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Abstract — One of the most pressing current questions in space
science is whether life has ever arisen anywhere else in the
universe. Water is a critical prerequisite for all life-as-we-
know-it, thus the possible exploration targets for
extraterrestrial life are bodies that have or had copious liquid:
Mars, Europa, and Enceladus. Due to the oxidizing nature of
Mars’ surface, as well as subsurface liquid water reservoirs
present on Europa and Enceladus, the search for evidence of
existing life must likely focus on subsurface locations, at depths
sufficient to support liquid water or retain biologic signatures.

To address these questions, an Auto-Gopher sampler has been
developed that is a wireline type drill. This drill is suspended
on a tether and its motors and mechanisms are built into a
tube that ends with a coring bit. The tether provides the
mechanical connection to a rover/lander on a surface as well as
power and data communication. Upon penetrating to a target
depth, the drill is retracted from the borehole, the core is
deposited into a sample transfer system, and the drill is
lowered back into the hole.

Wireline operation sidesteps one of the major drawbacks of
traditional continuous drill string systems by obviating the
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need for multiple drill sections, which add significantly to the
mass and the complexity of the system.

The Auto-gopher has been successfully tested in a laboratory
environment in rock to a depth of 2 m. Field testing of the drill
took place in November, 2012 at the US Gypsum quarry
outside Borrego Springs, CA. The drill successfully penetrated
to over 3 m depth with an average penetration rate of 1 m/hr.
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1. INTRODUCTION

The main question we are posed today in space science is
whether life ever arose on another planetary body. Only one
body in the solar system has been shown to support life, so a
universal definition of life is impossible to create. However,
given what we know about terrestrial biology and chemistry,
three nearly universal components that life needs to exist is
organic material, an energy source and liquid water. There
are three unique bodies beyond the Earth that liquid water
has been shown to exist in the past, or currently is thought
to exist: Mars, Europa, and Enceladus.

For Mars, it has been shown via ample geomorphological
and mineral evidence that water was present for geologic
time frames. If life began, it would be expected to have
moved into the subsurface to follow the water, and protect
itself from harmful UV and surface radiation. Hence the
subsurface is the most likely place to identify extinct/extant
life signatures.

For Europa, the surface is subjected to incredibly high
radiation levels resulting from its location in the Jovian
plasma torus, including ion bombardment from species
originating on the volcanically active body of lo. The
presumed subsurface ocean would bring material to the
surface, which has been shown to be relatively young in
geologic terms. Any biosignatures present would have to be
excavated from a depth below the radiation layer, most
likely on the meter scale.

For Enceladus it has been shown that a liquid ocean exists
under the surface through geysers of water ice emanating
from the southern hemisphere that could only come from a
liquid ocean. On the surface, organic molecules would
fragment quickly due to high UV radiation present. This
small body requires a low weight on bit drilling platform to
access the liquid water present in the subsurface, where
biomolecules would exist, if they are present.

To enable deep access, Honeybee Robotics and NASA-Jet
Propulsion Laboratory (JPL) developed a wireline drill,
called the Auto-Gopher [1, 2]. The drill uses low power and
low Weight on Bit (WOB) to acquire cores of rocks, ice or
ice cemented grounds. Acquired cores retain stratigraphy
and volatiles to provide significant scientific information
about the layered structure with inclusions and potential
organisms. This wireline drill allows coring and core
removal from depths limited only by the length of a
deployment tether.

This paper reports on the development and testing of the
Auto-Gopher system.

2. DEEP DRILLING APPROACHES

To access great depths, there are two main approaches:
continuous drill string and wireline approach as shown in
Figure 1 [3].

In a continuous drill string system, as a hole gets deeper,
new drill sections need to be added. This approach has been
successfully used in the Qil and Gas industry for over a
century. The entire drill string is normally rotated by a
motor above the surface (though some downhole motors
systems are also possible) and the drilled cuttings are
removed by circulating water, muds, or in shallower holes
even compressed air. With this approach, holes as deep as
12 000 ft. have been drilled thus far.

Convetional Approach Wireline Approach

Drill Pulley
segments

Figure 1. Conventional drill string vs. wireline drilling
approach.

Planetary drilling has many challenges that are not as much
of a concern when drilling on Earth. These include limited
system mass, power, and energy as well as low pressure (or
vacuum) and low temperature environments.

