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Abstract One of the challenges of field testing planetary rovers othHarthe dif-
ference in gravity between the test and the intended opgratinditions. This not
only changes the weight exerted by the robot on the surfatalba affects the
behaviour of the granular surface itself, and unfortunatyfield test can fully ad-
dress this shortcoming. This research introduces noverergntation that for the
first time subjects planetary excavator robots to gravifipafl (a cable pulls up on
the robot with 5/6 its weight, to simulate lunar gravity) Vehihey dig. Excavating
with gravity offload underestimates the detrimental efeaft gravity on traction,
but overestimates the detrimental effects on excavatisistence; though not ideal,
this is a more balanced test than excavating in Earth gravhiich underestimates
detrimental effects on both traction and resistance. Exymts demonstrate that
continuous excavation (e.g. bucket-wheel) fares better tliscrete excavation (e.g.
front-loader) when subjected to gravity offload, and isdrettiited for planetary ex-
cavation. This key result is incorporated into the develephof a novel planetary
excavator prototype. Lessons learned from the prototypeldement also address
ways to mitigate suspension lift-off for lightweight skitieer robots, a problem en-
countered during mobility field testing.

Krzysztof Skonieczny
Carnegie Mellon University Robotics Institute, 5000 Forbee APittsuburgh, PA, 15213 e-mail:
kskoniec@encs.concordia.ca

Thomas Carlone
Carnegie Mellon University Robotics Institute, 5000 Forbees. APittsuburgh, PA, 15213 e-mail:
tomcarlone@gmail.com

W.L. “Red” Whittaker
Carnegie Mellon University Robotics Institute, 5000 Forbes.APittsuburgh, PA, 15213 e-mail:
red@cmu.edu

David S. Wettergreen
Carnegie Mellon University Robotics Institute, 5000 Forbes APittsuburgh, PA, 15213 e-mail:
dsw@ri.cmu.edu



2 K. Skonieczny et al.

1 Introduction

Excavating on the Moon and Mars enables in situ resourceattidn (ISRU) and
extraterrestrial contruction. However, planetary extargaface unique and extreme
engineering constraints relative to terrestrial courdgggp In space missions mass is
always at a premium because it is the main driver behind lagosts. Lightweight
planetary operation, due to low mass and reduced gravitgens excavation and
mobility by reducing the forces a robot can effect on its emvinent.

This work considers lightweight excavation from the poihview of excavator
configuration. It shows that continuous excavators (buoketels, bucket chains,
etc.) are more suitable than discrete excavators (loaderapers, etc.). Figure 1
shows an example of a continuous and discrete excavator.

Fig. 1 A robotic excavator configured for continuous (left) and ti$e excavation (right).

A wide assortment of planetary excavator prototypes haem likeveloped in
recent years, of both the continuous and discrete varigégifically for excavation
and ISRU. Muff et al. proposed a bucket-wheel excavator.[A5Bucket-Drum
Excavator, which is an adaptation of a bucket wheel [6], eates regolith directly
into a rotating drum. NASA's Regolith Advanced Surface 8ys$ Operations Robot
(RASSOR) has counter-rotating front and rear bucket dremabling it to balance
horizontal excavation forces [13].

Examples of discrete excavator prototypes include NASA&GS [5], a scraper
with a central bucket between its tracks. Other exampldadiedNASAs Centaur I
with front-loader bucket and Chariot with LANCE bulldozdatie [11]. The Cana-
dian Space Agency’s Juno rovers [20] can be equipped witht-ad load-haul-
dump scoops. The wide variability in prototypes and apgieadighlights the need
for a far-reaching framework to analyze, test, and clagddyetary excavators.

Testing of planetary excavation has been done almost éxelysn Earth grav-
ity with full-weight excavators. Only a single set of expeents has been published
characterizing excavation with a scoop in reduced gra@ity4 discussion of these
experimental results, as well as other results pertaimitiattion in reduced gravity,
in Section 2 shows why testing in Earth gravity can subsaéintbverestimate plan-
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etary excavator performance, thus highlighting the need few testing methodol-
ogy; a test method for gravity-offloaded excavation experita is then presented.
Section 3 predicts analytically why continuous excavasirsuld be expected to
perform better in reduced gravity than discrete excavatord Section 4 uses the
newly developed test methodology to provide experimenidisace supporting this
result. Section 5 outlines the development of a novel pypeexcavator based on
the results of this research campaign, and also describetiqal issues that were
encountered during mobility field testing. Finally, Senti® presents conclusions,
lessons learned, and future work.

