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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.

1 978-1-4244-3888-4/10/$25.00 ©2010 IEEE.
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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



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 (Scm) 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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Figure 1. Arm-mounted rotary-percussive coring tool. Testing was done using a 5-DOF arm mounted on a FIDO rover. A
Bosch 11536C drill was stripped down and used as a representative coring tool. The rover is shown coring into a flat limestone

rock.
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Figure 2. The IMSAH coring Process: The coring tool and the arm do not operate a the same time. First the arm is moved to
apply correct WOB. Second the arm is locked using brakes, and the coring tools is turned on. This process is continues until

the desired coring depth has been reached.

experience using rotary-drag tools on compliant stands and
trying to start a core with commercial rotary percussive tool
held by hand. Typically the drill can *walk’ along the sur-
face. With rotary-drag tools this is due to the high weight on
bit, and lateral forces caused by drill torque and uneven tooth
contact. Rotary-drag coring tools necessitate either a center-
ing bit, or a highly rigid mounting. Starting a core with a
hand-held rotary-percussive tool also typically results in bit
walk, the human arm cannot provide the a reliable centering
force to keep the drill centered.

The advantage of using a robotic arm over a human one, is
that the end effector of the robotic tool deployment device
(TDD) is essentially a spring mass damper system. This
means that once the coring tool is disturbed from its initial

point of contact with the rock, the spring system will provide
an instantaneous restoring force back to the initial contact
point. When using a rotary percussive tool, the percussion
will break the rock beneath the bit tooth, or bounce the bit
upwards reducing the lateral force on the bit due to uneven
tooth contact.

Three parameters were initially assumed as important in suc-
cessfully starting a hole: First, the impact energy of the tool;
it was assumed that this would have to be large enough so
the drill operated in a rotary-percussive, instead of pure ro-
tary manner. Second, the compliance of the arm; it was
assumed that above a certain compliance level the restor-
ing force would be too low to re-center the tool. Third, the
weight-on-bit (WOB) was assumed to be an important pa-



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 le-4 2e-4 3e-4
Teststand | 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 52e-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
6 = [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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Figure 4. Forces on the drill bit during hole start in the y-axis
for a saddleback basalt test at 15 degrees to surface normal.
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Figure 5. Residual Forces after hole start with compliant
test stand. Note that the largest residual force values may not
be representative due to complications of the utilized SDS
chuck.

Robotic System

Coring tests from a light weight rover were conducted on a
FIDO type research Rover at JPL called Pluto”. This rover
contains two Mini-ITX form factor motherboards equipped
with a 2.5GHz Intel Core2 Duo processor. The two computer
approach allows for one machine to focus purely on the vision
processing to achieve the visual odometry (VO) frame rates
required. Motor control was performed with a set of ElmoMC
motor controllers talking on a CAN bus and connected to the
main control computer with a CAN to USB converter. Coring
and force-control loops were run at 10 Hz. Sensory and motor
processes were run at higher rates.

Sensors

A set of sensors were used to monitor the coring process,
detect off-nominal coring states, and provide inputs for re-
configuring the rover to accommodate rover slip or bit walk.
The primary sensors used were a force-torque (FT) sensor,
accelerometers, and visual odometry. In addition, measure-
ments of motor velocities, currents, and vehicle IMU data
were available.

Force Torque (FT) Sensor

A 6 degree-of-freedom force torque sensor is incorporated
into the turret of the TDD (Figure 1), and is used to detect
rover slip and for force servoing to realign the coring bit with
the hole. In Section 4 an algorithm is described which uses

the force sensor preload the bit to the correct WOB, and can
also accommodate induced forces from core bit misalignment
or rover slip.