From the mass stand point, unless drill strings are made of
low density material, adding drill sections to reach greater
depths very quickly makes the entire system very heavy. In
addition, the system needs some kind of a robotic drill string
feeding mechanism such as a carousel and mating
connections between each drill string. This not only
increases mass but also drives system complexity and in
turn increases the risk of failure. If the drill system requires
some sensors (e.g. temperature sensor) at the bit for
monitoring the environment around the drill (e.g. making
sure water-ice does not approach freezing temperature,
which would be catastrophic to the mission), then the drill
strings would also need electrical pass throughs. A robotic
system with autonomous drill string management and
downhole power/data capability has previously been built
for planetary applications, but it was quite complex [4].

Since using water or mud is difficult or impossible due to
low pressure and low temperature conditions, drilled
cuttings need to be conveyed all the way to the surface using
an auger (i.e. screw). The parasitic drag of the rotating auger



strings against a borehole coupled with even larger frictional
drag produced by cuttings as they are moved up the hole
require prohibitively large torques and power. This is the
single most important factor limiting the penetration depth
using continuous drill string approach to approximately 10
m or so. A possible solution is to incorporate so called the
“bite” approach, which is similar to pecking in machining
[5]. In this approach, the drill is periodically retracted to
clear chips. Hence auger drag due to cuttings removal can
be limited to short (e.g. 1 m) drilling “bites”, however, the
parasitic losses due to auger rubbings against a borehole will
remain. The obvious drawback to the “bite’ approach is that
drill sting management has to be very robust to cope with
countless drill string connections and disconnections during
the course of drilling a deep hole.

The approach which solves most of the problems associated
with continuous drill string approach is the wireline
approach. In the wireline system, the drill is essentially
suspended on a tether and all the motors and mechanisms
are built into a tube that ends with a drill bit. The tether
provides the mechanical connection to a spacecraft on a
surface as well as power and data communication. Upon
reaching the target depth, the drill is retracted from a hole
by a pulley system, which can be either on the surface or
integrated into the top part of the drill itself.

Generally, wireline systems involve the mechanical
complexity of packaging motors and actuators into a slim
tube. In addition, as opposed to a continuous drill string
system, where the Weight on Bit (WOB) also known as a
preload, is provided by a lander or a rover, the WOB in a
wireline system is provided by anchoring the drill to the
borehole wall (it locks the upper section of the drill) and use
of an internal screw to push on the drilling mechanism and
the drill bit itself. This has an added advantage: the WOB of
the continuous drill system is limited by the weight of the
deployment platform (e.g. rover, hopper, or lander) and no
such limitation exists for the wireline drill system.

The main disadvantage of the wireline system is a
possibility of bore-hole collapse. To deal with that the drill
could come with deployable (e.g. mesh type) casings but the
complexity of deploying a casing would make the missions
prohibitively risky. For this reason, the drilled environment
should be restricted to stable formations such as ice or ice-
cemented grounds, where probability of finding life would
be highest. In turn plausible targets would include the
Northern and the Southern Polar Regions of Mars,
Enceladus, and Europa.

It should be noted that the wireline system overcomes
challenges that are inherent to deep ice drills including
melting or hot-water drills that are used to drill pure ice. The
main disadvantage of the prior drills is their high mass and
complex fixtures cannot be carried with a small spacecraft.
Hot-water drills and other melt probes do not provide cores
or cuttings, they require a source of large amount of ultra-
clean water, they have high power requirements and they
are difficult to operate in ice with sediments or permafrost,
or when large rocks are present.

Other, non-traditional drilling technologies (laser, electron
beam, microwave, jet, etc.) usually are competitive only in
applications that are time limited and not power, energy or
mass limited as is typical for space science applications.
Generally, future space missions would not have enough
power (or rather electrical energy) to employ these
“modern” drilling technologies.

3. AUTO-GOPHER DESCRIPTION

The Auto-Gopher is a fully integrated, stand-alone drilling
system requiring no additional actuation from the surface to
perform drilling except for the tether management (i.e.
pulley and the drum). The drill weighs 22 kg and has a
length of 181 cm. The Auto-Gopher (see Figure 2) consists
of five sub-systems. These are (from top to bottom):

1. The Anchor

2. The Weight on Bit (Preload) Drive

3. Rotary System (Auger Drive)

4. Hammer/Percussive System

5. Bitand Auger System with Cuttings Bucket
The Anchor

The Anchor uses a set of three compliant shoes to push
against a borehole and anchor itself to a hole with a force of
1600 N. This force is sufficient to provide a resistance to
rotary torque from cutting bit as well as vertical force from
the Weight on Bit.

