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Abstract—A system consisting of a set of estimators and au-
tonomous behaviors has been developed which allows ro-
bust coring from a low-mass rover platform, while accom-
modating for moderate rover slip. A redundant set of sen-
sors, including a force-torque sensor, visual odometry, and
accelerometers are used to monitor discrete critical and oper-
ational modes, as well as to estimate continuous drill parame-
ters during the coring process. A set of critical failure modes
pertinent to shallow coring from a mobile platform is defined,
and autonomous behaviors associated with each critical mode
are used to maintain nominal coring conditions. Autonomous
shallow coring is demonstrated from a low-mass rover us-
ing a rotary-percussive coring tool mounted on a 5 degree-
of-freedom (DOF) arm. A new architecture of using an arm-
stabilized, rotary percussive tool with the robotic arm used to
provide the drill z-axis linear feed is validated. Particular at-
tention to hole start using this architecture is addressed. An
end-to-end coring sequence is demonstrated, where the rover
autonomously detects and then recovers from a series of slip
events that exceeded 9 cm total displacement.
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1. INTRODUCTION

A future Mars Sample Return (MSR) mission could utilize a
low-mass rover to acquire shallow core samples that could be
stored and returned to Earth. Future missions could benefit by
enabling drilling or coring from a low-mass rover where the
rover might experience modest slippage during the drilling or
coring operation. A low-mass rover might be on the order of
200 kg.
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The current state-of-the-art in coring or drilling from a plan-
etary rover, represented by the upcoming 2011 Mars Sci-
ence Laboratory (MSL) mission, assumes that the rover is
a rigid platform for the coring tool or drill. MSL uses a
arm-mounted manipulator to provide a rigid base for the drill
by pressing external stabilizing tines against a surface with
a large preload. The drill will then provide its own transla-
tional degree-of-freedom (DOF) to control interaction with
the rock. It is reasonable to assume that when the rover is
heavy enough it will not move during the coring operation, as
the case for the MSL mission. This assumption is not reason-
able when the rover’s mass is low relative to the interaction
forces with the environment or when the rover is on a slope
where it could possibly slip.

Several other drilling and coring tool designs have been de-
veloped for potential future rover and lander missions to
Mars. A review of these designs [1], includes arm-mounted
rotary-percussive drills such as the Alliance Spacesystems
Inc. (ASI) low-force sample acquisition system (LSAS),
the arm-mounted rotary-drag Honeybee Corer-Abrader Tool
(CAT), and body-mounted tools such as the Honeybee Mini-
Corer. So far, limited autonomy has been developed for de-
ploying shallow coring tools on Mars. These hardware sys-
tems may have been used (on Earth) with levels of autonomy
similar to the Mars Exploration Rover (MER) Rock Abrasion
Tool (RAT), which contain limit checks on tool current and
contact sensors, and simply decide whether to abort or con-
tinue coring or abrading [2]. This level of autonomy might
suffice for future missions with frequent input from ground
systems, but it will not enable missions with critical failure
modes such as rover slip, time-critical missions, or missions
with expectations of tool binding [3].

The Integrated Mars Sample and Handling System (IMSAH),
architecture has been proposed for potential future Mars sam-
ple missions [4]. IMSAH uses an architecture akin to the
LSAS tool; a rotary percussive coring tools is mounted on the
end of a 5 degree of freedom (DOF) robotic arm, or tool de-
ployment device (TDD). The tool does not contain an active
linear feed but instead utilizes a passive spring-based linear
feed. The TDD can compress the feed against the target sam-
ple site to apply the required weight-on-bit (WOB).

The ability to reliably start a hole using an arm-stabilized cor-
ing tool is investigated and validated using two experimental
setups. During the IMSAH development process, hole start
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was identified as a primary concern. Section 2 details the ex-
periments used to validate the architecture’s ability to conduct
hole start procedures.

One goal of the IMSAH architecture is to acquire core sam-
ples on slopes while accommodating moderate slip condi-
tions. A second goal is to provide a system capable of fast
sample acquisition, acquiring the sample within one Mar-
tian sol, without extended input for ground based diagnos-
tics. These goals will require an autonomy system capable of
closed loop coring control, diagnosing coring faults, and fault
recovery and accommodation for continued coring.