The sensor used is a ATI Industrial Automation Mini45. This
sensor has two primary limitations. First, the sensor is not
amplified at the sensor, and picks up large amounts of EM
noise, in particular when the Bosch Drill is operational. To
produce a useful signal, the sensor is digitally filtered at 1000
Hz, using a 15th order Butter worth filter with a cut-off at
SHz. Second, as calibrated, the sensor saturates at 5 Nm of
torque about the x,y, or z axis. While this allows for more
precise measurements in near-nominal operation conditions,
it has the unfortunate implication that moderate (< 50 N)
lateral side loads on the bit can cause sensor saturation. The
nominal offset of the bit tip from the FT sensor is greater than
10 cm, meaning that a 50 N load on the bit induces a > 5 Nm
torque at the sensor. The sensor itself will not be damaged
in these conditions, and is rated up to 110 Nm, but once the
sensor saturates the readings are no longer reliable and cannot
be used.

Using experimentally gathered stiffness data, it is possible
that a moderate slip of 0.5 cm can induce a 50N load on the
bit. This assumes a compliance of le-4 N/m from Table 1.

Absolute Motion Visual Odometry

The absolute position of the rover during slip was mea-
sured directly by using Absolute Motion Visual Odometry
(AMVO), which is a form of stereo camera motion estima-
tion [5]. AMVO was designed to measure the six degrees
of freedom (DOF) of motion of a rover for small motions of
the vehicle (less than about 50 cm). We use this technique
to accurately detect and measure the slippage that a rover un-
dergoes while coring a sample from a rock in its environment.
AMVO uses the same algorithm as visual odometry (VO) [9],
[10] but it uses the concept of a key pair to avoid the mea-
surement drift associated with VO. Specifically it measures
the (6-DOF) displacement from the initial rover frame R; to
the current rover frame Ry, as depicted in Figure 6. AMVO
is also used for repositioning the arm when the force torque
sensor has an operational fault.

AMVO was performed on the vehicle’s 1024x786 (but makes
use of image pyramiding) grayscale body-mounted haz-
cams”, which have an approximately 110 degree diagonal
field-of-view. AMVO as a background process at approxi-
mately 7 Hz.

Accelerometers

Accelerometer signals are used to detect off-nominal coring
conditions. A tri-axis accelerometer is mounted on the TDD
turret and a single-axis accelerometer is mounted directly to
the drill body. For all experiments in this paper, the z-axis
accelerometer on the turret is used.



The accelerometers are connected to a National Instruments
NIUSB-9233 device. This device acquires samples at 2kHz,
and automatically low-pass filters at the Nyquist frequency.
The device is set to acquire and store 512 data points in
a buffer, at which time the data is read as a block by the
accelerometer software process. The accelerometer process
then windows the data with a Hamming window, and esti-
mates the power-spectral-density (PSD) using a single sided
FFT. The 257 PSD data points are sent to the coring process
approximately every 1/4 second.

Accelerometers may prove to be an easily flight imple-
mentable sensor. The off-the-shelf device (PCB 352C67)
used in this experiment can already operate down to -54 C,
withstand large amounts of shock, and are insensitive to EM
noise.

4. AUTONOMY SYSTEM

The autonomy system is formed around a set of discrete op-
erational modes. A set of estimators are used to switch the
system between discrete modes in response to external distur-
bances such as rover slip. For convenience the coring process
can be grouped into five high level states S, ..., Ss:

S1 Deployment to Sample Surface
S5 Coring Tool Operational

S Force/WOB Realigment

Sy Visual Servoing Realigment
S5 Coring Tool Extraction

A nominal set of state executions was previously depicted in
Figure 2. Here the system will deploy to the rock surface
and apply a pre-load to the correct WOB (.57), then will lock
the joints on the arm (TDD) and rotate the coring tool at a
constant velocity (S2). Once the WOB drops below a set-
point, the system will stop the tool, and use force servoing to
reapply preload to maintain the nominal WOB set-point (S3).
States Sy + S5 are repeated until the maximum drill depth is
exceeded, when the system then extracts the coring tool (Sj5).

If critical conditions like rover slip occur, the system must
automatically stop the coring tool and start using force re-
alignment to recenter the coring tool and accommodate any
induced lateral forces on the bit. Because rover slip can oc-
cur during coring while the arm is locked, as estimator is re-
quired to detect slip. During larger displacement or fast slip
events (where the controller cannot accommodate fast enough
to prevent large side loads), the force sensor may saturate due
to lateral loads (at =~ 50N). In this case the system must au-
tomatically switch into a visual servoing mode (S4) to realign
and reduced the forces such that force servoing (S3) can be
used again.