The Weight on Bit (WOB) System

The Weight on Bit (WOB) Drive is provided by internally
actuated ballscrew and is designed for WOB of 1000 N. An
integrated load cell provides a force feedback for WOB
control.

The Rotary System

The Rotary system uses a cluster of 3 actuators with a
combined electrical power up to 360 Watt for rotating a
coring bit and an auger. Accounting for electrical and
mechanical (e.g. gearbox) losses, the system can generate a
torque of 15.5 Nm at 100 rpm.

The Hammer/Percussive System

The hammer system employs a piezoelectric actuated
percussive mechanism for providing impacts via free mass.
The impact energy imparted to the bit is stochastic with a
distribution of frequencies. Lower energy blows of the order
of 0.1 J have frequencies in the hundreds of Hz range while
higher energy blows of the order of 0.4 J have a frequency
in the 10 Hz range.

The hammer is independent from the Rotary and hence can
be engaged when the formation becomes hard for Rotary to
cut through or when the Tungsten Carbide teeth get dull. In
addition, a Percussive system allows the cuttings within the



bailer bucket above the core to compact more and in turn
occupy less volume.

The Bit and Auger System

The core bit allows acquisition of 60 mm diameter 100 mm
long cores. The outside diameter of the coring bit is 71 mm.
Drilled cuttings are moved up the auger flutes and fall into
the cuttings chamber above the core chamber. The
integrated bailer above the core chamber can accommodate
all the cuttings produced during the 100 mm drilling;
accounting for a cuttings volume expansion factor of 3 (i.e.
as rock is being drilled, the resultant cuttings will occupy up
to 3x the volume). Upon drilling the 10 cm long core, the
drill is retracted and the cuttings chamber is emptied.

— System

Bit and
Auger
System

After
Assembly

Before
Assembly

Auto-Gopher Subsystems

Figure 2. The subsystems of the Auto-Gopher Wireline
Drill.

It should be noted that the drill diameter was driven
primarily by the size of the piezo stack. In order for the
piezo-based hammer system to provide more powerful

impacts, the piezo stack had to be of large diameter. This
made the outside diameter (OD) of the drill bit 71 mm. To
minimize the drilling energy, the coring bit kerf (width) had
to be made as small as possible. In the case of Auto-Gopher
it was 5.5 mm making Internal Diameter (ID) of 60 mm.

Table 1 summarizes previously built wireline system from
NASA-JSC and compares it with the Auto-Gopher. The
main difference between the two systems is the drilling
approach and in turn drill bit. The NASA-JSC drill uses
pure rotary system and diamond impregnated bits for cutting
(or rather grinding) through a rock, while the Auto-Gopher
uses Rotary or Rotary-Percussive approach and Tungsten
Carbide teeth for breaking the rock.

The diamond-impregnated bit consists of small diamonds
that are embedded inside a metal matrix. The idea is that as
individual diamonds wear out, so does the matrix, thus
exposing fresh diamonds, while used diamonds fall out. The
diamond impregnated bits have the advantage of being
“self-sharpening”, and hence the penetration rate is expected
to be uniform if the rock strength/hardness doesn’t change.
However, since this type of bit uses a consumable
(diamonds are used up and fall out) once the thickness of the
diamond impregnated segment wears away, the bit stops
drilling. These types of bits are suitable only for rotary
drilling. The NASA-JSC drill has also used Polycrystalline
Diamond Compact (PDC) type cutters but as soon as they
wear out, the bit needs to be changed.

Core Break Off

Drilling a core is only the first step. The second step, which
is difficult to achieve, is to break the core at its base and
capture it within the core tube. The core break-off system
also needs to be resettable (it cannot work just once) and
also needs to allow for easy core retrieval by the core
handling system on the surface.

There are a number of ways the core can be detached and
these include: 1) pulling (breaking the rock in tension), 2)
twisting (breaking the rock in slow shear), 3) impact shear
(breaking the rock by twisting it at high speed — sort of an
impact twist), 4) shearing (breaking the rock by “cutting” as
in pinching), or 5) bending (breaking the rock in shear at the
base by applying a side force on top). The optimum method
for core breaking will not necessarily be implemented based
on the lowest required force but rather on the complexity of
implementation into the current design.

