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Challenges	
  of	
  planetary	
  excava-on	
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Low	
  mass	
  
(constrained	
  by	
  

launch)	
  

Reduced	
  gravity	
  
(1/6	
  on	
  Moon,	
  
1/3	
  on	
  Mars)	
  

W	
  =	
  mg	
  

Low	
  trac-on	
  
(fracOon	
  of	
  W)	
  

Low	
  plunge	
  force	
  
(limited	
  to	
  W)	
  



Con-nuous	
  excava-on	
  excels	
  in	
  reduced	
  gravity	
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Bucket-­‐wheel	
  trencher	
  	
  	
  Bucket-­‐chain	
  trencher	
  	
  	
  	
  	
  	
  ElevaOng	
  scraper	
  	
  	
  	
  	
  	
  Open-­‐bowl	
  scraper	
  	
  	
  	
  	
  	
  	
  Front-­‐end	
  loader	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  Bulldozer	
  

Discrete	
  
excavators	
  

Terrestrial	
  mobile	
  excavators	
  

Planetary	
  excavator	
  prototypes	
  

Trac-on	
  is	
  o>en	
  used	
  to	
  achieve	
  excava-on	
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ConOnuous	
  
excavators	
  



How	
  should	
  we	
  test	
  proposed	
  planetary	
  excavators?	
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exFDP

Drawbar	
  	
  
pull	
  

ExcavaOon	
  
resistance	
  

exFDP >20•  We	
  want	
  to	
  make	
  sure	
  

•  If	
  we	
  only	
  test	
  this	
  with	
  a	
  full	
  mass	
  vehicle	
  in	
  1	
  g,	
  we	
  are	
  
implicitly	
  assuming:	
  

•  DP20
 (1/6 gEarth) ≈ 1/6 DP20

 (gEarth)  
•  Fex

 (1/6 gEarth) ≈ 1/6 Fex
 (gEarth)  



DP20	
  scales	
  approx.	
  linearly	
  with	
  load	
  (W)	
  in	
  constant	
  g	
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Freitag,	
  D.	
  L.,	
  et	
  al	
  “Performance	
  EvaluaOon	
  of	
  Wheels	
  for	
  
Lunar	
  Vehicles,”	
  U.	
  S.	
  Army	
  Engineer	
  Waterways	
  Experiment	
  
StaOon	
  Technical	
  Report	
  M-­‐70-­‐2,	
  1970.	
  



[NASA	
  GRC]	
  

•  DP20/W	
  approximately	
  constant	
  at	
  lower	
  W	
  (constant	
  g)	
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DP20	
  for	
  changes	
  in	
  W	
  vs.	
  changes	
  in	
  g	
  



•  DP20/W	
  approximately	
  constant	
  at	
  lower	
  W	
  (constant	
  g)	
  
Drawbar	
  pull	
  =	
  Thrust	
  –	
  Resistance	
  

With	
  lower	
  W,	
  we	
  get	
  lower	
  Thrust	
  

With	
  lower	
  W,	
  we	
  get	
  reduced	
  sinkage,	
  
	
  and	
  thus	
  lower	
  Resistance	
  

•  DP20/W	
  lower	
  at	
  lower	
  g	
  
With	
  lower	
  g,	
  we	
  get	
  lower	
  Thrust	
  

No	
  equivalent	
  reducOon	
  in	
  sinkage,	
  

No	
  equivalent	
  reducOon	
  in	
  Resistance	
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DP20	
  for	
  changes	
  in	
  W	
  vs.	
  changes	
  in	
  g	
  

Kobayashi,	
  T,	
  et	
  al,	
  “Mobility	
  performance	
  of	
  a	
  rigid	
  wheel	
  in	
  low	
  gravity	
  environments,”	
  
J	
  Terramechanics,	
  2010.	
  

Assuming	
  DP20 (1/6 gEarth) ≈ 1/6 DP20 (gEarth)  
is	
  an	
  over-­‐opOmisOc	
  esOmate	
  of	
  planetary	
  mobility	
  	
  



•  Fex
 (1/6 gEarth) = {1/6 Fex

 (gEarth) , Fex
 (gEarth) } 

•  Gravity	
  offload	
  tesOng	
  a	
  more	
  balanced	
  approach	
  than	
  1	
  g	
  tesOng	
  

Fex	
  for	
  changes	
  in	
  g	
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Assuming	
  Fex(1/6 gEarth) ≈ 1/6 Fex
 (gEarth)  

is	
  the	
  most	
  opOmisOc	
  esOmate	
  of	
  planetary	
  excavaOon	
  forces	
  

Boles,	
  W.	
  W.	
  et	
  al,	
  “ExcavaOon	
  forces	
  in	
  reduced	
  gravity	
  environment,”	
  J	
  Aerospace	
  Eng.,	
  
1997.	
  

