Viking 1 and Viking 2 (Pathfinder and the 

MERs used wheel/soil interaction for similar analysis). 

Any probe that used or uses a scoop for soil, bases its analysis on soil cutting 

models.  These models were developed to optimize the design of Earth-moving, 

excavation, and farming equipment.  Planetary surface probes have used models based on 

the fundamental earth moving equation: 

( )wNdqNdcNdρF qcρ
2 ++=           (6-2) 

The force, F, is related to the density, ρ, blade depth and width, d and w, cohesion, c, 

surcharge, q, and dimensionless coefficients, N.  Several soil/tool models have used 6-2 

or a variant as a base.  The Godwin and Spoor, McKyes and Ali, and Perumpral models 

all use this base with differing methods for determining the coefficients [45]. 

The Viking probes used a soil/tool interaction model proposed by E. McKyes and 

O. S. Ali at McGill University [44].  This model assumes that soil in front of a blade 

fractures away from the blade forming a prism of failed soil in front of the blade and 

fanning out to the side (Figure 6-1, Figure 6-2).  According to this model, a force, F, 

applied to the soil by the blade will face a resistive force, R, based on cohesion, soil-soil 

friction, and pressure from the weight of the soil within the failure region, ρ, as well as 

any soil above the failure region (called surcharge), q.  This will also be influenced by the 

blade width, depth, and angle from the surface (called rake angle), α. 
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Figure 6-1: 3-D Sketch of McKyes/Ali Soil Failure Region (adapted from [44]) 

 

 
Figure 6-2: Side View of McKyes/Ali Soil Failure Region 

 

The two forces, F and R, are each the sum of forces on failure prism (F1 and R1) 

and the side wings (F2 and R2).  For both sections, summing the forces and solving for 

F1 and F2 results in the following (complete derivation is shown in Appendix D): 

( ) ( )[ ]

( ) ( ) ( )ϕ
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++++
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Where, from geometry: 

( ) ( )βcotαcot
d
r

+=                 (6-5) 

( ) ( )αcot
r
dυcos =               (6-6) 

The total force on the blade, F, is given by: 

( )F22F1F +=           (6-7) 

This equation (6-7), when expanded, results in an equation of the same form as equation 

6-2.  Here, all terms are known except β which is chosen to minimize the Nρ term.   

 In any particular soil, the independent variables are rake angle, α, and depth, d.  

This model, originally developed for narrow bladed agricultural tools, assumes linear 

motion through the soil with a constant depth and rake angle.  The TERPS scooping 

motion, however, is an arc, meaning a variable depth and rake angle based on the scoop 

angle, γ.  The relationship between depth, scoop angle, and rake angle is depicted in 

Figure 6-3. 

 
Figure 6-3: Scoop Kinematics 
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 The rake angle, at any time in the scoop swing, depends only on the scoop 

angle.  The rake angle is simply the sum of the scoop angle and the natural angle of the 

blade, 30º (equation 6-8).  The blade depth, on the other hand, actually depends on two 

parameters, the scoop angle (γ) and the height of the scoop axel above the surface (h).  

Any point on the scoop cross section – in this case the tip of the blade – can be described 

as a set of x-y coordinates with respect to the scoop and centered at the axel.  At any time 

during the scoop swing, that point can then be represented with respect to the stationary 

TERPS body though a simple rotation (see equation 6-9).  The blade depth is then the 

difference between y(γ) and h (equation 6-10) – a negative depth represents the scoop 

being above the surface. 

( ) γ30γα +°=                        (6-8) 
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γsinγcos
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              (6-9) 

( ) ( ) hγyγd −=         (6-10) 

  Substituting equations 6-8 and 6-10 into equations 6-3, 6-4 yields an expression 

for the scoop force as a function of scoop angle: 

( ) ( ) ( ) ( )( )wγNdqγNdcγNdργF qcρ
2 ++=        (6-11) 

Where: 
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( ) ( ) ( )( )βcotγ30cotγdr ++°=       (6-15) 

( ) ( ) ( )γ30cot
r
γdυcos +°=                 (6-16) 

 

 This model holds for rake angles less than 90º minus the angle of internal friction.  

For higher rake angles, the soil failure forms two prisms (see Figure 6-4).  The force on 

the scoop is found using equation 6-11 and with the N-terms listed below. 

 
Figure 6-4: High Rake Angle Soil Failure 
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γ
2
3105θ −−°= ϕ            (6-21) 

 

The N*-terms in equations 6-17, 6-18, 6-19 are simply equations 6-12, 6-13, 6-14 

evaluated with a rake angle of 90º - φ (which is equivalent to γ = 60º - φ), δ = φ, and d = 

d’.  In either case, the component of the force perpendicular to the scoop arm, the 

component sensed by the motor is: 

( ) ( ) ( )°−+= 60δ2γcosγFγFmotor          (6-22) 

There now exists a model relating the force on one scoop to the scoop’s position and the 

soil properties.  It is assumed that the force exerted by/on each scoop is the same, so 

doubling the calculated force yields the total force on both scoops (which would be the 

force that corresponds to the power draw of the motor – see section 5.2).  Thus, it is 

possible to compare the current readings from the motor to the forces predicted by this 

model.
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6.3 Testing Approach 

To test the soil model, TERPS was mounted to a frame (see Figure 5-1 on p. 58) 

at a set height over a soil bin.  The scoop position and motor current were measured as 

described in Section 5.1.2.  The first step was to ensure that the current measurements 

would differentiate between dissimilar soil types.  Motor current were measured on dry 

sand, moist sand, and clayey loam and compared to each other.   

The next step was to compare the current measurements against the soil model 

using a soil of known properties.  Sand was used for these tests since it has well known 

and documented properties.  Several scoops were made at differing heights and the 

measured force compared to forces predicted by the model.  Student-t tests and 

Kolmogorov-Smirnov tests were used to quantify the statistical significance of the 

difference between the two. 

6.3.1 Statistical Analysis 

The Student-t test is a statistical hypothesis test that can tell whether or not two 

samples come from the same population based on their variance.  The null hypothesis is 

that the means of the two samples are equal.  The Kolmogorov-Smirnov (KS) test is a test 

used to measure the so called “Goodness-of Fit” between predicted or modeled values 

and actual measured ones, based on the maximum difference between a measured value 

and the model.  Again, the null hypothesis is that the measured sample has the same 

continuous distribution as the model (that it fits).  Both of these tests were conducted 

using built-in MATLAB functions – the “ttest2” and “kstest2” functions for the t-test and 

KS-test, respectively.   
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The key value in each of these tests is the p-value.  This is the probability, given 

the null hypothesis is true, of the observed sample being as unfavorable or more 

unfavorable to the test statistic.  For example, a null hypothesis that the means are equal 

and a p-value of 0.1 means there is a 10 percent chance, based on the sample, that 

hypothesis is true.  So p-values close to zero imply that the null hypothesis is not true.  

Typically, the decision to reject the null hypothesis is made when the p-value is less than 

0.01 – 0.05.  The p-value itself, however, is a useful value for judging the validity of a 

test or comparison and is the basis for inferences made in this work [47].     

6.4 Testing Results 

6.4.1 Motor Characteristics 

The motor specifications (see Appendix B) given by the manufacturer, 

Hennkwell, show the scoop gear motor to have a no load current of 246 mA – meaning 

the motor running by itself at 12 V should draw 3 W.  The motor was run by itself and 

the current measured as described in Section 5.1.2 to verify this.  The results actually 

showed the motor to draw only 125 mA, about half of what it should be – this is most 

likely a characteristic of the individual motor compared to the one(s) used by Hennkwell 

in their tests.  Regardless of the difference between this motor and the published 

specifications, knowing the no load current provides a baseline of data for evaluating the 

mechanical performance of TERPS.   

The scoops were closed in open air (not in any soil) to establish the general motor 

behavior in a single scoop motion and estimate friction in the system by comparing the 

difference between the measured current and that of the no load case.  The resulting 

profile is shown in Figure 6-5.  The profile shows the amount of friction in the system.  
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When the motor is first powered, it must overcome static friction in the gear train so there 

is a spike in current – and therefore torque – to set the gears and scoops in motion.  After 

this spike, the motor encounters dynamic friction in the gears.  This is evidenced by the 

increase in measured current.  The average current draw for motor with the scoops is 172 

mA.  Based on the published torque curve for this motor, the 47 mA difference between 

the scoop load and the no load case indicates that the motor sees approximately 0.2 kg-

cm of torque due to friction within the system. 
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Figure 6-5: TERPS No Load Motor Current Profile 

 

Gravity also plays a role in the motor profile.  The linear regression of the 

measured current (neglecting the initial spike) has a slope of 0.215 mA/º or a 19 mA 

difference between when the scoop is near open and when the scoop is near closed.  This 

makes sense because the scoops have mass so when they are open the gravity acting on 
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them causes a closing torque.  As the scoops close, the center of mass of the scoop moves 

laterally towards the TERPS body.  This reduces the moment arm, thus reducing the 

magnitude of this closing torque.  When applied to soil, one would expect the motor 

current to increase once the blades make contact with the soil with the motor current 

profile matching the soil model sown above.  This comparison is discussed in the 

succeeding sections.   

6.4.2 Soil to Soil Comparison 

Tests were run on the three soils, dry sand, moist sand, and clayey loam, from 

heights of 9 cm, 8 cm, and 7 cm.  The results from the three comparisons from all three 

heights are summarized in Table 6-1 and the force profiles during a scoop are shown in 

Figure 6-6.  At a height of 9 cm, the scoop blades barely penetrate the surface.  This 

scenario represents the skimming force, the force required to scrape the surface.  Here, 

there is no statistical (or visual) difference between the dry sand and the clay.  As the 

depth is increased, this similarity disappears.  In all three cases, there were highly 

significant statistical differences between the clayey soil and the moist sand.  However, at 

8 cm there is an unexpected and as yet unexplained similarity between the two sands.   