Table 2 shows a summary of various rock types and their
physical properties. The last columns show the forces
related to breaking the Auto-Gopher sized cores (60 mm
diameter and 100 mm long) using different fracture modes.
These forces are very large and the break off system would
have to deal with the worst case scenarios. For example, if
the ice core at 100K having a 1.5 MPa tensile strength was
to be broken in tension, the required pull force would be 4
kN.



Table 1. Summary of planetary wireline drill systems.

Honeybee-JPL
NASA JsC  (Auto Gopher
Rotary Rot-Perc
. Mansfield
Test Material Sandstone Cordoba Créme
(UCS, MPa) (23 MPa) [6] Limestone (25 MPa) [7]
System Mass [kg] 7 22 22
Drill Length, [m] 2 1.8 1.8
Hole Diam, [mm] 45 71 71
Core Diam, [mm] 25 60 60
Core Length, [mm] 150 100 100
Power, [W] 50-100 80 <140
Rot. Vel., [RPM] 70 90 90
Weight on Bit, [N] 140-330 10-60 10-200
Penetration  Rate
[cm/hr] 9 180 240
Integrated Core
Catcher No No No

In its current design, the Auto-Gopher does not have core
catching capabilities. This feature was removed in order to
reduce drill complexity and the risk of drill getting stuck if
the core cannot be sheared. Instead, a stand-alone core
retrieval system was developed (Figure 3). The future
generation of the Auto-Gopher will have auto-core catching
feature employing core-dogs, a split ring collet or similar
feature.

Figure 3. A separate core break off system was used to
break-off and capture the core.

4. _ABORATORY TESTING TO 2 M DEPTH

The system level testing of the Auto-Gopher was performed
by drilling Texas Créme Limestone also known as Cordova
Créme, with an unconfined compressive strength of
approximately 25 MPa. The experimental set up is shown in
Figure 4 and consisted of a 2 m column of limestone rock
enclosed within the >2 m tall drill stand. The drill stand
included the Auto-Gopher deployment tower. All
electronics for the Auto-Gopher were placed to the side of
the stand.

A total of two 2-m tests were performed in the laboratory. In
the first 2 m test, the Auto-Gopher was run in rotary-only
mode of drilling, while during the 2™ round of 2-m tests, a
rotary-percussive drilling (with percussion being piezo-
driven) and rotary drilling were used interchangeably. The
first test was essentially a system level check to make sure
all drilling mechanisms worked as designed. The second test
was a true drill performance test.

In drilling, two control approaches could be used: rate
controlled (maintaining Rate of Penetration or ROP) or load
control (maintaining Weight on Bit or WOB). In the rate
controlled, a rotary speed (rpm), and Weight on Bit (WOB)
are continuously adjusted to maintain the preset penetration
rate. In the Weight on Bit control, the penetration rate (via
Z-axis ballscrew), and the rotary speed are continuously
adjusted to maintain the WOB.

In the case of Auto-Gopher, the algorithm used ROP based
control. Initially, the auger rotary speed was set to a
maximum of 90 rpm and the Weight on Bit was increased to
achieve ROP of 1 mm/sec. However, to prevent the Auger
motor from stalling out, the auger power was software
limited to approximately 90 Watt at 90 rpm (i.e. stall torque
of 10 Nm). Hence, the WOB was also controlled by the
maximum Auger power. When drilling the 25 MPa Texas
Creéme limestone, the limit on the Auger power was reached
before the limit on the ROP was reached. If another (much
weaker) rock were to be drilled, most probably the limit of
ROP at 1 mm/sec would have been reached at Auger power
less than 90 Watt.

Figure 5 shows a drill progress into the 2 m column of rock.
Note the drill progressively sinks into the drilled hole.
Figure 3 shows a core captured by a stand-alone core
retrieval system. As mentioned earlier, the current
generation of the wireline system does not have an
integrated core break-off and capture system. This
mechanism will be implemented into the next generation
drill. Figure 6 shows one of the 60 mm diameter and 100
mm long rock cores.

During the course of drilling a 2-m limestone rock column,
a number of parameters (e.g. rpm, WOB, hammer on/off
etc.) were changed in order to determine their effect on
penetration rate. Since after drilling a 100 mm long core, the
drill had to be pulled out to empty the core barrel of the core
and cuttings, it was convenient to change drilling parameters
for each of the 100 mm intervals.