The remainder of this section will describe the force/visual
servoing algorithms and the estimators used to detect slip.

Figure 6. A pictorial representation of relative frames re-
lating to sensor measurements and off-nominal coring condi-
tions. R; is the Inital Rover Frame, or the pose of the rover
body at the initiation of the coring process. Ry, is the Current
Rover Frame, or the pose of the rover body at the current time.
The Tool Frame T}, depends on the configuration and deflec-
tion of the tool deployment device. The Coring Frame C'is
the position of the core hole, with the z axis in the down-hole
direction.

Force Realignment Algorithm

The force based realignment control strategy is based on pre-
vious work of [5]. However, instead of using only the FT
sensor to control WOB,€ it can now be used to compensate for
slip as well.

The FT sensor can estimate the transform D (k) from the cur-
rent tool frame 7}, at control step & to the core frame C' using
the current forces F'(k) on the rover manipulator. An approx-
imate model of the rover manipulator gives a spring constant
K (0) as a function of joint angles, 6. The transform can then
be estimated using the stiffness: D(k) = K(0) ' F (k). Note
that the force F(k) is offset in the z-axis (F. (k) = f.— fwoBs)
is used to control around the desired WOB set-point (fiy o).

We denote the homogeneous transform from frame A to
frame B as HY .

The Force Realignment Algorithm is initialized by setting the
initial tool frame 7T to the current tool frame 7},. At every
time step, the current tool frame is moved with respect to the
initial tool frame using a small percentage («) of the esti-
mated displacement D(k):

Hy, = Hy,  aD(k) (1

The current to initial tool transform H;Fk is converted into
rover coordinates:

Hﬁ_’" = H};f HEH )

Note that when using pure force control, the transform H g’; is
set to identity. Currently, the force control algorithm does not



directly estimate displacement in the rover frame, but only in
the tool frame. Future work will improve this control strat-
egy, and use this method to incorporate both FT and AMVO
sensors at all control steps.

H 7@: is computed at each time step, and fed into the inverse
kinematics to recover the desired joint angles 6(k). Force
control (1-2) is run at 10Hz. Tracking the joint angles is done
off-board the main CPU on the ElImoMC drivers at a much
higher inner loop controller (sample rate of 2.75 KHz with a
bandwidth of =~ 80 Hz).

Visual Realignment Algorithm

AMVO gives an estimate of the transform from the start-
ing rover frame to the current rover frame (direct measure of
slip) H gf. In circumstances where the force sensor saturates,
AMVO can be used to accommodated slip, and hence relieve
induced forces, allowing a return to pure force control. This
visual alignment algorithm is similar to previous work in [5]
where AMVO was exclusively to control lateral slip.

The rover to tool frame transform can now be computed with:
R Ry i7R; 77T
Hy! = Hp P Hy Hyy &)

where H * is estimated from AMVO, and H' T H%i .
is kept from the force control algorithm. When returnmg to
the force control algorithm, the last transform H " is kept to
ensure a smooth transition between controllers.

Accelerometer Based Slip Detection

A computationally efficient strategy was taken to create a slip
estimator based on accelerometer data. The power spectral
density (PSD) data is estimated by an external accelerometer
process (Section 3), and is analyzed approximately every 1/4
of a second by the coring process.

To create a training data set, the robot arm was commanded to
move laterally while coring to induce side loads. The lateral
force on the drill was recorded. Using a single accelerometer
the power spectral density was computed. Principle compo-
nent analysis (PCA) was conducted on the log of the PSD
of several training trials. The first principle component of
the log(PSD) was shown to have a large degree of correspon-
dence to the induced lateral side loads on the bit, making it a
suitable detector for slip (Figure 7). To create a slip detector,
the first principle component was modeled as a mixture of
Gaussians belonging to either a slip-class (defined as when
absolute side load force exceeded 5 N) or a otherwise as a
nominal-class. Figure 7 shows a training data trial used in the
determination of the PCA.