2 Gravity Offload Experimentation

This work presents novel experiments that for the first timiejexct excavators to
gravity offload (a cable pulls up on the robot with 5/6 its wejgo simulate lunar
gravity) while they dig. Although not fully representatieéexcavation on planetary
surfaces (where the regolith is also subject to reducedtgjathese experiments are
more representative of planetary excavation performamae testing in full Earth
gravity. Testing in Earth gravity is an inadequate evabratf planetary excavators,
as it over-predicts excavator performance relative tocedgravity. The following
subsections discuss the effects of gravity on traction anedwation resistance, and
explain why gravity offload testing is a more balanced apghdhan testing in Earth
gravity. Details of the testing methodology are then désai

2.1 Effects of reduced gravity on traction

A vehicle’s drawbar pull is its net traction: DP =T - R (i.e.rTist - Resistance). Note
that both Thrust and Resistance depend on wheel slip. Drguilsat 20% slip is
a good measure of tractive performance, as pull begins tegusaround 20% slip
for many wheels (or tracks) while negative effects such islsagje increase [21]. A
non-dimensional quantit{o/W (Drawbar pull at 20% slip, normalized by weight),
has been used as a benchmark metric for lunar wheel perfemfeam the times
of Apollo [7] to today [25, 22].

The most representative test environment for planetamreag a reduced gravity
flight, where rover and regolith are both subject to redugd 12]. Another class of
tests reduces the weight of the robot, but not the regoli&kSA JPL runs mobility
tests for the Curiosity rover using a full geometric scglg3mass ‘SCARECROW’
rover [23]. SCARECROW's 38" mass loads the wheels with an equivalent weight
to the full mass Curiosity rover in Mars gravity. Another wayachieve equivalent
results is to use a full mass robot, but to ‘offload gravity’dfffoading a portion of
the robot’s weight; this is the approach used in this work.
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Testing with reduced robot weight in Earth gravity does ndiileit the same
mobility performance as planetary driving (or reduced-gifls), where the regolith
is also subject to reduced gravity [24]. It seems to in fadrguedict traction for
scenarios governed biy,o/W, such as pulling and slope climbinB.o/W is ap-
proximately constant with changing load (i.e. changWigout keeping scale and
gravity constant, as with SCARECROW or gravity offload), as been observed
experimentally [7]. This is because both thruEt,and resistanc®, are reduced
under lower loads; the former due to reduced frictional shgathe latter due to re-
duced sinkage. On the other hand, changlhby reducing gravityreduces Pyo/W.
Kobayashi's reduced-gravity parabolic flight experimestiewed that wheel sink-
age isnot reduced when driving in low gravity [12], though thrustIgsl

These results suggest that gravity offload testing underatds detrimental ef-
fects on rover tractive performance, by maintaining camstather than diminished
Po/W at conditions meant to represent lower gravity environsedbwever, the
next subsection explains that for excavators this factlsrzad by an overestimate
of the detrimental effects on excavation resistance.

2.2 Effect of reduced gravity of excavation resistance fosce

Reduced gravity increases the ratio of excavation resistémweight in cohesive
lunar regolith. Boles et al. compared excavation resigtémices measured in Earth
gravity to resistance forces measured during reducedtgnaarabolic flights (for
otherwise identical experiments), and showed that exmavaesistance in 1/6 g
could be anywhere between 1/6 and 1 of the resistance erpedén full Earth
gravity (Feye) [3]. This result is consistent with a theoretical analysfsexca-
vation forces. Consider the two dominant terms of Reecaigldmental equation
of earthmoving mechanics [9], based on the principles ofipasearth pressure:
Fex = Nyygwd2 + Nc.cwd Gravitational acceleration is denotgdy is soil density,
c is cohesiond is cut depthw is blade width, and thé&l; are non-dimensional co-
efficients pertaining to different sources of resistandee Trictional part offFe is
proportional tog, whereas the cohesive part is independerg. dthis suggests that
for a purely frictional soilFe in 1/6 g should be 1/6 of thEy g, for a purely co-
hesive soilF in 1/6 g should be 100% df e, and for typical combination soils
the result should be somewhere in between. Sample data fales Bt al. shows
examples of in 1/6 g that average 1/3 &y e.