Table 2. Rock Properties Table. [8, 9, 10]

Rock Type | Compressive | Tensile Shear Shear Method of Breaking a Core

Strength Strength | Strength | Modulus 5

3 Bending
Tenlsion Tor?sion Igr;];;git Shiar Ben?jing ';gr;r?]
core
[MPa] [MPa] | [MPa] [GPa] kN KNm MPa | kN Nm kN

Amphibolite 278 22.8 139 64 59 393 966 10
Andesite 103 7.2 52 20 22 146 305 3
Basalt 120 14.6 60 18 41 25 4 170 619 6
Chert 210 23 105 17 65 45 4 297 975 10
Diabase 321 55.1 161 37 156 6.8 6 454 2336 23
Dolomite 90 3 45 8 1.9 127 127 1
Gabbro 186 13.8 93 39 3.9 263 585 6
Gneiss 223 155 112 44 4.7 315 657 7
Granite 226 11.9 113 34 4.8 319 504 5
Ice at 100K 100 15 4 2.1 141 64 1
Limestone 53.1 4 27 12 11 1.1 3 75 170 2
Marble 106 6.5 53 18 22 150 276 3
Quartzite 629 23.4 315 66 13.3 889 992 10
Salt 355 2.5 18 7 0.8 50 106 1
Sandstone 38.9 5.17 19 5 15 0.8 2 55 219 2
Sandstone 87 7.6 44 6 21 18 2 123 322 3
Schist 129 55 65 16 27 182 233 2
Shale 107 11 54 31 23 151 466 5
Shale 215 17 108 27 48 4.6 5 304 721 7
Siltstone 113 2.76 57 8 2.4 160 117 1
Slate 180 255 90 34 72 3.8 6 254 1081 11
Tuff 36 431 18 12 0.8 51 183 2

Figure 4. Experimental set up for the 2 m drilling tests. Figure 5. Drilling progress into a 2 m limestone column.



Figure 6. The recovered core samples were 60 mm
diameter and 100 mm long. Core recovery was 100%.

Figure 7, Figure 8, and Figure 9 compare various drilling
modes Rotary to Rotary-Percussive with 50% duty cycle
and Rotary-Percussive (100% duty cycle). The 50% duty
cycle refer to 10 second drilling with percussive and 10
second drilling with just rotary system. In all tests, the
rotary speed was kept constant at 90 rpm.

Figure 7 shows Rate of Penetration vs. Weight on Bit for
Rotary, Rotary-Percussive with 50% duty cycle, and Rotary-
Percussive drilling. As expected, the ROP increased with an
increase in WOB (at higher WOB, the teeth would dig
deeper into a rock and in turn cut greater depth each
revolution). It was noticed that the hammering is engaged
and works properly only when the WOB is above a set
threshold (approximately 70 N). In addition, Rotary-
Percussive seems to result in a slightly faster penetration
rate than pure rotary drilling. There is also no great
difference between 50% hammer and 100% hammer
drilling. One would have expected a much larger increase in
penetration rate when piezo-hammer is engaged. However,
the small benefit of the hammer in this case is probably due
to the low rock strength and very effective cuttings bit
design. If a rock has low strength, rotary drill can easily
penetrate it (cutting teeth can dig into a rock at modest
Weight on Bit values) and hence the benefit of hammer is
low. The benefit of a hammer system, however, could be
better seen in hard rocks.
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Figure 7. Rate of Penetration vs. Weight on Bit for
Rotary, Rotary-Percussive with 50% duty cycle, and
Rotary-Percussive drilling.

Figure 8 shows Total Power (including 50 Watt for the
piezo-hammer system) vs. Weight on Bit for Rotary,
Rotary-Percussive with 50% duty cycle, and Rotary-
Percussive drilling. The main difference in power is
between rotary and rotary-percussive, since piezo-hammer
required additional 50 Watt. Note that there is little
difference in power as a function of Weight on Bit. Since
with larger Weight on Bit cutters would dig in deeper, it has
to be concluded that drilling resistance even at deeper cuts
was relatively low. Another way to interpret these results is
that the resistance of the rock to individual cutters was
approximately the same for deep and shallow cuts. This of
course is counter-intuitive because one would expect large
resistance (and in turn higher torque and power) at greater
depth of cuts. A plausible explanation for this anomaly is
that rock was relatively weak and did not offer much
resistance to the drill.
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Figure 8. Total Power (including 50 Watt for the piezo-

hammer system) vs. Weight on Bit for Rotary, Rotary-

Percussive with 50% duty cycle, and Rotary-Percussive
drilling.