These tests also demonstrate how TERPS responds to each soil type at different 

depths.  As expected, decreasing the height above the surface increases the resistance on 

the scoop.   

Table 6-1: P-values of t-tests on Soil to Soil Comparison Tests 
Comparison  Dry Sand/Clay Dry Sand/Moist Sand Moist Sand/Clay 

9 0.7401 0.0000 0.0000 
8 0.0000 0.2502 0.0000 

H
ei

gh
t  

(c
m

) 

7 0.0000 0.0000 0.0024 
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Figure 6-6: Force Profile for 3 Soil Types at h = 7 cm and h = 8 cm 

 

6.4.3 Soil to Model Comparison 

Dry sand was used to test the soil model because it has well known and well 

documented properties (outlined in Table 6-2).  Tests were run with TERPS at heights of 

8.8, 8.2, 7.7, 6.6, 6.2 and 5.7 cm.  The measured and predicted force profiles for the 6.2 

cm test are shown in Figure 6-7.  The run starts with the scoop fully open (90º).  At 60º 

the scoops break the surface, which starts adding resistance to the motor.  This resistance 

builds steadily until about 45º where fluctuations begin to occur in the power draw.  The 

motor stalls with the scoops at 22º. 

 76 
 



 

Table 6-2: Soil Prosperities of Dry Sand [44] 
Parameter Dry Sand

Density – ρ (g/cm3) 1.53 
Cohesion – c (g/cm2) 2.32 

Internal Friction – φ (º) 35 
Soil-Tool Friction – δ (º) 23 
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Figure 6-7: Scoop Force Measurements and Model for 6.2 cm 

 
 

Comparison to Model 

Looking at the model prediction, it appears, visually, to be accurate for about the 

first 15º of the swing through the soil.  After this point, the measured data diverges from 

the model.  Testing the model and the data over the whole swing yielded negative results.  

The KS-test yielded a p-value of 1.5x10-100 and the t-test a p-value of 1.1x10-40, meaning 

there is effectively a zero probability of this data set representing the model.  However, in 

the initial 15º the KS-test and t-test yield p-values of 0.18 and 0.21, respectively, meaning 

this portion of the measurements fit the model reasonably well.   
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The other samples, at other heights, show similar behavior (see Figure 6-8 for two 

more examples of this).  In every run, the overall comparison yielded p-values of zero in 

both statistical tests.  However, when only the first 15-20º of the swing is considered, the 

data matches the model accurately.  The statistical test results of all runs are shown in 

Table 6-3 (force profiles from all of the runs can be found in Appendix F). 
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Figure 6-8: Soil Model Only Holds for 15-20º of Scoop Motion 

 
 
Table 6-3: Results of Soil-Model Comparison t-Tests and Kolmogorov-Smirnov Tests 

Height 
(cm) 

Predicted 
Avg. Force  

(N) 

Measured 
Avg. Force 

(N) 

Percent 
Difference 

Test 
Range 

(º) 

KS-test 
p-value 

t-test 
p-value 

8.8 0.5870 0.1952 200 26 0.0000 0.9306 
8.2 1.4236 2.2976 38 14 0.0013 0.5542 
7.7 2.5450 4.6487 45 15 0.1056 0.5250 
6.6 10.3749 13.8570 25 18 0.1209 0.8459 
6.2 11.0783 16.3400 32 13 0.1816 0.2091 
5.7 10.6353 17.1774 38 10 0.0367 0.3256 

 
 

 Discussion of Theory/Model Divergence 

According to the model described in this chapter, the length of the soil rupture 

region (r in Figure 6-2 and Figure 6-4) grows as the scoop angle decreases, i.e. the depth 
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increases.  Therefore, at a certain scoop angle, the two opposing rupture zones will 

collide (this point, γrc, is shown in Figure 6-10 as a function of the initial scoop height).  

At this point, the geometric basis for the model would no longer exist, thus the model 

would no longer hold.  Here, the scoops are pushing against themselves and the soil 

within them.  This is where one would expect the measured data to diverge from the 

model.  However, this critical scoop angle does not match when compared to the angles 

at which the data diverges from the model.   

Soil 
Surface

γrc h

Failure 
Regions

γrcγrc h

Failure 
Regions

γrc

 
Figure 6-9: Soil Rupture Zone Collision 
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Figure 6-10: Soil Rupture Zone Collision Scoop Angle vs. Scoop Height 
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The fact that the soil model and the measurements diverge at approximately the 

same point, 15-20º after contacting the surface, indicates there is something about the 

scoops themselves that disrupts the soil in a way not expected by the McKyes model.  

The angular separation between the tip of the blade and the bolt that holds the scoop 

blade in place is 13º (see Figure 6-11).  After 13º of scooping motion, the soil begins to 

pass over the two nuts, which, based on Figure 6-7 and Figure 6-8, apparently reduces the 

soil resistance, but in an unpredictable way (there is no consistency between runs in how 

the soil behaves after this point).  Currently, this appears to be the most likely cause for 

the model divergence. 

#10 Bolt and Nut

 
Figure 6-11: The Angle Between Blade and Nut is 13º 

 
 

Looking at Figure 6-7 and Figure 6-8 it is clear there is some oscillation occurring 

in the power draw during the scoop.  This occurs both before and after the measured data 

diverges from the model, but the amplitude of this oscillation increases dramatically after 
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the divergence point.  Figure 6-12 shows the same force profile shown in Figure 6-7 with 

the velocity profile for the same run.  Figure 6-13 shows a similar profile for Figure 6-8.  

The velocity was found by numerically differentiating the scoop angle.   
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Figure 6-12: Force/Velocity Profile for h = 6.2 cm 
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Figure 6-13: Force/Velocity Profile for h = 5.5 cm and h = 7.7 
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The velocity profile (bottom plot) and the force profile (top plot) show the 

relationship between the two.  The expected profile would be similar to that in Figure 

6-13 (right) where the rotational velocity is relatively steady before the scoops reach the 

soil.  Once the scoop reached the soil surface it sees a sudden, but slight, increase in 

resistance causing a sudden slowing in speed without much change in current.  As the 

scoop cuts through the soil, the velocity slows steadily decrease until the scoops close in 

on themselves and the velocity goes to zero as the motor stalls.   

In the other cases, the cases where there is the oscillation in the motor current, the 

velocity profile matches the force profile.  The velocity remains fairly constant until the 

scoops reach the soil surface and there is the drop in speed and recovery.   The velocity 

then slowly decreases with occasional sudden drops that then recover to the original 

deceleration trend line.  These valleys match the sudden peaks in the force profile 

meaning there is a certain amount of “stiction” in the soil.  Following the force/velocity 

profile in Figure 6-12 it is clear that the blade reaches the soil surface at about 59º -- the 

force profile begins to increase and there is a drop in angular velocity.  At about 45º, 40º, 

and 37º there are sudden jumps in scoop force with corresponding sudden decelerations 

in scoop speed.   

This means that the motor is sensing increasing resistance and slowing down as 

the torque grows and the motor stalls.  Before it can stall, however, the soil gives way, 

suddenly releasing the resistance and allowing the motor current and scoop velocity to 

return to previous states.   This pattern, especially in the deeper test runs (see Appendix 

F), indicates that the soil is failing discontinuously.  In other words, instead of a clean cut 

all of the way through, resistance builds up and is released, multiple times, through out 
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the swing, creating several layers of failures (see Figure 6-14).  As before, it is unclear 

whether this is a result of inadequacy of the soil model or disturbances from the scoop 

structure.   

 

 
Figure 6-14: Theorized Soil Failure Pattern in Oscillating Region 

 

Summary 

The comparison of the modified McKyes soil model and the measured data 

showed similarities for the first 10-15º of the scooping motion.  Analysis of the current 

and velocity profiles indicated that discrepancies in the measured data are likely not a 

result of the motor itself.  The differences between the measured data and the model are 

most likely a result of disturbances cause by the actual structure of the scoop, though 

more work is required to confirm this hypothesis. 

6.5 Sensitivity Analysis 

A sensitivity analysis was performed to determine the effect of varying the four 

soil parameters on the force outcome.  This allowed for estimating the accuracy of the 

model given noisy data.  The soil internal friction angle and the soil-tool friction angle 

were each varied by ±5º, the cohesion by ±5 g/cm2, and the density by ±5 g/cm3 and 

percentage change of the average output force calculated.  The results are shown in 
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Figure 6-15.  Clearly, the model is most sensitive to changes in density with 60% change 

in average force for a small variation (±1 g/cm3) and over 100% change for larger 

variations.  This is not surprising; as shown in equation 6-2, the density is amplified by 

the square of the blade depth.   
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Figure 6-15: Sensitivity Analysis of TERPS Soil Model 

 
 

Varying cohesion and internal friction angle are relatively insensitive to small 

variations, but not to larger variations.  Again, this is not surprising as cohesion, c, is a 

coefficient in the fundamental equation and internal friction angle, φ, is in a cotangent 

term, which is not bound.  Soil-tool friction, δ, which is only part of sine and cosine 

terms, has a limited effect on the output.   
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This analysis also shows the accuracy of the model parameters when evaluating 

noisy data.  The parameters used for sand in the previous section are not exact.  They 

were determined empirically and confirmed experimentally of the past few decades, so 

there is error.  Varying these parameters and reapplying the tests, as before, yields a range 

of parameters which would result in a similar profile.  Given the data in Figure 6-15, it is 

no surprise that the density prediction is accurate.  A statistically similar result would 

only be achieved with a density of 1.43 ± 0.25 g/cm3.  Similar profiles would also result 

from internal friction angles of 33.5 ± 4.5º, tool friction angles of 23 ± 9º, and cohesions 

of 2.32 ± 3 g/cm2. 