Characterizing planetary excavators performance basedsi® in Earth grav-
ity is equivalent to assuming that excavation resistanaéesaown proportionally
to a reduction in gravity, which Boles’ experiments show @ generally, or even
typically, the case. Making such an assumption would thuetestimate the detri-
mental effects of reduced gravity on excavation resistance

Reducing robot weight but not regolith weight makes exdawamore difficult
than is to be expected in reduced gravity. Longitudinat&ml interactions are not
directly affected by reduced robot weight, so excavatimistance forcel, re-



Planetary Excavator Robots 5

mains unchanged. Reducing weight to 1/6 thus directly asmsFs /W sixfold.
For planetary excavation, this corresponds to the worssiplescase of purely co-
hesive regolith. As neither lunar nor Martian regolith isgly cohesive, excavation
resistance on these planetary surfaces in not expectedl®odte so poorly.
Excavating with gravity offload thus underestimates theiahental effects of
gravity on traction, but overestimates the detrimentad&f on excavation resis-
tance. This is a more balanced and conservative test thavatitg in full Earth
gravity, which underestimates detrimental effects on l@étion and resistance.

2.3 Experimental Setup

Gravity offloaded excavation experiments were set up at NAB&nn Research
Center's (GRC) Simulated Lunar OPErations (SLOPE) lab. fak#ity contains a
large soil bin with GRC-1 [16] lunar simulant. This reseadgveloped an experi-
mental apparatus for achieving gravity offload in the SLO&& The main aspects
of the apparatus are shown in Figure 2. A cable pulls up ondbetr tensioned by
weights acting through a 2:1 lever arm. The weights and lassembly hang from
a hoist that is pulled along a passive rail by a separate wilnivlen cable. All tests
are conducted in a straight line below the hoist rail. Theclispeed is controlled
so that the hoist is pulled along at the same speed as theisotioving, keeping
the cable vertical. For tests where excavator speed reroaimstant, winch speed is
set open loop. For tests where the excavator enters intodfighwinch speed has
to be manually reduced to match the robot’s decreasing speed

Fig. 2 Gravity offload testing with bucket-wheel (left) and frooer bucket (right) on the Scarab
robot. A cable pulls up on the robot, tensioned by weightsngctiirough a 2:1 lever arm. The
offload assembly hangs from a hoist that is pulled along a rail bparage winch-driven cable.
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Continuous bucket-wheel and discrete bucket excavatiapeaformed using
the Scarab robot (for a detailed description of the robet(E,[22]). With Scarab’s
shell removed, excavation tools were mounted to the rosttetural chassis. For
continuous excavation, a bucket-wheel was mounted witixitsof rotation aligned
with Scarab’s driving direction. The bucket wheel is 80 crandéter with 12 buck-
ets, and each bucket has a width of 15 cm. The bucket usedsitretit excavation
is 66 cm wide, and was mounted behind Scarab’s front wheedscatting angle
of 15 degrees down from horizontal. Figure 1 shows Scarafigroed both as a
continuous and as a discrete excavator.

Scarab has a mass of 312 kg (weight of 3060 N in Earth gravitihe configu-
ration used for these experiments. The connection poirthogravity offload cable
was adjusted to preserve the robot’'s weight distributict¥gon the rear wheels).
This was confirmed by weighing Scarab on 4 scales (one undaneiaeel) before
and after being connected to the gravity offload apparatus offloading cable was
equipped with a 2-axis inclinometer and a single-axis loallto measure cable
angle and tension, respectively.