Figure 9 shows Specific Energy vs. Weight on Bit for
Rotary, Rotary-Percussive with 50% duty cycle, and Rotary-
Percussive drilling. The figure essentially combines Power
and penetration Rate (i.e. Figure 7 and Figure 8) into a
single parameter: Specific Energy (SE). SE essentially is a
matric used in drilling to determine efficiency of a drilling
system. It is a universal metric as it eliminates the effect of
diameter or hole depth. Normally, SE uses units of J/cc,
however, in this case to make the data easier to understand,
the units are Wh/m (i.e. energy required to drill 1 m deep
hole). The SE = Power/ROP. Figure 9 shows drastic drop in
SE with increase in the Weight on Bit. That is, at higher
WOB, cutters dig deeper and in turn drill penetrates faster.
However because the rock is relatively weak (or the drilling
method is quite effective) the energy required to drill each
m of hole gets lower.

Figure 10 shows Specific Energy, Rate of Penetration, and
Total Power (Rotary and Percussive) vs. Weight on Bit as
function of rotational speed of the drill: 90 rpm and 40 rpm.
In both cases the hammer system was engaged 100% of the
time. As expected, the drilling power and the penetration
rate at 40 rpm are lower than at 90 rpm. In addition, specific



energy seems to be lower at 90 rpm. The penetration rate
and energy at 90 rpm/120 Newton and 40rpm/250 Newton
are the same. Hence doubling the rpm has the same effect
on the penetration rate as doubling the WOB.
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Figure 9. Specific Energy vs. Weight on Bit for Rotary,
Rotary-Percussive with 50% duty cycle, and Rotary-
Percussive drilling.
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Figure 10. Specific Energy, Rate of Penetration, and
Total Power (Rotary and Percussive) vs. Weight on Bit
as function of rotational speed of the drill.

In general, the drill can maintain a relatively high
penetration rate of 40 mm/min (2.4 m/hr) at relatively low
power 120 W and Weight on Bit of 100 N. If these drilling
parameters can be maintained, the drill would require 60
Whr to penetrate 1 m.

Since drilling effort is proportional to an Unconfined
Compressive Strength of a material and the strength of ice at
~100K is 100 MPa (i.e. 4x the strength of the limestone rock
used for testing), it is expected that the penetration rate
would be 4x lower and the required energy to penetrate 1 m
would be 4x higher. In addition the drill would require
larger Weight on Bit, but since the drill does not rely on the
mass of the lander, the issue of higher WOB is not critical.

5. FIELD TESTS TO 3 M DEPTH

The purpose of the field test was to demonstrate drilling and
core recover to 3 m depth. The secondary goal was to obtain

drilling telemetry and extrapolate the drill time, and energy
to greater depths.

Location and Logistics

The field tests took place at the US Gypsum Company
gypsum quarry outside Borrego Springs from 27-29
November, 2012. The exact coordinates are:
33°00'56.7786", -116°04'48.1694" and elevation: 398.8 feet.

The team is shown in Figure 11 and included engineers and
scientist from Honeybee Robotics, NASA Jet Propulsion
Laboratory, and University of Southern California.

Gypsum deposits are up to 200 feet thick and average 125
feet in thickness [11]. Anhydrite is found in the lower part
of the evaporates.

The strength of the gypsum was measured using a Schmidt
hammer and determined to be in the range of 30-40 MPa.
The US Gypsum (operator of the quarry) also performed
Unconfined Compressive Stress tests on 3 gypsum cores
and measure the strength of 38 MPa +2 MPa.

During the first day, the team traveled from Pasadena to the
field site. The same day the camp was established and the
drill unpacked and integrated. All the operations were
performed within protective tent. This has been instrumental
to the success of the field campaign, since the location at
times was extremely windy, hot during the day and cold in
the evening.

Drilling was performed over a 3 hour period till 8pm and to
a depth of 70 cm. During the second day, drilling started at
9am and ended at 8pm, at the depth of 235 cm. On the third
day, drilling started at 9am and ended at noon — i.e. when
the depth of 3 m was reached.
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Figure 11. The Field Team included (left to right): Gale
Paulsen, Bolek Mellerowicz, Ola Rzepiejewska
(Honeybee Robotics), Bill Abbey, Luther Beegle, Stewart
Sherrit, Jae Lee (NASA JPL), Yadi Ibarra (USC),
Mircea Badescu (NASA JPL), and Kris Zacny
(Honeybee Robotics)

Details of the Drilling Process

The drilling process included coring to 10 cm depth,
retracing the AutoGopher from the hole, cleaning out the
cuttings from catch basket above the core barrel, manually
breaking and capturing the core with a break-off tool



(Figure 12), followed by lowering the drill back into the
hole for next 10 cm run.