6.6 Discussion 

Chapter 5 discussed the validation of TERPS as a sampling tool concept.  This 

chapter sought to delve deeper into the theory of soil cutting and sampling.  A classic soil 

cutting model was introduced and its application to TERPS derived.  This model was 

tested against a known soil and confirmed. 

This testing also revealed information useful to the mechanical design of the 

system.  With the soil model confirmed, motor requirements can be defined based on 

expected usage.  Using the soil model described in the sections above can be used to find 

the maximum force required for a given soil.  Figure 6-16 shows the relationship between 

the maximum force required to scoop the soils listed in Table 5-1 and the height above 

the soil.  As discussed in Section 5.2, the theoretical maximum force TERPS can exert 

(with 100% mechanical efficiency in the transmission) is 156 N.  At this limit, TERPS 

would be able to completely close on a highly resistive soil, like JSC Mars stimulant, 
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from about 5 cm – a reasonably sized sample.  This suggests that the current motor is 

adequate for future testing. 

2 3 4 5 6 7 8
0

50

100

150

200

250

300

350

400

450
TERPS Force Requirements Based on Height

Height
(cm)

S
co

op
 F

or
ce

(N
)

Sand
Lunar Soil
Lunar Simulant
Martian Soil
Martian Simulant
Maximum Force (Theory)
Maximum Force (Actual)

 
Figure 6-16: Force Requirements for Different Soil Types Based on Height 

 
 

The ability to collect soils, as described here, also assumes perfect soil behavior 

as predicted by the model.  The testing also showed that the resistance on the scoop tends 

to decrease after about 15º of the scoop motion.  If this is, as hypothesized, a result of the 

nuts holding the blade in place, then there may be a way to partially control the resistive 

force on the blade.  This could be useful in further clarifying the force, and thus, motor 

requirements.  Therefore, it is worth investigating the cause of the resistance drop and the 

effect of removing, changing, or controlling it. 
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Chapter 7  

TERPS Concept Demonstration &Validation 

 

One of the objectives of this research is to evaluate TERPS described in Chapter 

4.  The scoops were tested by collecting samples of different soil types as well as 

grasping small and large rocks and other objects.  The drill was tested on hardened 

concrete.  This chapter discusses this evaluation. 

7.1 Sample Collection Testing Approach 

The easiest and most obvious way to test a sample collection tool is to collect 

samples.  A series of sampling activities, corresponding to the requirements defined in 

Section 3.3, was devised and performed, both in soil bins and in the large sandbox.  The 

masses of the samples were used to compare TERPS performance to its requirements as 

well as to Apollo.  Specifically, the sampling tasks are given in Table 7-1. 

Table 7-1: TERPS Sample Collection Testing Tasks 
Task No. Task TERPS Component 

1 Collect plain soil sample and deposit in a container Scoops 
2 Collect multiple rock chips with soil Scoops 
3 Collect single small to medium sized rock with soil Scoops 
4 Sift soil from chips and small rock Scoops 
5 Grasp, hold, manipulate, and/or lift large objects Scoops 
6 Grasp, hold, and lift tools and “surface equipment” 

(hammer, core tube, wire bundle, etc.) 
Scoops 

7 Abrade the surface of a rock Drill 
8 Drill into a rock†† Drill 
9 Drill into and collect soil core Drill 

                                                 
†† The ultimate goal would be to collect a core.  The current bit, however, is unable to break and extract a 
sample.  This is an area for future development. 
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With TERPS in its current configuration, sampling is either a two-handed 

operation.  When testing in the soil bins, like in Figure 5-1, one hand was used to hold 

TERPS in place, whether it be to hold/adjust the height when attached to the frame or to 

just hold when free.  The other hand operated the switch.  When working in the sandbox 

with TERPS on the staff (Figure 5-4), holding the staff required one hand and holding 

and operating the switch required the other.   

7.2 Sampling Testing Results 

TERPS was successful in 9 of the 10 sampling tasks listed above.  All of the tasks 

requiring the scoop were successful.  This section describes the evaluation and results for 

each of these tasks. 

7.2.1 Soil and Chips Collection/Manipulation 

Collecting and manipulating fines, soils and small rock chips, is one of the 

primary goals for this tool.  This is represented by tasks one through four.  These tasks 

were tested by performing them repeatedly all four soil types and in the sand box. 

Soil Collection 

This is the most basic of the sampling tasks, and is also the easiest.  The scoops 

were opened, held over the soil, and then closed.  For the dry sand, this was enough to 

collect a sample.  In the other cases, the soil had to be worked free, which usually meant 

lifting TERPS during the scoop.  TERPS was able to collect full scoopfuls of dry sand 

(Figure 7-1).  For the moist sand and clay loam, TERPS was able to collect between 2/3 

 88 
 



 

and 3/4 scoopfuls.  TERPS was only able to collect about half scoopfuls of the gravel.  

The masses of the collected soil samples are shown in Table 7-2. 

 

 
Figure 7-1: TERPS Collecting Pure Soil Sample 

 
 
Table 7-2: Masses of Soil Samples Collected 

Sample 
Number 

Dry Sand 
(g) 

Moist Sand 
(g) 

Clay Loam 
(g) 

Gravel 
(g) 

1 350 281 176 210 
2 356 166 149 143 
3 114 262 221 113 
4 333 289 136 165 
5 245 275 191 173 
6 277 243 169 154 
7 130 191 193 145 
8 341 150 168 214 
9 201 181 121 236 
10 335 250 178 113 

Avg 268 229 170 167 

 

Small Rock Collection and Sifting 

There are two ways of collecting small rock samples with TERPS, both of which 

were successfully demonstrated in these tests.  One way is to collect a bulk sample of 

soils and rock fragments.  One such sample is shown in Figure 7-2; this sample (gravel) 
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contained sand as well as chips ranging from 0.5 cm to 4 cm with masses ranging from 1 

g to 18 g.  If soils are not desired, TERPS can sift out the fines leaving only the chips (see 

Figure 7-3) by opening the scoops by a few degrees and allowing smaller particles to fall 

out of the opening.  One such sample, shown in Figure 7-4, was similar to the one shown 

in Figure 7-2.  It has a mass of 113 g and consists of mostly 0.5 cm or larger fragments (a 

few grams of sand remained).      

 
Figure 7-2: 210 g Sample of Soil Fines and Rock Fragments 

 

 
Figure 7-3: TERPS Sifting Soil Sample 
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Figure 7-4: 113 g Sifted Rock Chip Sample 

 

7.2.2 Soil Coring 

Soil cores were collected using the drill motor.  The core tube consisted of a 3 cm 

diameter, 30 cm long aluminum tube capped with a tapped fixture to attach to the drill.  

This particular task, because of the depth required, could only be accomplished out doors 

where the soil was extremely dense, compacted and wet.  TERPS, with the core tube 

attached, was pushed into the surface – about 1 cm before stopping (Figure 7-5).  The 

drill was engaged and the tube pushed further into the ground.  The first core achieved a 

depth of 7 cm and the second a depth of 4 cm before stalling the motor. 

Despite the inability to reach depth in the wet, clayey soil outside, this system 

does show promise.  The core tube was able to be pushed, without drilling, to the bottom 

of the 15 cm deep sandbox.  The dense, wet, clay and dry sand represent the extremes of 

soil types, so the meager performance in one and the “perfect” performance in the other 

indicate that further work on this part of the system would be beneficial.   
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Figure 7-5: TERPS Collecting a Soil Core (scoops not attached) 
 
 

 
Figure 7-6: 4 cm Soil Core 
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7.2.3 Rock Collection/Manipulation 

Three of the sampling tasks required using TERPS to grasp and hold objects.  

TERPS was able to pinch a 6 x 3 x 3 cm, 60 g rock; a 9 x 6 x 3 cm, 160 g rock; and a 13 

x 9 x 9 cm, 1.3 kg rock (see Figure 7-7).  TERPS was also able to grasp and hold several 

objects that an astronaut may use on EVA, including a hammer, core tube, and tool box 

(see Figure 7-8).  

 
Figure 7-7: TERPS Grasping and Holding a Small Rock (L) and Large Rock (R) 

 
 

 
Figure 7-8: TERPS Holding Other Tools (Hammer and Core Tube) 
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7.2.4 Rock Coring/Abrading 

The two remaining sampling tasks to be evaluated are rock drilling and abrading.  

Here, the “rock” is a 1.3 kg piece of hardened concrete.  The corer/abrader is a ¾ in hole-

saw attached to the drill (Figure 7-9).  When placed on the rock, the bit acts as an 

abrader, grinding away the uppermost surface of the rock and exposing the interior.  This 

was done successfully with TERPS as shown in Figure 7-10.  Drilling or coring into the 

rock proved problematic.  Available resources prevented the use of a dedicated rock 

cutting bit, so an ordinary hole-saw (available in any hardware store) was used.  This 

hole-saw would normally have a guide bit.  Without it, the hole-saw could not catch on 

the rock surface enough to start cutting into it.  Instead, the motor torque would kick the 

bit away from the rock.  After applying enough force to keep the bit in place on the rock 

surface, it did start to grind a core (a single circle of scratches is visible on the rock) but 

by this point the teeth had dulled to a point where any penetration was impossible‡‡.  The 

rock coring concept was demonstrated, though less impressively, on a piece of foam 

(Figure 7-11). 