The first principle component can easily be computed on new
data in real time by convolving the first eigenvector from PCA
with the log(PSD) data at every time step. The probability of
slip is then defined as the probability of belonging to the sl/ip-
class model conditioned on the two classes.

AMVO
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Figure 8. Example of a complete sample acquisition pro-
cess. The system cored a full depth Scm hole into Saddleback
Basalt in approximately 34 min while accommodating a total
of approximately 9cm slip.

Slip Check Algorithm

In general it is advantageous to utilize several redundant sen-
sors to estimating when slip has occurred. To increase ro-
bustness, AMVO, the FT sensor, and the accelerometer based
detectors are all utilized to detect slip. In this paper, a simple
strategy is used to determine slip: if any of the sensors detect
slip, the system is put into a safety state. While this strategy
will produce more false positives then a consensus algorithm,
the increased sensitivity to slip detection and invariance to
a single sensor failure was desired. Both the FT sensor and
AMVO sensor used simple threshold values to estimate if slip
had occurred. Using the accelerometer based detector, a slip
state was declared if P(slip) > 0.5.

5. SLIP EXPERIMENTS

The developed autonomous coring algorithms and rover sys-
tem discussed in this paper have been used to demonstrate
robust coring while accommodating slip in several sandbox
trials. Coring has been conducted in both Saddleback basalt
and limestone rocks successfully. A trial where the rover ac-
quired a full depth (Scm) core into Saddleback is presented
here. During the test slip was simulated by pulling on the
rover wheels, inducing a total of approximately 9cm displace-
ment from the initial rover position.

The rover’s induced slip is shown by the displacement from
its initial position as recorded by AMVO in Figure 8. The
rover autonomously recovered from all slip events during the
coring process, and accommodated to acquire a full depth
core. The lateral force on the core bit is also shown in Figure
8, where it is shown that the system was capable of reliev-
ing the induced lateral forces from slip events and maintained
near-zero lateral forces during the coring process. The sys-
tem did switch from force based accommodation to AMVO
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based control due to sensor saturation at around the 600 sec-
ond mark. This period of time corresponds to a very sudden
1.5 cm slip event, creating large (> 40N) side load on the
bit which saturated the FT sensor. Slip was detected and the
AMVO based control algorithm returned the rover to a pose
where the FT sensor could again be used.

A subset of the trial is shown in more detail in Figure 9. Here
AMVO, force and accelerometer based slip detection are
shown in conjunction with corresponding operational modes
(S1, ..., S5) of the rover. This subset of the trial was chosen to
show both periods of time where the rover stopped coring to
maintain it’s WOB due to the normal coring process, and also
periods where force accommodation was entered due to a de-
tected slip event. Note that the accelerometers only provide
information about slip while the coring tool is on. All three
sensors, AMVO, FT and the accelerometers, provided suffi-
cient information to detect slip. Relatively large thresholds
on the FT and AMVO based slip detectors were used.

At the end of the coring process, the drill was extracted lin-
early along the tool frame z-axis, shown in Figure 10. The
robotic arm was then moved back to its original joint angles
where it first made contact with the rock to demonstrate the
total displacement of slip undergone during the trial.

6. CONCLUSIONS

An autonomy system consisting of a set of estimators and
accommodation behaviors was developed and demonstrated
to show robust coring from a low mass rover platform while
undergoing rover slip and bit misalignment. The system cur-
rently uses a set of three sensors: Absolute Motion Visual
Odometry, a 6-DOF force-torque sensor and an accelerom-
eter to monitor and automate the coring process. The use

of multiple sensors makes the system more robust to a fail-
ure of any single sensory system. The demonstrated coring
architecture using an arm-stabilized rotary percussive tool re-
liably started hole and collect cores in both unfinished sad-
dleback basalt and limestone, and was invariant to moderate
(< 15deg) misalignment between the surface normal of the
rock and the tool axis. Future work will continue to utilize
more sensory systems including an inertial measurement unit,
and drill speed and current to detect and accommodate slip.
Methods to probabilistically incorporate all sensory measure-
ments are also being investigated.
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