Fi / &~ pon
Figure 12. Left to right: 1) Core bit above the hole. 2)

Cuttings within the catch basket; 3) Full size core
catcher; 4) Short core catcher for short cores.

It should be noted two core catchers were used: shorter and
longer as shown in Figure 12. The shorter version is ideal
for breaking 5 cm long cores or 10 cm cores which are in a
single piece. The long core catcher was designed to house
and retain the entire length of the 10 cm long and was
ideally suited for cores that had mid shear planes such as
one shown in Figure 14 B.

Figure 13 shows drilling progression. Since the total length
of the AutoGopher was 190 cm, once the depth of 190 cm
was reached, the entire drill fit within the hole. Therefore,
the top anchors braced the borehole wall to provide drill
stability.

Figure 15 shows the side wall and bottom of the 3 m hole.
After each 10 cm, the drill operator looked down the hole to
determine the state of the core (whether it broke or was in-
tact). Out of the total of 32 cores, only 4 cores broke off
downhole; 2 of them remained inside the core barrel (as
shown in Figure 14 A) and another 2 remained at the bottom
of the hole (which caused problems). In both of the two
latter cases, a short ~3 cm thick core disks broke loose and
remained at the bottom of the hole (Figure 14 C). Trying to
drill around or through these disks was extremely difficult
as the disk rattled in place, the cutting teeth had difficulty
biting in and as a result, the drill motor kept on stalling.
Note the side ring cut into the rock by the core bit. The end
solution was to suction lift the loose rock disks using a long
vacuum cleaner hose.

It should be noted that future field campaigns should include
borehole cameras for inspecting of borehole walls and the
state of the core in the hole.

The majority of cores were in a single solid piece as shown
in Figure 14 D. These were very easy to break-off and
capture. A couple of other cores sheared at approximately
45°, and required a full length core catcher (i.e. a core
catcher extending the full length of the core as opposed to
half-length as shown in Figure 14 A. An example of such as
core is shown in Figure 14 B. In rare occasions, the cores
would include the bottom of the hole, that is at the point of
fracture, the core diameter was large than the 1D of the core
drill but smaller than the OD of the core drill (i.e. smaller

than the borehole diameter). We refer to this as mushroom
effect. A core of this type is shown in Figure 14 E.

We observed that the surfaces of the cores were covered by
the fine drill cuttings, effectively obscuring the actual rock.
To inspect the rock, one had to look at the fracture surface.

We also noticed that at various depths, the rock cores
included iron-bearing minerals and clays. Hence, the
formation was not pure gypsum.

Figure 13. Drilling progress. From left to right: 1)
Anchor 190 cm above the ground (i.e. first hole); 2)
Anchor 50 cm above the hole; 3) Anchor ~20 cm above
the hole; 3) Anchor within the hole, 5) Anchor ~100 cm
below the rim (drill at ~300 cm depth).

A. Core captured B. A core with 45 degree shear
inside the corer. fracture

D. Perfect core

C. A core broke E. ‘Mushroom’ core

loose and rattled (the pottom of the
down hole stalling core is larger than
drill motors. the ID of core bit).

Figure 14. Examples of various core types encountered
during the test.



Figure 16 shows the AutoGopher drill after the completion
of the field test. Shown is the drill above the 3 m hole as
well as 32 cores retrieved form the hole. The cores were
placed inside protective sleeves for transport to USC for
analysis.
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Figure 15. Looking down the 3 m hole. The future
campaign should include downhole camera.

Figure 16. The AutoGopher Drill above the 3 m deep
hole (note the yellow tape). The 32 rock cores are placed
inside the 4 protective tubes.