  
Figure 7-9: Rock Coring/Abrading 

                                                 
‡‡ Using a bit dedicated to cutting/coring rock and/or metal (a diamond blade for example) would solve this 
problem.  It is important to note, however, that any bit will eventually dull. 
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Figure 7-10: Before and After Rock Abrading 

 
 

 
Figure 7-11: Drill Demonstration on Foam 

 

7.2.5 Sandbox Tests 

TERPS was demonstrated as a crew aid tool in the large sand box.  TERPS was 

attached to the 1.2 m staff, which was held in one hand.  The battery and switch were 

held in the other (Figure 7-12).  Because of the problems associated with drilling 

discussed above, only scooping tasks were shown in the sand box.   
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Figure 7-12: TERPS Sand Box Testing 

 

Several of the sampling tasks were attempted with TERPS on the staff, including 

soil collection, soil/rock collection and sifting, and grasping/holding large objects.  Soil 

collection was relatively simple.  TERPS was placed over the soil and the scoops closed.  

This only required significant motion in the arm and did not require any bending or 

stooping.  The same was true of grasping objects.  However, in this case, it required a 

little more effort get to the right angle or orientation to take hold of the object. 

Two areas of concern that should be addressed before proceeding along this line 

of research (TERPS as a CAT) are mass and control.  TERPS has a mass of 1.75 kg (2.35 

kg with the staff), which is neither heavy nor unmanageable.  However, at the end of a 

1.2 m staff this produces a large moment and can be difficult to handle one handed.  This 

relates into the other area of concern.  Holding TERPS in one hand and the switch in the 
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other is fine for preliminary evaluations such as these, but as a practical matter the control 

switch(es) should be on the staff so as to free the second hand.          

7.2.6 Summary  

The testing described above was to demonstrate and evaluate TERPS’s sample 

collecting abilities.  Of the nine sampling activities laid out, TERPS was able to perform 

all but one, rock coring.  The sampling activities and their results are summarized in 

Table 7-3. 

Table 7-3: Sampling Task Results 
Task No. Task Results 

1 Collect plain soil sample Collected an average of 220 g of pure 
soil per sample 

2 Collect rock chips w/ soil Collected an average of 170 g per 
sample of sand and chips  

3 Collect single small to medium 
sized rock with soil 

Collect 60 g rock with 150 g of soil 

4 Sift soil from chips/small rock Sifted approximately 50 g sand from 
113 g bulk chip sample and 
approximately 150 g from single rock 
scoop 

5 Grasp, hold, manipulate, and/or 
lift a rock(s) bigger than scoops 

Lifted an held 15 cm wide, 1.3 kg rock 

6 Grasp, hold, and lift tools and 
“surface equipment” 

Held hammer, core tube, tool box, etc. 

7 Abrade the surface of a rock Abraded about 4 cm2of rock surface 
8 Drill into a rock Unsuccessful 
9 Drill into and collect soil core 2 cores, 7 cm and 4 cm 

 

7.3 Discussion 

The testing describes above shows that the current TERPS concept and 

configuration is sound.  It met all but one of the sampling requirements and shows 

promise for future development. 
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7.3.1 Sampling Requirements 

The sampling tasks identified above and the testing described above all sought to 

verify that TERPS met the sampling requirements defined in Chapter 3 (summarized 

again in Table 7-4).  TERPS was successful in meeting all but one of the defined 

requirements, the drilling.  In soil collection, the collected masses ranged form 113 g to 

356 g with an average mass of 208 g (71 g standard deviation).  This also included a run 

of sample collections of gravel, which is a mixture of sand and rock chips.  TERPS was 

able to collect both a bulk sample of the gravel as well as sift out sand particles, thus 

collecting only rock fragments.  The tests also showed TERPS capable of grasping and 

holding, with the power off, a 9 cm wide, 160 g rock; a 1.3 kg, 15 cm wide rock; a 

hammer; a core tube; and a tool box. 

The only requirement TERPS was unable to meet entirely was the rock cutting 

requirement.  As discussed, the drill bit used was unable to penetrate past the rock’s 

surface, so TERPS was unable to at least simulate collecting a sample of a large rock.  

TERPS was able to collect a soil core, but not to the length defined in the requirements.  

It collected two cores each less than 10 cm deep, but it did so in dense, wet, highly 

resistive clay.  This was the only medium deep enough for that particular test; other 

available soils ranged in depth from 7.5 – 20 cm.  In these soils, TERPS could reach the 

maximum depth, but there was not enough compaction or friction to keep the soil in the 

tube as it was extracted. 

Table 7-4: Sampling Requirements Verification 
No. Requirement  Met? Notes 
S-1 Collect 200 g of regolith fines YES Avg sample size – 210 g 

Max sample size – 356 g 
S-2 Collect multiple rock chips  YES Avg bulk gravel sample – 167 g 

Chips range from 5 mm to 4 cm 
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S-3 Sifting rocks > 1 cm from fines YES* Successfully sifted sand, but 0.5 
cm fragments remained 

S-4 Collect single rock up to 10 cm in 
diameter 

YES Grasped 9 cm rock 

S-5 Grasp and manipulate rocks larger 
than 10 cm, up to 20 cm in 
diameter and up to 2 kg of mass 

YES Grasped 15 cm rock 

S-6 Expose rock interior YES Abraded 5 cm2 area of rock 
surface 

S-7 Collect a sample of up to 5 g from 
large rocks and/or boulders 

NO Drill unable to penetrate rock 

S-8 Collect a soil core of at least 30 cm YES* Collected 4 cm and 7 cm core of 
dense clay, no other soil type 
deep enough available 

S-9 Grasp and manipulate ordinary 
hand tools 

YES Grasped hammer, core pipe, tool 
box, ½ in bolt, soda can 

* - Requirement met with caveat 
 

7.3.2 Mechanical Error/Issues 

Mechanically, the TERPS prototype performed well, but was not without issues.  

The biggest area of concern is backlash.  Backlash in a gear train is small gaps between 

the teeth of two meshed gears.  This gap allows for motion in one gear/shaft without 

motion in the other.  Each of the scoops has 5-10º in free motion, which is more a result 

of error in fabrication than in the gears themselves.  A slight error in the position of the 

scoop axels with respect to the worm shafts resulted in extra space between the gear and 

worm.  This was a problem for grasping some larger objects, but for the most part, once 

the worm tightened against the gear, the scoop remained still and the grip. 

The overriding problem with the mechanism is the fact that it was designed and 

fabricated to be easily modified.  This work was intended to establish design 

requirements and verify and validate concepts.  As such, the prototype was designed and 

machined such that as a problem or issue arose it could be quickly addressed.  As 
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previously discussed, this meant higher tolerances and errors were acceptable, as were 

less than optimal design choices (i.e. the bearings).  With the concept now demonstrated, 

more effort can be placed in the specifics of the mechanical design, including machining 

and fabricating more precisely, using the appropriate bearings, and attaching gears to 

prevent slipping (no set screws).     

7.3.3 Sampling 

Aside from rock cutting, TERPS’s sampling ability is quite good.  Obviously, 

work needs to be done to better integrate a drilling system into the overall tool, but the 

drill did function well as an abrader and as a soil corer.  In terms of sampling, the scoops 

performed excellently.  Soil samples were easy and intuitive to collect and it performed 

adequately as a gripper.  A specific area for improvement is the scoop sides.  As 

mentioned, the sides were originally meant to overlap, but the available materials 

prevented that.  Since the scoop sides were cut from a single aluminum channel, they did 

not close tightly together – the width of the saw blade caused a small gap.  This resulted 

in openings where soil could escape.  It also allowed small particles to get stuck in the top 

of the side, preventing closure, something avoidable with overlapping scoop sides.    
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Chapter 8  

Conclusion & Future Work 

 

This thesis presented a concept for a sampling tool with applications for research 

into human/robotic planetary surface exploration.  Previous sampling activities, by both 

human and robot explorers were analyzed to define a set of requirements for this tool.  A 

concept for this tool, TERPS, was developed and a prototype constructed and evaluated 

against the defined requirements as well as soil cutting theory.  The result is a tool that 

shows great promise for future development and use in research human/robot 

cooperation. 

8.1 Conclusions 

The task of developing a sampling tool is a very broad one.  The last broad survey 

of a region of a planetary surface was Apollo 17 in 1972.  Since then, with the exception 

of a hand full of task specific robots, few people have put much thought into the details of 

the tools needed to conduct extraterrestrial planetary research – there has been no need.  

The result is that this design problem is very much open-ended, so a large portion of this 

research was reviewing previous sampling strategies and tools, and establishing a 

baseline set of requirements for future tools.  These requirements, outlined in section 3.3, 

are a first cut of the attributes required in a tool in order to conduct a sound geologic 

analysis of a region of a planetary surface. 
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The Tool for EVA or Robotic Planetary Sampling was developed to both to meet 

and to evaluate those requirements.  The TERPS concept showed in a lab setting that it 

could meet most of the defined requirements.  In “field” testing, it showed that it has 

potential for being a useful crew aid tool and that the derived requirements do encompass 

all of the tasks one would reasonably assume are required for planetary sampling. 

TERPS has two components that allow it to meet its sampling requirements, the 

scoops and the drill.  The scoops worked extremely well in collecting soil/regolith fines 

and small rocks.  They also proved to be capable as grippers, grasping both large rocks 

and other tools.  The drill was more problematic, mostly because it was added and tested 

late in the process.  It works well as an abrader as well as a soil corer, but more work is 

needed before it will be able cut and collect rock samples as originally intended.   

In terms of actuation, both the drill and scoop motors were chosen based on cost 

and it was assumed that once the system was evaluated decisions could be made on 

higher quality motors.  These motors, however, have proven quite capable and there is no 

need, at this time, to consider replacing them.  The worm-gear actuation drive performed 

well.  Problems and issues that arose during testing were more a result of errors in 

fabrication and the nature of the prototype than anything else.  Future prototypes, 

machined with precision and functionality in mind, as opposed to just functionality, 

should avoid many of these complications. 