Continuous and discrete excavation experiments were cbedat equivalent
nominal production rates of approximately 0.5 kg/s, andjabéspeeds of 2.7 cm/s.
To account for the differing geometry of the excavation $o¢the rectangular dis-
crete bucket cut at a depth of 2 cm, and the circular bucketelvbut at a central
depth of 5 cm. Depth was set using Scarab’s active suspenstioh raises and
lowers the central chassis. Regolith picked up by the bueketel was manually
collected in 5-gallon buckets not connected to the robat,veeighed. The discrete
bucket collected regolith directly, and after a test thgotith was transferred into
5-gallon buckets and weighed. To capture mobility data,ekeavator’s position
was tracked using a laser total station at a data rate of 1 Hzglall experiments.

Between each test run, soil conditions were reset usingraigee developed
at NASA GRC. First, the GRC-1 simulant is fully loosened bynging a shovel
approximately 30 cm deep and then levering the shovel to theffregolith to the
surface; this is repeated every 15-20 cm in overlapping rovest, the regolith is
leveled with a sand rake (first with tines, then the flat backe¢dThe regolith is
then compacted by dropping a 10 kg tamper from a height ofcequpiately 15 cm;
each spot of soil is tamped 3 times. Finally, the regolitiightly leveled again for a
smooth flat finish. A cone penetrometer was used to verifytti@soil preparation
consistently achieved bulk density between 1Rg0m® and 174Gkg/n.

3 Predicted Excavation Performance

Considering that gravity offloaded excavation experimemes on balance, more
representative of planetary operating conditions, thevalue in investigating cases
where offloaded test results may diverge from tests in fuitfEgravity; one such

case is the comparison of continuous and discrete excavdigtimates of exca-
vation performance predict that continuous and discretexetion should both be
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successful in 1 g, but that a continuous excavator achiéigsvith a higher perfor-
mance margin. These differences in performance margimbee@pparent at condi-
tions offloaded to 1/6 g, where discrete excavation is ptedito fail.

Predicted excavator performance is based on a compariswaation and ex-
cavation forces. Excavator failure is defined as a degradati mobility (i.e. sig-
nificant increase in slip and/or sinkage), which is cause@xwpavation resistance
forces exceeding the traction forces that the robot camiadily produce.

The achievable traction is directly comparable for corgumiand discrete exca-
vation experiments, because in both cases Scarab is equipitethe same 'spring
tire’ wheels. These wheels can sustainably produce a DP#i&/a80.25, as mea-
sured by drawbar pull - slip experiments. Achievable tacts thus approximately
equal at the start of continuous and discrete experimeritenweight is approx-
imately equal. In the course of a discrete excavation erpatt, weight and thus
traction increases as regolith is collected. In continuayseriments, on the other
hand, traction remains approximately constant as regislitiollected into buckets
not connected to the rover. Thus in 1 g, the maximum sustkrdxbwbar pull for
continuous excavation is 765 N, while for discrete excawsitiis 765 N plus 0.25 N
for every 1 N of regolith collected. Similarly in offloaded6lg, the maximum sus-
tainable drawbar pull for continuous excavation is 128 Nilevfor discrete excava-
tion it is 128 N plus 0.25 N for every 1 N of regolith collectetbfe that collected
regolith is not offloaded).

Force measurements from preliminary tests show that asmii excavation
forces are bounded [18], and are in the range of 6 N to 12 N irc#se of the
bucket-wheel being tested. Discrete excavation forcegherother hand, rise ap-
proximately linearly with payload collected [1] [18], at ate of 1.2 N to 1.5 N
per 1 N or regolith collected for a similar discrete buckat [ihis rise in force for
discrete excavation is attributable to accumulation o€lsarge at the cutting edge,
resisting entry of further regolith into the bucket.

Comparing continuous excavation force to achievableitagtredicts consistent
margins of at least 98% to 99% in 1 g, and at least 90% to 95%6ig.1For discrete
excavation, on the other hand, initially high margins aredjpted to decrease to
zero once 600 N to 800 N of regolith is collected in 1 g, or on6@ N to 140 N
of regolith is collected in offloaded 1/6 g. The maximum caiyacf the discrete
excavation bucket is approximately 450 N of GRC-1, so in lig firedicted to be
filled to capacity with leftover performance margin, but i6 3y the zero margin
condition is predicted to be reached before the discretkdiis filled.