This paper presents a set of estimators and autonomous be-
haviors, which can robustly estimate coring faults from a low-
mass rover and accommodate to enable continued coring. The
resulting system is capable of answering two related ques-
tions: first, the discrete fault diagnosis of “is the rover slip-
ping?”, and second, the estimation of continuous state “how
much has the rover slipped?”. Affirmation of the first ques-
tion will send the rover into a safety state where the coring
tool is stopped. The estimate of slip distance is used to recon-
figure the rover to relieve lateral forces on coring tool and to
return the rover to a state where coring can continue. The sys-
tem also utilizes several redundant sets of sensors to provide
robustness to any single sensor failure.

The developed system builds upon previous work in drilling
autonomy. Of most relevance to coring on low mass rovers
and mobile platforms, is work involving slip compensation
for arm mounted coring tools [5]. Here, absolute motion
visual odometry (AMVO) is used to provide an estimate of
rover displacement from the initial coring position, allow-
ing reconfiguration of the rover arm to continue coring dur-
ing moderate (< 1 cm/min) rover slip. This work was then
extended to providing limited slip accommodation on body
mounted coring using a translate-pitch mechanism and the
MiniCorer tool [6]. Here, both a force torque sensor and
AMVO were used to reconfigure the rover during moderate,
in plane slip. Both [5] and [6] use MER relevant avionic
systems, and technologies that can be deployed on poten-
tial rover missions in the near future. Other work on au-
tonomy for drilling has been focused on deep drilling (>
10m), notably the Drilling Automation for Mars Exploration
(DAME) project [3]. Here the deep-drilling process was au-
tonomously monitored for faults, off nominal conditions, and
used combination of drill speed, weight on bit, drill torque
and drill-string-vibration measured from a laser vibrometers.
The DAME system determined faults from a combination of
heuristic rules from drill speed torque and WOB, a neural net-
work that monitors vibration, and a high level model based
reasoning using the Hybrid Diagnostic Engine (HyDE).

The remainder of this paper is organized as follows: Section
2 discusses the IMSAH drill architecture, and describes and
validates hole start using arm-stabilized rotary percussive cor-
ing tools. Section 3 describes the sensors used to monitor and

diagnose the coring process, and details the specific FIDO [7]
rover, hardware, and the software architecture used. Section
4 describes the estimation algorithm and autonomy system.
Section 5 shows an autonomous end-to-end coring test, where
the system drills to full depth (5cm) while accommodating up
to 9 cm of rover slip.

2. ROTARY PERCUSSIVE CORING WITH ARM
STABILIZATION

The IMSAH architecture [?] currently assumes a rotary per-
cussive coring tool arm-mounted coring tool. The tool is as-
sumed to be light weight (< 5kg) and does not contain an ac-
tive linear feed. The tool is stabilized using the arm and does
not contain any external stabilizers or tines. This is different
than the current 2011 MSL mission architecture. MSL uses a
arm-mounted manipulator to provide a rigid base for the drill
by pressing external stabilizing tines against surface with a
large preload, and the drill provides its own translational DOF
to apply Weight-on-Bit (WOB) against the rock. Because the
IMSAH architecture does not utilize external stabilizers for
drilling, the mass of the tool can be further reduced by re-
moving the active linear feed, and replacing it with a passive
spring system that can be preloaded against the rock to pro-
vide the appropriate WOB.

The IMSAH architecture is currently represented by mount-
ing a stripped-down, low-weight ( 1.5kg) Bosch rotary ham-
mer drill (11536C) on the end of a 5-DOF arm on a FIDO
rover (Figure 1).

Linear Feed and Coring Cycle

To reduce power consumption, it is assumed that the coring
tool will not operate while the arm is moving. Currently it is
assumed that the drill may consume up to 65 W while cor-
ing, and that this potentially could exceed a future low-mass
rover’s ability to operate the arm while coring. This necessi-
tates a cyclic coring architecture where the coring bit is first
preloaded against the rock to achieve a desired WOB, then
the arm is locked using brakes, and then the coring tool is
turned on. As the coring tool operates, a spring driven (or
equivalent) passive linear feed is used to push the tool for-
ward as rock is removed. Once the coring bit has penetrated
into the rock and the WOB decreases past a set-point, the tool
is stopped and the robotic arm is used to compress the passive
linear feed and reapply WOB. The coring cycle and passive
linear feed device is shown in Figure 2.