The soil model used to compare TERPS’s performance to known soil behavior 

also proved quite useful.  The model accurately predicts TERPS’s performance early in 

the scooping motion.  When it diverges, it diverges is such a way that the predictive 

model is the worse case.  The cause of this divergence needs to be investigated further, 
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but the consistency in the tests means that the soil model is useful in defining 

requirements for a given soil or estimating performance for a given motor and a given 

soil.  The model may also be useful in directly measuring the properties of an unknown 

soil, though some properties of the soil need to be known. 

Chapter 3 also defined four initial functional requirements.  The first of theses 

stated that nothing should preclude TERPS from being either a crew aid or an end-

effector.  At this stage, the only thing preventing TERPS’s use as an end effector is its 

interface, which is entirely dependent on the manipulator.  The requirement that differing 

designs for robotic and human use is not verifiable until the design diverges.  In the 

testing conducted thus far, very little dust has made its way into the interior, however, as 

will be discussed, this is an area of future study.  Finally, all parts are accessible as 

evidenced by the number of times TERPS was disassembled and reassembled.  

In general, this work has demonstrated the validity of a multi-purpose geologic 

sampling tool.  The developed prototype was intentionally low fidelity, but there was not 

much it could not do.  The fact that it performed so well indicates that future 

development will only increase its performance and value as a tool. 

8.2 Future Work 

While TERPS has shown itself to be a capable sampling tool, there is room for 

improvement.  There are mechanical design and hardware issues that need to be 

addressed.  Once these items are dealt with, there is a wealth of study to be done using 

TERPS.  
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8.2.1 Design/Hardware Upgrades 

As mentioned throughout this paper, most design choices were made in the 

interest of easily and inexpensively modifying the prototype(s) as issues and problems 

arose.  With the concept now demonstrated, more emphasis should be placed on the 

mechanical details of the mechanism.  Two areas of interest are the bearings and the 

support structure.  The use of worm gears necessitates the use of axial load bearing 

bearings.  Using thrust bearings requires a structure to support those loads and keep the 

worm and gear in place.  A possible configuration is sketched in Figure 8-1.  

 
Figure 8-1: Sketch of Next TERPS Prototype 
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Figure 8-2: TERPS as Crew Aid 

 
 

The scoops used for this work were designed and constructed using available 

materials.  The next version of the scoops should be more inline with the original concept 

put forth in section 4.4, with the scoop sides overlapping.  This should prevent losses out 

of the side, stop particles from getting stuck in the sides preventing closure, and give 

TERPS better gripping ability with large objects.  

Another area for improvement is the drill.  The limited testing of the drill in this 

work suggests that the current drill motor gear train is adequate for the work it has to do, 

but the gear casing is too large and awkward for the tool structure, as configured.  

Additionally, new bits (for both soil and rock cores) and a mechanism for attaching them 

to the drill need to be developed.     

Without a robotic sampling system to work with, the immediate course of action 

would be to pursue the application as TERPS as a crew aid tool.  As such, the interface 

between the tool and the staff needs to be refined and an interface between the tool and 

the user (the “astronaut”) needs to be developed.  Longer term work on TERPS would 

include adapting it to a robotic manipulator. 
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8.2.2 Proposed Research & Experiments 

In the near term, the current TERPS system, or its successor, could easily be used 

to further analyze human planetary sampling as well as the durability of the sampling 

system.  With TERPS attached to a staff and used as a crew aid tool, research can be 

conducted into the human factors of planetary sampling.  This includes operation in a 

suited glove, conducting a balance and stability analysis of using the tool while carrying 

the weight of the suit and backpack, and/or sampling strategies of a suited astronaut.  

Studying TERPS on its own can yield information about sampling tool durability.  Dust 

is a major concern for any and all surface systems, and TERPS provides an excellent test 

bed for studying the effects of prolonged use in a dirty environment on a mechanical 

system. 

As mentioned, TERPS is meant to be a research tool for developing future 

planetary surface systems and activities.  It could be used for countless experiments in 

human, robotic, or human/robotic planetary surface sampling.  These experiments could 

be useful in analyzing or optimizing human-robot interaction and roles, EVA task 

allocation, and EVA sampling strategies. 
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Appendix A  

Apollo Sampling Tools 

A.1 Apollo Tools Information 

The table below summarizes the mass and sample volume capacity for each of the 

Apollo sampling tools.  The capacities are based on dimensions given in [9]. 

Mission Used  Tool Page Tool Mass 
(g) 

Sample 
Capacity 11 12 14 15 16 17  

Contact 
sampler 6 500 9.5x10.6 cm     ●  1 

Contingency 
Sampler 9 1200 ~1200 cm3 ● ● ● ●   2 

2cm Core Tube 10 327 400 cm3 ● ● ●     
4cm Core Tube 12 300 1759 cm3    ● ● ●  

Drill 15 13400 4200 cm3    ● ● ●  
Hammer 22 860 N/A ● ● ● ● ● ●  
LRV Soil 
Sampler 24 140 5200 cm3      ● 3 

Rake 25 1500 9000 cm3    ● ● ● 4 
Large Scoop 27 400 2025 cm3 ● ● ●     
Small Scoop 28 163 130 cm3  ● ●     

Small 
Adjustable 

Scoop 
29 516 455 cm3    ●    

Large 
Adjustable 

Scoop 
30 590 825 cm3     ● ●  

Short Tongs 31 140 6-10 cm ● ● ●     
32" Tongs 31 230 6-10 cm    ● ● ●  
Trenching 

Tool 33 1315 1125 cm3   ●    5 
1 – Adhesive sampler designed to collect upper most layer of regolith. 
2 – Used to quickly collect sample immediately after egress in case of an emergency. 
3 – Similar to Contingency Sampler.  Used to collect a sample w/o getting out of the lunar rover. 
4 – Typically collected up to 1 kg of small (~5 g) chips. 
5 – Simple spade for trenching. 

 

 

 107 
 



 

Appendix B  

TERPS Hardware 

 

B.1 Materials List 
Provider Part No. Item 
McMaster-Carr 88875K731 Alloy 6063 Aluminum Square Tube 3" X 3", .125" 

Wall, 1' Length (Same as 88875K73) 
McMaster-Carr 1327K52 Miniature Precision 12L14 Steel Shaft 3/16" OD, 6" 

Length 
McMaster-Carr 9041K13 Alloy 6061 Aluminum Strip 1/8" Thick, 3" Width X 

24" Length 
McMaster-Carr 1497K111 Fully Keyed 1045 Steel Drive Shaft 5/16" Od, 3/32" 

Keyway Width, 12" Length 
McMaster-Carr 98535A125 Heat-Treatable Steel Standard Key Stock 3/32" X 

3/32", 12" Length 
McMaster-Carr 1327K54 Miniature Precision 12L14 Drive Steel Shaft 3/16" Od, 

18" Length 
McMaster-Carr 6391K403 SAE 841 Bronze Sleeve Bearing for 5/16" Shaft 

Diameter, 3/8" Od, 1/4" Length 
McMaster-Carr 6391K122 SAE 841 Bronze Sleeve Bearing for 3/16" Shaft 

Diameter, 1/4" Od, 1/4" Length 
Stock Drive 
Products 

S1063Z-
048S022 

48 D.P., 22 Teeth, 20° Pressure. Angle, 303 Stainless 
Steel Gear 

Stock Drive 
Products 

A 1B 6-
N32020A 

20:1 GEAR RATIO, 20 TEETH WORM GEAR 

Stock Drive 
Products 

A 1C55-
N32 

32DP / 1 Lead / 0.438P.D, 4.08° Right Hand Worm 

Stock Drive 
Products 

S1084Z-
048S018 

48 D.P., 18 Teeth, 20° Pressure. Angle, 303 Stainless 
Steel Gear 

Stock Drive 
Products 

S1063Z-
048A018 

48 D.P., 18 Teeth, 20° Pressure. Angle, 2024 
Aluminum Gear 
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B.2 CAD Drawings 
 
Drawing No. Drawing Type Title 
A1 Assembly Housing Assembly 
H1 Part Housing Body 
H2 Part Housing Palm 
H3 Part Palm Brace 
H4 Part Motor Mount 
H5 Part Side Bearing Support 
H6 Part Transfer Shaft Support 
A2 Assembly Scoop Actuation Drive 
SA1 Part/Assembly Transfer Shaft 
SA2 Part/Assembly Left Worm Shaft 
SA3 Part/Assembly Right Worm Shaft 
SA4 Part/Assembly Left worm Gear Shaft 
SA5 Part/Assembly Right Worm Gear Shaft 
A3 Assembly Right Side Scoop 
A4 Assembly Left Side Scoop 
S1 Part Scoop Side 
S2 Part Scoop Arm 
S3 Part Blade, Smooth 
S4 Part Blade, Serrated 
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B.3 Gear Specifications 
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B.4 Motor Specifications 

Scoop Motor 
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Product: Rated Voltage: VDC
Customer: No Load Speed: RPM
Mode NO.: No Load Current: A
Test Date: Gear Ratio:

(A) Dimensional Figures:

(B) MOTOR PERFORMANCE CURVES AND CHARACTERISTICS: Supply Voltage = 12 VDC

AT NO LOAD
SPEED = 137.9 RPM
CURRENT = 0.32 AMP

AT STALL EXTRAPOLATION
TORQUE = 21.72 kg-cm
CURRENT = 5.21 AMP

AT MAXIMUM EFFICIENCY
EFFICIENCY = 27.76 %
SPEED = 74.4 RPM
TORQUE = 9.12 kg-cm
CURRENT = 2.25 AMP
OUTPUT = 7.12 WATTS

AT MAXIMUM OUTPUT
SPEED = 64.6 RPM
TORQUE = 10.64 kg-cm
CURRENT = 2.59 AMP
OUTPUT = 7.28 WATTS
EFFICIENCY = 27.20 %

PREPARED BY: APPROVED BY:

HENNKWELL IND. CO., LTD.