Analyses of these preliminary force measurements alsoestigigat continuous
excavation is somewhat more energy efficient than discret@ation. By integrat-
ing over a 2.5 m excavation distance, and taking into accthentl.2 N to 1.5 N
increase in excavation force per 1 N of regolith collecte8, K§j/s production and
2.6 cm/s forward speed, discrete excavation of 45 kg in 1 gireg 700-900 J.
On the other hand, accounting for lateral and longitudinakiet-wheel forces and
displacements as well as vertical lifting of excavated, saihtinuous excavation of
45 kg in 1 g requires 500-600 J; in lower g continuous excawatvould be even
more efficient because much of the energy goes into liftiegstil against gravity.
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Despite the additional actuator to turn the bucket-whewdrgy is saved due to lack
of energy-sapping resistive soil accumulation.

4 Experimental Results

Experimental data support the predictions made in the pus\section, highlighting
the importance of including gravity offloaded experimemit® itesting campaigns
for proposed planetary excavators. Experiments showrttagicontinuous and dis-
crete excavation both achieve successful performanceh®ather hand, in gravity
offloaded 1/6 g, discrete excavation fails from degradedilitglwhile continuous
excavation does not.

Three or four runs were conducted at each of the test conditincluding base-
line runs of driving without digging. Total station data weanalyzed to calculate
excavator speed during each test, as shown in Figure 3. Tdavabor maintains
constant forward progress in all cases except discretevation with gravity of-
fload. Average speed (as well as standard deviation) for dhieus test cases, is
summarized in Table 1.

Excavation type€Gravity’ |[Averagev oy
Driving only 1g 2.6cm/s 0.2cm
Continuous 1g 2.6cm/s 0.3cm

Discrete 19 2.6cm/s 0.4cm
Drivingonly | 1/6g |2.7cm/s 0.3cm
Continuous | 1/6g |2.7cm/s 0.3cm

Discrete 1/6g | noS/S n/a

n n n unon

Table 1 Discrete excavation offloaded tg@.g is the only test condition that does not maintain
constant steady state (S/S) velocity. Note thatepresents the mean of the 3 tesisvalues, not
the o of the tests’ meam (which showed negligible variation between tests of any sisgte

Tests in 1 g exhibit a slightly slower speed, because theshigkight compresses
the compliant ‘spring tires’ and reduces their radius. Eatian and gravity offload
both introduce a small amount of additional variability pesd compared to driv-
ing without digging in 1 g. Continuous and discrete excavrain 1g, as well as
continuous excavation in gravity offloaded6lg, all collected approximately 45 kg
during each 2.5 m test run. Discrete excavation in gravitipafled ¥6 g collected
only 15-20 kg, in contrast.

Gravity offload was controlled with sufficient precision t@a pulling the exca-
vator forward or backward. During continuous excavati@ile angle was unbiased
about vertical, with a mean absolute value of just 0.1 deggneéh a cable tension
of 2600 N, this corresponds to 4.5 N, or less than 1% of offldadeavator weight.
In contrast, inducing 20% slip in the spring tires used ingkperiments would re-
quire sustained horizontal forces of 25% of offloaded exttavaeight. Transient
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Fig. 3 Excavator forward driving speed during continuous excavain 1 g (top left), discrete
excavation in g (top right), continuous excavation in gravity offloadetbX (bottom left), and
discrete excavation in gravity offloaded6lg (bottom right; time axes aligned at stall point). The
excavator maintains constant progress in all cases excepttdisxevation with gravity offload.

motions of the cable did not exceed 0.8 degrees from vefticahore than a frac-
tion of a second; this corresponds to brief transients of 35MV% of offloaded
excavator weight. Cable tension varies jtidt% which, amplified by the offloading
ratio, corresponds to 5% variation in the offloaded excavagdght; this also trans-
lates to no more than approximately 1% variation in the rafitiorizontal force
to offloaded excavator weight. Figure 4 shows longitudiredlle angle and cable
tension for a discrete excavation test, the most challgngist due to the changing
speed. Variability in angle and tension were again unbiaseldsmall.