Hole Start

Hole start was identified as a critical period of the coring op-
eration. This section describes the experiments that validate
hole start can be robustly performed using an arm-mounted.
arm-stabilized, rotary-percussive coring tool. Note that previ-
ous work had shown success with this architecture using the
LSAS tool on a compliant arm [5], but this was done with a
low powered ( 15W) tool, and the arm and tool could operate
at the same time. The concern over hole start was based on
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Table 1. Approximate compliance of Arm testbed, test
rover (’Pluto’) in two different configurations and a

comparison to the MER IDD

platform compliance m/N
x y z

MER IDD 1e-4 2e-4 3e-4
Test stand 1.15e-4 3.9e-4 4.2e-4
Pluto 1 1.0e-4 2.1e-4 2.7e-4
Pluto 2 5.4e-5 3.5e-4 5.2e-4

rameter, as with excessive downward force applied to the bit,
the lateral forces on the tool would never be relieved.

The Bosch 11536C drill was used to test hole start. The ro-
tational speed an impact energy of this drill are coupled, and
cannot be varied independently. To test hole start a rotation
speed of up to 300 RPM was used, which corresponds to ap-
proximately 0.3 J per impact with 3.2 impacts per rotation.
The Bosch drill took an average of 78 W at 300 RPM dur-
ing coring in basalt. This drill is working below its optimal
working range, as it is intended to operate at higher rpm. A
corresponding flight tool would potentially have more impact
energy for the same rate of rotation, and is likely to consume
less power at the same output levels due to the large amount
of energy required to just turn the Bosch at this speed.

The nominal weight-on-bit for hole start was varied between
20 N and 50 N. Less WOB could not be used as the Bosch
tool required a certain minimum preload to guarantee that the
percussive hammer mechanism would engage with the bit.
Most hole start tests took place at 20N, but were increased to
50 N with success.

It was assumed that any future mission that utilizes arm-
stabilized coring tool would deploy an arm at least as stiff
as the MER IDD. To test the robustness of hole start to arm
compliance, a test stand (Fig. 3) was built. This test stand was
built to represent a worse-then-typical MER IDD deployment
configuration. The approximate stiffness of the MER IDD
was calculated using the parameters in [8], with arm angles
θ = [0, 20,−70,−40, 0], and is shown in Table 1. The com-
pliant test stand, shown in Figure 3, is more compliant then
the calculated MER IDD. For comparison, Table 1 also shows
the measured compliance of the research rover and arm setup
used in this paper. The compliance of the rover and arm is
highly dependent on the configuration used.

A total of 16 tests were conducted using both limestone and
saddleback basalt at 20 N preload and 300 RPM, on the flexi-
ble drill setup (Figure 3). The angle between the rock surface
and the coring bit was varied up to 15 degrees off-normal for
tests. Every test successfully started a hole in both kinds of
rock. A trial with large (7.8 N) residual lateral forces after
hole start is shown in Figure 4. An amplified FT sensor (ATI
Gamma) was used to collect force data at 1 KHz for com-
pliant test stand trials. Note that all later tests conducted on

Figure 3. A Compliance test stand used to validate hole
start. The test stand was designed to be more compliant than
the MER IDD. The compliance of the stand was measured by
deflecting the stand in several directions and magnitudes with
a force sensor and measuring the deflection with a dial gage.

the FIDO rover (Sec. 5) use an un-amplified force torque
(FT) sensor which has to be heavily filtered due to EM noise
from the drill and arm motors. A histogram of residual lat-
eral forces after hole start is shown in Figure 5. This his-
togram contains 5 limestone tests and 11 saddleback basalt
tests. Three of the trials conducted with saddleback basalt
had the coring bit at an off-normal angle of 15 degrees to
the rock surface, two of which make up the largest residual
values (7.8 and 11.2 N). There was some concern that with
the 15 degree off-normal trials, the results may not be rep-
resentative complications with the standard SDS chuck used
on the Bosch Drill. The SDS chuck allows the bit to slide
over a small range in the drill axis direction. Unless the bit is
preloaded against the back of the SDS chuck, little percussive
energy is transmitted to the bit. With the large angle between
the bit axis and rock normal, the compliant stand could al-
low the bit to ‘jump out’ of engagement with chuck, even if
preloaded.

While all hole start tests were successful, there exists the pos-
sibility that induced lateral forces need to be accommodated
by moving the arm to conduct successful coring operations.
Section 4 discusses a method using the force-torque sensor
to relieve lateral bit forces. Note that it is expected that any
future deployed system will probably use a stiffer arm, and
a greater percussive energy to rotary speed ratio. This will
likely further reduce any induced residual forces.

3. SENSORY AND ROBOTIC PLATFORM

This section gives a brief description of the sensors, robotic
hardware and software used in to develop and demonstrate
robust coring from a light weight rover platform.
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