Dynamic Test Report

Torque Conversions:
1.0 kgf-cm = 0.098 Nm = 98 mNm
                = 13.887 oz-in = 0.867 lb-in

12
144

0.246
1:104

DC Gear Motor
PK22-950324-0-10
PK22G2150-104
2006/3/24 
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Product Rated Voltage: VDC
Customer: No Load Speed: RPM
Mode NO.: No Load Current: A
Test Date: Gear Ratio:

1
2
3
4
5
6
7
8

0.246

Voltage

(V)

Current

(A)

1:104

Input

(W)

Torque

(kg-cm)

12
140

HENNKWELL IND. CO., LTD.

Dynamic Test Report

Efficiency

(%)

DC Gear Motor
PK22-950324-0-10
PK22G2150-104
2006/3/24 PM 04:44:59

Speed

(RPM)

Output

(W)

12
11.98
11.95
11.94
11.92
11.89
11.86
11.85

0.265 3.18 0.01

1.66 19.84 6.28

2.702 32.21 11.1

141.3
0.913 10.94 2.58 116.2

91.3
1.965 23.46 7.92 81.2

61.3

3.919
3.579 42.55 15.25 40.5
4.436 52.61 18.54 20.6
4.95 58.66 20.54 1.5

0.44
3.076 28.12
5.883 29.65

0.014

28.12
6.981 21.67
6.337 14.89

6.598

7.449
0.316 0.539  
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Drill Motor 
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Appendix C  

Bearing Calculations 

 
Section 4.5.3 briefly discussed the loading conditions on the bearings in the 

transmission.  These loads were calculated based on the torque applied by the motor 

using a static force and moment balance.  The loads and dimensions are illustrated on the 

next page. 

Forces on Gears 

Gears transmit torque through their teeth, which are shaped to allow meshing, so 

the forces do not act completely tangentially, there is also a small radial force.  In spur 

gears, this is based on the pressure angle (φg), which is based on the geometry of the teeth 

as well as on the pitch radius of the gear (PR).  The force components are given by: 
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 Worm gears change the direction rotation vector by 90º.  As a result, th forces 

transmitted by the teeth are in three dimensions.  This is based on both the pressure angle 

as well as the lead angle (λ) of the worm.  The force at the worm/gear mesh and the 

relationship to shaft torque are given by [48]: 
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Transfer Shaft 

notation.  PD refers to the pitc

The summation of forces and moments is given below.  Refer to the figure for 

h diameter of the gear. 

( ) ( ) (
( ) ( ) ( T2T1yTL,T2yLW,TT2yT,P,z
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F  is found using the gear equations above with 

ting the pinion and transfer gear centers and vertical.  Solving the above equation 

yields: 
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Left Worm Shaft 
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 Assuming the torque applied from the transfer gear is split equally between the 

two worm shafts: 

⎟
⎠
⎞

⎜
⎝
⎛=⎟

⎠
⎞

⎜
⎝
⎛=⎟

⎠
⎞

⎜
⎝
⎛

−− 2
PDF

2
1

2
PDF2

PDF spur
yLW,T

spur
yLW,

spur
zRW,LW  

From the gear equations: 

( )

( )
( ) (λcsctanFF

λcotFF
PD
PD

FF

tanFF

wormyLW,ZLW,

yLW,xLW,

worm

spur
zRW,LWyLW,

spurzRW,LWyRW,-LW

ϕ

ϕ

=

=

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
=

=

−

−

 

)

So at the bearings: 
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Right Worm Shaft 
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Left Scoop Shaft 
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Appendix D  

McKyes/Ali Soil Model 

D.1 Soil Model 

The model used to predict the forces on the TERPS scoops is based heavily on the 

soil model proposed by McKyes and Ali in [44].  The model they present is intended to 

find the horizontal force on a blade moving linearly parallel to the surface with a constant 

ke angle.  Their derivation is shown here. 

 

depth and ra

 
Figure 6-2: Side View of McKyes/Ali Soil Failure Region 

 
rces in front of blade: Horizontal and Vertical Fo

( ) ( ) ( )
( )

( ) ( ) ( )
( ) qrw
βsin
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2
ρdrwβcosRδαcosF

βsin
βcwdcosβsinRδαsinF

11
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++=+++
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ϕ
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Eliminating R1 and solving for F1 

( ) ( )[ ]

( ) ( ) ( )ϕ

ϕ
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⎟
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⎞

⎜
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⎛ ++++

=
βcotδαsinδαcos

w
d
rdqβcotβcot1dc

2d
rdρ

F

2

1      (6-3) 
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Horizontal component: 
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Horizontal and Vertical Forces next to blade: 
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( )
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Taking the horizontal component and integrating: 
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Summing the two Sections: 
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F

2HHF
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21H

 

This is in the same form as the fundamental earth moving equation: 

( )wNdqNdcNdρF qcρ
2 ++=        (6-2) 
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For high rake angles (α > 90º - φ) the model is modified to account for dual failure 

regions. 

Figure 6-4: High Rake Angle Soil Failure 
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The blade force, F is found as before.  With R1 being found with equation 6-2 evaluated 

r α = 90º - φ, δ = φ, d’ = d: fo
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D.2 Soil Test Results 
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D.3 Sensitivity Analysis 
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Appendix E  

MATLAB Code 

 

E.1 Scoop Soil Force Function 

% SoilForceScoop 
% This function calculates the resistive soil force on the blade given: 
% % scoop_ang = Scoop Angle [degrees] 
% % h = Scoop Height [cm] 
% % phi = Angle of Internal Friction [rad] 
% % delta = Soil-Tool Friction Angle [rad] 
% % c = Cohesion [kg/cm^2] 
% % rho = Density [kg/cm^3] 
% % w = Blade Width [cm] 
%  
% Sub-Functions: 
% % BladePos 

 % SoilForce 
nction [F rupcrs Fx Fy T F2] = SoilForceScoop(scoop_ang, h, phi, delta, c, rho, w) 

 
gamma = scoop_ang*pi/180; 
 
d = zeros(length(gamma),1); 
alpha = zeros(length(gamma),1); 
F = zeros(length(gamma),1); 
rupcrs = zeros(length(gamma),1); 
 
for J = 1:length(gamma) 
    [alpha(J), d(J),x(J),y(J)] = BladePos(gamma(J), h); 
end 
 
 
j = find(d>=0); 
j = j(1); 
 
for m = j:length(gamma) 
    alpha1 = alpha(m); 
    atest=abs(gamma(m)-gamma(j))*180/pi; 
    if atest > 15 
        D=1; 
    else 
        D=1; 
    end 
 

  [f1 f2 r]= SoilForce(alpha(m), phi, delta, d(m), w, c, rho, alpha1,D); 
  Fx(m) = f1; 

    Fy(m) = f2; 
    f = [Fx(m) Fy(m) 0]; 

%
fu

  
  

 152 
 



 

    Fsoil(m) = 2*9.81*norm(f); 
    F(m) = Fsoil(m)*cos(alpha(m)+delta+gamma(m)-pi/2); %puts force perp to scoop moment arm 
 
    X = d(m)/tan(alpha(m))+abs(x(m))+2.159; 
    if r>X 
        rupcrs(m)=1; 
    end 
 
end 
 
for h=1:length(F) 
    if F(h)==NaN 
        F(h)=0; 
    end 
end 

Blade Position Sub-function 

% BladePos 
% This function calculates the x-y postion of the blade tip given: 
% % gamma = Scoop Angle [rad] 
% % h = Scoop Height [cm] 
function [alpha, d,x,y] = BladePos(gamma, h) 
 
 = 30; 

 
alphas = a*pi/180; 
alpha = alphas + gamma; 
 
x0 = 2.12; 
y0 = 3.6*2.54; 
X0 = [x0; y0]; 
 
for m = 1:length(gamma) 
    c = cos(gamma(m)); 
    s = sin(gamma(m)); 
    R = [c -s; s c]; 
    X = R*X0; 
    x(m) = X(1); 
    y(m) = X(2); 
end 
 
d = y - h; 

Soil Force Sub-function

a

 

% SoilForce 
% This function calculates the soil force based on the McKyes model given: 
% % alpha = Blade Rake Angle [rad] 
% % phi = Angle of Internal Friction [rad] 
% % delta = Soil-Tool Friction Angle [rad] 
% % d = Blade Depth [cm] 
% % w = Blade Width [cm] 
% % c = Cohesion [kg/cm^2] 
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% % rho = Density [kg/cm^3] 
 Angle [rad] 

%  

function [F1 F2 r] = SoilForce(alpha, phi, delta, d, w, c, rho, alpha1,D) 

d = pi/180; 
g = 9.81; 

    beta = 0; 

hi) + cos(alpha+phi)*tan(135*rad-5/2*phi-alpha)); 

i; 
hi; 

hi); 

pha); 

(.5*rd*(1 + 2/3*rd*dw*sinomega))/bot; 
  Nch = ((1+cot(beta)*cot(betaphi))*(1 + rd*dw*sinomega))/bot; 

rd*dw*sinomega))/bot; 

*w*(rho*d^2*Nyh + c*d*Nch + q*Nqh); 
pha+delta)*cot(betaphi))); 

+del) + cot(betaphi); 
) + cot(beta); 

w; 
d; 

/3*rdd*ddw*sinomega))/bots; 
cot(betaphi))*(1 + rdd*ddw*sinomega))/bots; 