The gravity offload system was implemented primarily to teethypotheses in
this work and is not itself intended for extensive experitadon campaigns. Spe-
cialized gravity offload apparatus can be used to achieve greater repeatability,
and to overcome the limitations of the current system thauate operating only in
a straight line and lacking automatic speed adjustment.
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Fig. 4 Longitudinal angle (left) and tension (right) of the graviifloading cable during a discrete
excavation experiment, showing minimal variation.

5 Development of Planetary Excavator Prototype

This section describes a planetary excavator prototypteitharporates the prin-
ciples established by this research and addresses ptaditsderations of imple-
menting a continuous excavator for planetary environmdrite Polaris excavator,
shown in Figure 5, is a continuous bucket-wheel excavata.imtended for in-situ
resource utilization (ISRU), a task requiring substarpiaductivity. The 200 kg
Polaris excavator features a nominal payload capacity dfg8for a payload ratio
of 40%; prior research by the authors has shown that paybkta@igoverns produc-
tivity [17]. To collect its payload Polaris uses continu@xsavation, the benefits of
which have been discussed in this paper. The entire buckee collection bin
subsystem is actuated to engage cutting with the buckeéiveimel to enable dump-
ing at out the back of the bin at a height of 50 cm. Polaris’ topidlg speed is
40 cm/s.

Fig. 5 Polaris excavator featuring continuous bucket-wheelwatian and high payload ratio.
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5.1 Bucket-wheel excavator configuration and performance

Past planetary bucket-wheel excavator prototypes haveliffaclilty transferring
regolith from bucket-wheel to collection bin, and as a rebukcket-ladders have
gained favor [10]. Bucket-ladders use chains to move bgadeng easily shapeable
paths, making transfer to a collection bin easy. Winnershef NASA Regolith
Excavation Challenge and subsequent Lunabotics miningettions (which re-
quire digging in lunar regolith simulant for 30 minutes)athployed bucket-ladders
driven by exposed chains [14]. However, bucket-ladderrehare exposed directly
to the soil surface and these could degrade very quickly isthiainar regolith and
vacuum. The abrasiveness of lunar regolith rapidly degratposed sliding con-
tacts or flexible materials [19, 8]. Exposed bucket-laddeits may thus not be
relevant to operation in lunar conditions.

A novel excavator configuration, with bucket-wheel mourdedtrally and trans-
verse to driving direction, achieves direct regolith tfanito a collection bin. The
bucket-wheel is a single moving part, with no need for chainsonveyors. This
reduces complexity and risk from regolith and dust. Oncelittghas been carried
to the top of the wheel in an individual bucket, it drops dowr the back of the
bucket and into a collection bin. This configuration offersofution to the transfer
problem for bucket-wheels identified in past literature.

The excavator prototype has demonstrated mining prodtyotizover 1000 kg/hr.
1040 kg was produced in 58 min, with an average round trip pf@pmately 14 m,
as demonstrated in GRC-1 at NASA Glenn’s SLOPE lap. Durieghtbur-long op-
eration, the teleoperated excavator performed 17 dig-diasip cycles, of which
approximately 1/3 of the time was spent digging. Averagegradvaw was 470 W,
with the wheels causing an average power draw of 142 W, thkeweheel 18 W,
and lift/dump 310 W. Although this particular test was nohdocted with gravity
offload, the similarity in continuous excavation result§able 1 suggests that com-
parable productivity may perhaps also be possible in 1/6u-deale excavation
task experimentation with gravity offload is suggested tduife work.