Drilling Telemetry

During the course of the drill test, we acquired drilling
telemetry such as power, penetration rate and Weight on Bit
to estimate the resources required from a spacecraft during
planetary missions. In addition, we varied percussive
duration and duty cycles to optimize drilling efficiency.
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We found that the average penetration rate for the 3 m hole
was 1 m per hour (or 3 hours for a 3 m hole). It took
approximately 20 minutes to pull the drill out of the hole,
empty the catch basket of drilled cuttings, retrieve the core,
and lower the drill back into the hole. For a 3 m hole, these
operations totaled approximately 10 hours. In addition, we
experienced approximately 4 hours of downtime due to
broken wire that had to be repaired and issues related to
misalignment between the anchor above the hole and the
borehole itself. The latter one is of particular importance
since it will have to be addressed via re-design or
operational sequencing. We found that having a half of the
anchor pads are above the hole and the bottom half are in
the hole induces abnormally high WOB values. This is a
result of small misalignment between the hole and the
deployment system. Ideally, the anchors would have to be
fully above the hole or in the hole — in either of the cases,
the WOB was hominal.

Figure 17 shows the rate of penetration (ROP) as a function
of percussive power and duty cycle. We found that the ROP
is lowest if no percussion is used and increase with an
increase in the duty cycle, reaching maximum at 100% duty
cycle (i.e. percussion always on). However, we also found
that a duty cycle of 50% with short 1 second on/off also
results in high penetration rate. If the on/off periods are
increased to 5 seconds, the penetration rate drops by 50%
though. This implies that during the ‘off” periods,
penetration rate is very low.

We also found that with the percussion system on, the WOB
and rotary power would decrease. In some instances, the
rotary actuator would stall whenever percussive system was

turned off.
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Figure 17. Penetration Rate as a function of Percussive
Power and duty cycle.

Figure 18 shows the energy in Whr required to drill one
meter hole (i.e. Whr per meter). To calculate the energy,
total power was used (i.e. Auger power and Percussive
power). The Auger power was always in the range of 90-
120 Watt. The power required to actuate anchor and WOB
mechanisms was negligible.



It can be concluded that the most energy efficient drilling
with the AutoGopher has been when the percussive
mechanisms was active at 100% duty cycle (that is
continuous). In fact, it takes approximately 200 Whr to drill
1 meter. The least efficient approach is rotary drilling with
no percussion.
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Figure 18. Drilling Energy per meter of depth as a
function of Percussive Power and duty cycle.

6. CONCLUSIONS

One of the most pressing questions in space science that we
are currently faced with is whether life has ever arisen
anywhere else in the universe. Since water is a critical
prerequisite for all Earth-based life as we know it, the
nearest-known exploration targets for extraterrestrial life are
Mars, Europa, and Enceladus. Due to the oxidizing nature of
Mars’ surface, as well as high radiation levels at the surfaces
of Mars, Europa and Enceladus, the search for existing life
must likely focus on subsurface locations, at depths
sufficient to allow liquid water.

The main feature of the developed Auto-Gopher is its
wireline operation. The drill is suspended on a tether and the
motors and mechanisms are built into a tube that ends with a
coring bit. The tether provides the mechanical connection to
a rover/lander on a surface as well as power and data
communication. Upon penetrating to a target depth, the drill
is retracted from the borehole, the core is deposited into a
sample transfer system, and the drill is lowered back into the
hole.

This wireline system allows core acquisition from depths
limited only by the length of a deployment tether. Wireline
operation sidesteps one of the major drawbacks of
traditional continuous drill string systems by obviating the
need for multiple drill sections, which add significantly to
the mass and the complexity of the system.

The Auto-gopher has been successfully tested in a
laboratory environment in 25 MPa Texas créme limestone
rock to a depth of 2 m. The average drilling power was in
the range of 100-150 Watt, while penetration rate was
approximately 2.5 m/hr. The energy required to penetrate 1
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m depth in Texas créme limestone was measured to be 60
Whr.

The Auto-gopher has also been successfully tested in a field
environment in 40 MPa Gypsum in the US Gypsum Quarry
outside Borrego Springs, CA to a depth of 3 m. The average
drilling power was in the range of 100-350 Watt (depending
on the duty cycle of the percussive system), while
penetration rate was between 30 cm/hr (no percussion) to
160 cm/hr (percussion at 100% duty cycle). The energy
required to penetrate 1 m depth range from up to 20 Whr/m
(percussion at 100% duty cycle) to 450 Whr/m (no
percussion). Also, the Auto-Gopher was tested in the field
drilling gypsum and reached 3-m depth. The most energy
efficient drilling was found when the percussive mechanism
was activated continuously. It required approximately 200
Whr to drill 1-meter. The rotary drilling with no percussion
was found to be the least efficient approach.
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