% % alpha1 = Critical
% % D = Coeficient 

% Sub-functions 
% % BetaMin 

 
ra

if d<0 

    dd = 0; 
else 
    beta = BetaMin(alpha, delta, phi, w, d); 
    dd = d*cos(phi)/sin(alpha)
    if min(size(beta))==0 

*(sin(alpha+p

        beta=eps; 
    end 
end 
q = rho*d*4.5; 
 
% Test for angle 

- phang_crit = pi/2 
betaphi = beta+p
if beta+phi < eps 
    betaphi = eps; 
end 
if alpha1 < ang_crit 
    rd = cot(alpha) + cot(beta); 
    dw = d/w; 
    r = rd*d; 
    bot = cot(alpha+delta) + cot(betap
 
    cosomega = 1./rd.*cot(al
    sinomega = (1-cosomega.^2).^.5; 
 
 
  
   Nyh = 

    Nqh = (rd*(1 + 
 
 
  
   F1 = D
  F2 = F1*(bot/(1+tan(al

else 
    del = phi; 
    alp = ang_cr
    bots = cot(alp

it; 

    rdd =
    ddw = 

 cot(alp
dd/

dd*d    r = r
 
    cosomega = 1./rdd.*cot(alp); 
    sinomega = (1-cosomega.^2).^.5; 
 
    Nyhs = (.5*rdd*(1 + 2
    Nchs = ((1+cot(beta)*
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    Nqhs = (rdd*(1 + rdd*ddw*sinomega))/bots; 

  theta = 135*rad - 3/2*phi - alpha; 

d/d; 

= (.5*ddd*(tan(phi) - cot(alpha) + 2*ddd*Nyhs*cot(theta+phi)))/bot; 
  Nch = (1 - 2*ddd - (2*ddd*tan(phi)  - cot(alpha))*cot(theta+phi) + ddd*Nchs*cot(theta+phi))/bot; 

h = (ddd*Nqhs*cot(theta+phi))/bot; 

dd^2*Nyh + c*dd*Nch + q*Nqh); 
lpha+delta) + cot(theta+phi))/(1+tan(alpha+delta)*cot(theta+phi))); 

imum Beta Sub-sub-function

 
  
    bot = cot(alpha+delta) + cot(theta+phi); 
    ddd = d
 
    Nyh 
  
    Nq
 
    F1 = D*w*(rho*
    F2 = F1*((cot(a
end 

Min  

% This function finds the minimum value of Beta given: 
lade Rake Angle [rad] 

d] 

nction [beta_min] = BetaMin(alpha, delta, phi, w, d) 
a, pi/2-phi]; 

ng = min(a); 

)*(sin(alpha+phi) + cos(alpha+phi)*tan(135*pi/180-5/2*phi-alpha)); 
lse 

eta = [.01:pi/500:pi/2]; 

ng); 
omega.^2).^.5; 

+2/3.*rw.*sinomega); 
delta) + cot(beta+phi); 

p./Nbot; 
r j = 1:length(N) 

0 
        J = j-1; 

h(N)); 

% BetaMin 

% % alpha = B
% % delta = Soil-Tool Friction Angle [rad]  
% % phi = Internal Friction Angle [ra
% % w = Blade Width [cm] 
% % d = Blade Depth [cm] 
fu
a = [alph
a
if ang == a(2) 
    d = d*cos(phi)/sin(alpha
e
    d = d; 
end 
 
b
rd = cot(ang)+cot(beta); 
rw = rd*d/w; 
cosomega = 1./rd.*cot(a
sinomega = (1-cos
 
Ntop = .5.*rd.*(1
Nbot = cot(ang+
N = Nto
fo
    if N(j)<=

        break 
    else 
        J = (lengt
    end 
end 
 
NN = N(1:J); 
BETA = beta(1:J); 
 
m = find(NN==min(NN)); 
beta_min = BETA(m); 
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E.2 Parsing Function 

% Parse 
ion % % This funct parses the test data given: 

asured Resistance of Resistor [Ohm] 
ber of Data Point in Moving Average 

p = Angle of Scoops when Fully Open 

ions 
olData 

d Settings\David\My Documents\School\Grad Classes\Test 
\Test_Data'); 

a\'; 

]; 

Data(file,5,5,1); 

ta 

losed position - from calibration run 

coopang, motorC, swtchV, sysV]; 

g,span); 
n); 

wtchV,span); 
MovAvg(sysV,span); 

 [scoopang_smooth, motorC_smooth, swtchV_smooth, sysV_smooth]; 

% % fname = File Name of Test Run ['string'] 
 % fcal = File Name of Calibration Run ['string'] %

% % res = Me
 = Num% % span

_o% % th
%  
% Sub Funct

readC% % 
% % PotCal 
function [raw, raw_smooth, act, act_smooth] = Parse(fname, fcal, res, span, th_op) 
 

uments anaddpath('C:\Doc
ATLABRuns\M

 
fldr = 'Test_Dat

le = [fldr fname]; fi
filecal = [fldr fcal
 

l[labels,x,y] = readCo
 
%Collect Raw Da

rV = y(:,1); moto
potV = y(:,2); 
sysV = y(:,3); 

); swtchV = y(:,4
 
lgth = length(y); 
 
% Median of pot values at open/c
potavg1 = mean(potV(1:100)); 

otavg2 = mean(potV(lgth-100:lgth)); p
 
motorC = motorV/res; 
 

potR = potV/maxpot; %
[a b]=PotCal(filecal, th_op); 
scoopang = th_op - a*(potV-b); 
 
raw = [potV, s
 
scoopang_smooth = MovAvg(scoopan

otorC,spamotorC_smooth = MovAvg(m
 = MovAvg(sswtchV_smooth
 sysV_smooth =

w_smooth =ra
 
for m = lgth:-1:1 

  if potV(m) < .99*potavg2   
        M=m+250; 
        break 
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    else 
        M=lgth; 

r k = 2:lgth 

  else 

act = [scoopang(K:M), motorC(K:M), swtchV(K:M), sysV(K:M)]; 
otorC_smooth(K:M), swtchV_smooth(K:M), 

    end 
end 
 
fo
    if potV(k) > 1.01*potavg1 
        K = k; 
        break 
  
    end 
end 
 

act_smooth = [scoopang_smooth(K:M), m
sysV_smooth(K:M)]; 

Data Reading Sub-function 

% Accessed at: 
% http://web.cecs.pdx.edu/~gerry/MATLAB/plotting/examples/readColData.m 

,nlrows) 
data from a file containing data in columns 

 have text titles, and possibly other header text 

[labels,x,y] = readColData(fname) 
readColData(fname,ncols) 

[labels,x,y] = readColData(fname,ncols,nhead) 
     [labels,x,y] = readColData(fname,ncols,nhead,nlrows) 

 name of the file containing the data (required) 
ns in the data file.  Default = 2.  A value 

 if nlrows is also specified. 
     nhead  = number of lines of header information at the very top of 

d discarded.  Default = 0. 
nly if nlrows is also specified. 

ber of rows of labels.  Default = 1 

  matrix of labels.  Each row of lables is a different 
om the columns of data.  The number of columns 

       in the labels matrix equals the length of the longest 
ading in the data file.  More than one row of 

        labels is allowed.  In this case the second row of column 
           headings begins in row ncol+1 of labels.  The third row 

                column headings begins in row 2*ncol+1 of labels, etc. 

ividual column headings must not contain blanks 
 

 values 
ues.  y has length(x) rows and ncols columns 

% Accessed on: Feb 5, 2007 
 
function  [labels,x,y] = readColData(fname,ncols,nhead
%  readColData  reads 
%               that
% 
%  Synopsis: 
%     
%     [labels,x,y] = 
%     
%
% 
%  Input: 
%     fname  =
%     ncols  = number of colum
%              of ncols is required only
%
%              the file.  Header text is read an
%              A value of nhead is required o
%     nlrows = num
% 
%  Output: 
%     labels  =
%                label fr
%         
%                column he
%        
%     
%
% 
%          NOTE:  Ind
%
%     x = column vector of x
%     y = matrix of y val
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% 

rry@me.pdx.edu 
State University, Mechanical Engineering Department 

 % default 

open ',fname,' for input']); 

ine number of columns 
lows for an arbitrary number 

 unequal (string) lengths.  We cannot simply 
ls matrix as new labels are read because the first 

t be the longest.  The number of columns in the labels 
axlen) needs to be set properly from the start. 

rd header text on line at a time 
ffer = fgetl(fin);  end 

ne as a string 

fer);       %  parse next column label 
en,length(next));   %  find the longest so far 

 equal to the length 
cation (including 
ere is no string 

.  The blank() command 

ffer = fgetl(fin);  end 
ime 

getl(fin);          %  get next line as a string 

%  Author: 
%     Gerald Recktenwald, ge
%     Portland 
%     24 August 1995 
 
%  process optional arguments 
if nargin < 4 
    nlrows = 1;      % default 
    if nargin < 3 
        nhead = 0;     % default 
        if nargin < 2 
            ncols = 2;  
        end 
    end 
end 
 
%  open file for input, include error handling 
fin = fopen(fname,'r'); 
if fin < 0 
    error(['Could not 
end 
 
%  Preliminary reading of titles to determ
%  needed in the labels matrix.  This al
%  of column titles with
%  append to the labe
%  label might no
%  matrix (= m
 