5.2 Suspension Lift-Off for Lightweight Skid Steer Rovers

Prior to integrating the excavation subsystem (consistihngucket-wheel, dump-
bed and raise/lower actuation) into Polaris, field testsewsemducted to evaluate
the performance of its mobility platform. These field testgealed an undesire-
able phenomenon in which a wheel unintentionally lifts bf ground in a wheelie
fashion. Field and laboratory testing demonstrating thenpimenon, termed Sus-
pension Lift-Off (SLO), are shown in Figure 6. SLO occursidgrskid-steering
and results in reduced stability and loss of control autipitiis a problem that can
be encountered with any passive differential mobility smsgions, such as rocker
bogies.
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Fig. 6 Field tests (left) led to the discovery and study of suspensicofiffright).

An analytical model that relates lateral turning forces eatical terrain-contact
forces was developed, though its full details are omitte@ lier brevity; these de-
tails are presented in [4]. The following parameters arekated to be root causes
of SLO: a tall shoulder height to wheelbase ratio, narroweaspatio (i.e. ratio of
lateral to longitunal wheel spacing), eccentric weightrdisition, and high cen-
ter of gravity. Operational factors that increase risk aghturning resistance and
driving on slopes. Parameter sensitivity analysis suggast the shoulder height to
wheelbase ratio is the single most important factor.

For rovers with two shoulders, like Polaris, the effectiieeslbase is the rovers
actual wheelbase minus the distance between shouldersed3@ny the effective
wheelbase by separating the shoulders direclty incredmesttoulder height to
wheelbase ratio and thus the risk of SLO. This overlookecabwf Polaris’ de-
sign was the single greatest contribution to the SLO prol#ecountered in field
tests, particularly when the weight distribution on frontlaear wheels was highly
eccentric prior to integrating the excavation subsystem.

Tests compared the analytical models predictions to expally measured
values and found good accuracy across thirty-five long duragkid-steer trials
that varied suspension geometry and weight [4]. Agreemkeinpirical evidence
with the model suggests that SLO is predictable, and thuseptable if key design
criteria are met. The mitigation is to achieve a shouldeglhigess than one third of
the wheelbase, and a center of gravity height less thantmalfvheelbase. If these
design criteria are met, SLO is very unlikely to occur.

The contibution of turning resistance to SLO suggests tpatation in reduced
gravity may exacerbate the problem. Section 2.1 discussedsinkage does not
diminish in low g for forward driving, decreasirigP/W. If sinkage also does not
diminish in low g during skid-steering, this could incredise ratio of lateral resis-
tance force to vertical contact force and lead to greatkofiSLO. Investigation of
skid-steering in reduced gravity is thus suggested as atdirefor future study.
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6 Conclusions, Lessons Learned, and Future Work

Conclusions.The contributions of this work include the first of their kigdavity
offload experiments from planetary excavators, and thelasion that continuous
excavation is more suitable for low gravity than discreteasation. Gravity offload
is an important and practical class of field or laboratory tesplanetary excava-
tor prototypes. Though not an ideal representation of lcavigy operations, as the
effects of gravity on regolith are not included, this is a mbalanced test than exca-
vating in full Earth gravity, which can misleadingly oveepglict performance. Omit-
ting gravity considerations from planetary excavator ttgs@ent misses important
distinctions between classes of excavator configuratioch ss the advantages of
continuous excavation over discrete excavation.

The experiments presented in this work demonstrate thadincmus excavation
fares better than discrete excavation when subjected tgtawvity. They also sug-
gest caution in interpreting low gravity performance petidns based solely on
testing in Earth gravity, where both the continuous andrdiscconfigurations, mis-
leadingly, operated successfully.

Lessons learnedThe key lesson learned from field testing is the need to con-
sider suspension lift-off (SLO) for lightweight skid-steebots. The mitigation is to
achieve a shoulder height less than one third of the wheellaasl a center of grav-
ity height less than half the wheelbase. If the need to sepavaker arm shoulders
arising in rover design, shoulder spacing should be miréohin avoid reducing the
effective SLO wheelbase.

Future work. Future research on lightweight excavation, including skier
testing, would benefit from testing in reduced gravity flgybt drop towers. Excava-
tion task testing would also benefit from more gravity offlé@sting in generalized
terrain, beyond the flat straight-line tests shown here.t@@mimportant direction
for future study is deep excavation in the presence of sudpederocks, which pose
challenges for lightweight continuous and discrete eximasalike.
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