%  Read and disca
for i=1:nhead,  bu
 
maxlen = 0; 
for i=1:nlrows 
    buffer = fgetl(fin);          %  get next li
    for j=1:ncols 
        [next,buffer] = strtok(buf
        maxlen = max(maxl
    end 
 
end 
 
%  Set the number of columns in the labels matrix
%  of the longest column title.  A complete preallo
%  rows) of the label matrix is not possible since th
%  equivalent of the ones() or zeros() command
%  only creates a string row vector not a matrix. 
labels = blanks(maxlen); 
frewind(fin);    %  rewind in preparation for actual reading of labels and data 
%  Read and discard header text on line at a time 
for i=1:nhead,  bu
%  Read titles for keeps this t
for i=1:nlrows 
 
    buffer = f
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    for j=1:ncols 
er] = strtok(buffer);     %  parse next column label 

 j + (i-1)*ncols;                %  pointer into the label array for next label 
els(n,1:length(next)) = next;    %  append to the labels matrix 

  end 

he vetorized fscanf function to load all 
l values into one vector.  Then reshape this vector into a 

efore copying it into the x and y matrices for return. 
f(fin,'%f');  %  Load the numerical values into one long vector 

gth(data);        %  total number of data points 
ncols;            %  number of rows; check (next statement) to make sure 

 nr ~= round(nd/ncols) 

tangular') 
end 

  notice the transpose operator 

ls); 

        [next,buff
        n =
        lab
  
end 
%  Read in the x-y data.  Use t
%  numerica
%  matrix b
data = fscan
nd = len
nr = nd/
if
    fprintf(1,'\ndata: nrow = %f\tncol = %d\n',nr,ncols); 
    fprintf(1,'number of data points = %d does not equal nrow*ncol\n',nd); 
    error('data is not rec

data = reshape(data,ncols,nr)';   %
x = data(:,1); 
y = data(:,2:nco
%  end of readColData.m 
 

Potentiometer Sub Function 

% PotCal 
% This functi
% % calfile = 

on converts the potentiometer voltage into scoop angle given: 
Calibration File Name ['string'] 

rees] 

 

 = mean(pot(mid-125:mid+125)); 

% % th_op = Angle of Scoop when Open [deg
function [a b]=PotCal(calfile, th_op) 
 
[labels,x,y] = readColData(calfile,5,5,1); 
pot = y(:,2);
 
% Closed 
V2 = mean(pot(1:250)); 
 
% Open 
op = find(pot<3); 
mid = floor(median(op)); 
 
V1
 
a = th_op/(V2-V1); 
b = V1;
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Appendix F  

Testing Supplemental 

ts performed that recorded motor currents and 

gle.  The soils are: DS – Dry Sand, MS – Moist Sand, Cl – Clay loam, G Gravel, 

nd Cal – No Soil/Calibration Run.  The height is the vertical distance between the scoop 

rface. 

F.1 Test Log 

This is a log of all of the soil tes

scoop an

a

axels and the soil su

File Soil Height 
(cm) Notes 

2_5_2007 3_08_24.806 PM.txt DS 9.2 12V @1.5A 
2_5_2007 3_12_36.381 PM.txt DS 9.2 12V @ 2A 
2_5_2007 3_19_11.088 PM.txt DS 9.2 12V @ 2A 
2_5_2007 3_20_40.791 PM.txt DS 9.2 9V @ 2A 
2_5_2007 3_22_35.572 PM.txt DS 9.2 9V @ 2A 
2_5_2007 3_23_58.494 PM.txt DS 9.2 18V 
2_5_2007 3_24_46.603 PM.txt DS 9.2 18V 
2_5_2007 3_27_09.135 PM.txt DS 7.4 18V - failed to close 
2_5_2007 3_28_56.666 PM.txt DS 7.4 18V - failed to close 
2_5_2007 3_33_38.119 PM.txt DS 7.4 12V - failed to close 
2_5_2007 3_34_51.306 PM.txt DS 7.4 12V - failed to close 
2_5_2007 3_37_23.181 PM.txt DS 7.4 9V - failed to close 
2_5_2007 3_38_31.291 PM.txt DS 7.4 9V - failed to close 
2_5_2007 3_40_17.291 PM.txt DS 8.4 9V - failed to close 
2_5_2007 3_41_22.697 PM.txt DS 8.4 12V - failed to close fully (~2-5deg gap) 
2_5_2007 3_42_52.056 PM.txt DS 8.4 18V 
2_5_2007 3_51_13.889 PM.txt G 8.5 18V - stuck on rock 
2_5_2007 3_52_33.369 PM.txt G 8.5 18V - closed fully 
2_5_2007 3_53_36.369 PM.txt G 8.5 12V - breifly got stuck mid-closure but recovered 

and closed 
2_5_2007 3_55_02.213 PM.txt G 8.5 9V - barely closed 
2_5_2007 3_59_58.510 PM.txt G 7.3 18V - no clusure, barely broke surface 
2_5_2007 4_24_31.541 PM.txt MS na open/close in air 
2_7_2007 1_58_44.911 PM.txt G 9 stuck and releaseda couple time, choppy motion 
2_7_2007 11_03_13.515 AM.txt Cal na open/close for pot 
2_7_2007 11_10_05.437 AM.txt MS 8.5  
2_7_2007 11_13_04.078 AM.txt MS 8.5  
2_7_2007 11_17_19.203 AM.txt MS 8.5 smooth blade stuck on surface 
2_7_2007 11_19_17.078 AM.txt MS 8.5 tried to "bump" it closed, no success 
2_7_2007 11_22_51.437 AM.txt G 8.5 failed 
2_7_2007 11_24_06.625 AM.txt G 8.5 failed 
2_7_2007 11_28_07.937 AM.txt DS 8.5  
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File Soil Height 
(cm) Notes 

2_7_2007 11_30_16.437 AM.txt DS 8.5  
2_7_2007 2_00_53.335 PM.txt G 9  
2_7_2007 2_08_09.702 PM.txt DS 9  
2_7_2007 2_09_07.942 PM.txt DS 9  
2_7_2007 2_13_41.472 PM.txt MS 9  
2_7_2007 2_14_20.539 PM.txt MS 9  
2_12_2007 11_16_41.500 AM.txt Cl 9.2  
2_12_2007 11_22_09.984 AM.txt Cl 9.2  
2_12_2007 4_12_08.625 PM.txt Cal  12V @ 2A - pot battery at 9.31V 
2_12_2007 4_12_36.437 PM.txt Cal  12V @ 2A - pot battery at 9.31V 
2_12_2007 4_15_08.640 PM.txt Cl 9 12V @ 2A - pot battery at 9.31V 
2_12_2007 4_16_45.109 PM.txt Cl 8 12V @ 2A - pot battery at 9.31V 
2_12_2007 4_19_20.906 PM.txt Cl 7 12V @ 2A - pot battery at 9.31V 
2_12_2007 4_21_49.328 PM.txt Cl 6 12V @ 2A - pot battery at 9.31V 
2_12_2007 4_30_49.859 PM.txt MS 9 12V @ 2A - pot battery at 9.31V 
2_12_2007 4_32_05.781 PM.txt MS 8 NC - 12V @ 2A - pot battery at 9.31V 
2_12_2007 4_33_29.406 PM.txt MS 7 NC - 12V @ 2A - pot battery at 9.31V 
2_12_2007 4_35_19.093 PM.txt MS 6 NC - 12V @ 2A - pot battery at 9.31V 
2_12_2007 4_38_45.625 PM.txt DS 9 Barely collected any sample - 12V @ 2A - pot 

battery at 9.31V 
2_12_2007 4_40_06.156 PM.txt DS 8 NC - 12V @ 2A - pot battery at 9.31V 
2_12_2007 4_42_11.968 PM.txt DS 7 NC - 12V @ 2A - pot battery at 9.31V 
2_12_2007 4_43_25.625 PM.txt DS 6 NC - 12V @ 2A - pot battery at 9.31V 
2_24_2007 3_50_45.690 PM.txt Cal  Closed-Opened-Closed, not pot V - 

hm 6V/.5A/8.37V/1.4O
2_24_2007 3_51_34.406 PM.txt Cal  Closed-Opened-Closed - 6V/.5A/8.37V/1.4Ohm 
2_24_2007 3_54_24.406 PM.txt Cal  Closed-Opened-Closed - 12V/2A/8.37V/1.4Ohm 
2_24_2007 3_55_44.265 PM.txt Cal  Closed-Opened-Closed - 12V/2A/8.37V/1.4Ohm 
2_24_2007 3_58_09.750 PM.txt Cal  just motor (open) - 12V/2A/8.37V/1.4Ohm 
2_24_2007 3_58_55.218 PM.txt Cal  just motor (close) - 12V/2A/8.37V/1.4Ohm 
2_24_2007 4_00_11.109 PM.txt Cal  just motor off-open-off-close-off - 

12V/2A/8.37V/1.4Ohm 
2_24_2007 4_01_02.046 PM.txt Cal  just motor, off-open-close-off - 

12V/2A/8.37V/1.4Ohm 
2_24_2007 4_03_33.000 PM.txt Cal  just motor - open, long - 12V/2A/8.37V/1.4Ohm 
2_26_2007 3_59_44.89 PM.txt Cal  pot calibration open-close - 

12V/2A/8.37V/1.4Ohm 
2_26_2007 4_01_10.390 PM.txt Cal  pot calibration open-close - 

12V/2A/8.37V/1.4Ohm 
2_26_2007 4_02_32.765 PM.txt Cal  strength test - 5.0N peak - 12V/2A/8.37V/1.4Ohm 
2_26_2007 4_04_54.343 PM.txt Cal  strength test - 5.3N peak - 

12V/1.5A/9.53V/1.6Ohm 
2_26_2007 4_06_49.148 PM.txt Cal  strength test - 4.6N peak - 

12V/1.5A/9.53V/1.6Ohm 
2_26_2007 4_07_53.468 PM.txt Cal  strength test - 4.2N peak - 

12V/1.5A/9.53V/1.6Ohm 
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F.2 Photos 
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