Tes-ng	
  in	
  1	
  g	
   Gravity	
  offload	
  
tes-ng	
  

Mobility	
   Over-­‐opOmisOc	
   Over-­‐opOmisOc	
  

ExcavaOon	
  forces	
   Most	
  opOmisOc	
   Most	
  pessimisOc	
  



•  First	
  laboratory	
  experiments	
  to	
  test	
  excavaOon	
  with	
  5/6	
  of	
  robot	
  
weight	
  offloaded	
  

•  Conducted	
  at	
  NASA	
  Glenn	
  Research	
  Center’s	
  SLOPE	
  lab	
  

Gravity	
  offloaded	
  excava-on	
  experiments	
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Offload	
  
cable	
  

Weights	
  

Passive	
  
hoist	
  

Winch-­‐driven	
  cable	
  



Con-nuous	
  
excava-on	
  

Discrete	
  	
  
excava-on	
  

1 g L = 60-130 L = 2-4 
Offloaded	
  to	
  1/6 g L = 10-20 L = 0.3-0.7 * 

Con-nuous	
  excava-on	
   Discrete	
  	
  excava-on	
  

1 g 
	
  

O
ffl
oa
de

d	
  
to
	
  1

/6
 g

 
	
  

Mobility	
  impeded	
  for	
  lightweight	
  discrete	
  excava-on	
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Con-nuous	
  excava-on	
  excels	
  when	
  weight	
  is	
  limited	
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  ExcavaOon	
  in	
  Earth	
  gravity	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  ExcavaOon	
  with	
  gravity	
  offload	
  

Offloaded	
  discrete	
  excava-on	
  collects	
  liTle	
  payload	
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45-­‐50	
  kg	
  collected 	
   	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  15-­‐20	
  kg	
  collected	
  



•  Gravity	
  offload	
  tesOng	
  is	
  a	
  more	
  balanced	
  method	
  of	
  tesOng	
  
proposed	
  planetary	
  excavators	
  than	
  tesOng	
  full	
  mass	
  systems	
  in	
  	
  
1	
  g	
  

•  ConOnuous	
  excavators	
  are	
  beAer	
  suited	
  than	
  discrete	
  excavators	
  
to	
  maintain	
  producOvity	
  and	
  mobility	
  in	
  lightweight	
  operaOons	
  

•  AnalyOcal	
  framework	
  can	
  predict	
  the	
  effecOveness	
  of	
  various	
  
lightweight	
  excavators	
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Conclusions	
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Polaris:	
  A	
  produc-ve	
  planetary	
  excavator	
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Future	
  site	
  of	
  16-­‐storey	
  controlled-­‐g	
  drop	
  tower?	
  
	
  

	
  
	
  

	
  

	
  
	
  

	
  
	
  

	
  
	
  

	
  
Thank	
  you!	
  	
  QuesOons?	
   	
   	
  kskoniec@encs.concordia.ca	
  

Future	
  Work	
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•  ExcavaOon	
  performance	
  and	
  mobility	
  can	
  be	
  predicted	
  for	
  Scarab	
  
with	
  bucket-­‐wheel	
  and	
  front-­‐loader	
  bucket	
  

Predic-ng	
  lightweight	
  numbers	
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Wheel	
  and	
  tool	
  
characterizaOon	
  
experiments	
  

Ldisccont FFT ʹ′~,~,~ ,0



•  Details	
  of	
  the	
  analyOcal	
  framework	
  for	
  predicOng	
  the	
  
effecOveness	
  of	
  excavators	
  in	
  lightweight	
  (i.e.	
  low	
  g)	
  operaOons	
  is	
  
outlined	
  in	
  my	
  PhD	
  thesis.	
  

Predicted	
  “lightweight	
  numbers”	
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Con-nuous	
  
excava-on	
  

Discrete	
  	
  
excava-on	
  

1 g L = 60-130 L = 2-4 
1/6 g L = 10-20 L = 0.3-0.7 * 

*	
  	
  	
   	
  	
  OperaOon	
  below	
  lightweight	
  threshold,	
  where
	
  	
  excavator	
  mobility	
  is	
  impeded	
  

→<1L

Skonieczny,	
  K,	
  “Lightweight	
  RoboOc	
  ExcavaOon,”	
  Carnegie	
  Mellon	
  University,	
  PhD	
  thesis	
  
CMU-­‐RI-­‐TR-­‐13-­‐09.	
  2013.	
  



When	
  is	
  an	
  excavator	
  too	
  light	
  to	
  dig	
  produc-vely?	
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Nominal	
  excavaOon	
  

Lightweight	
  excavaOon	
  
(Poor	
  mobility)	
  

•  AnalyOcal	
  modeling	
  and	
  experimental	
  characterizaOon	
  disOll	
  into	
  
a	
  single	
  non-­‐dimensional	
  “lightweight	
  number,”	
  L,	
  that	
  predicts	
  
excavator	
  performance	
  for	
  a	
  given	
  g 
	
  

•  Lightweight	
  number	
  analysis	
  predicts	
  conOnuous	
  excavators	
  
perform	
  beAer	
  in	
  low	
  gravity	
  than	
  discrete	
  excavators	
  



•  REMOTE	
  sensiOvity	
  analysis	
  disOnguishes	
  those	
  parameters	
  that	
  
govern	
  producOvity	
  and	
  merit	
  deeper	
  invesOgaOon	
  

REMOTE:	
  Regolith	
  Excava-on,	
  MObility	
  &	
  Tooling	
  Environment	
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Dig

Shuttle to 
berm

Dump

Shuttle to dig 
site

Dig

Shuttle to 
berm

Dump

Shuttle to dig 
site

Recharge

Shuttle to / from 
charge station

Recharge

Shuttle to / from 
charge station

Drive	
  to	
  dig	
  	
  	
  	
  
site	
  

Drive	
  to	
  dump	
  
site	
  

Drive	
  to/from	
  
charge	
  staOon	
  

•  REMOTE	
  combines	
  over	
  25	
  parameters	
  to	
  
comprehensively	
  model	
  excavaOon	
  tasks:	
  
•  ExcavaOon	
  models	
  [Luth-­‐Wismer,	
  Balovnev]	
  

•  TracOon	
  model	
  [Bekker-­‐Wong]	
  
•  Driving	
  and	
  power	
  parameters	
  



•  Payload	
  raOo	
  and	
  driving	
  speed	
  govern	
  producOvity	
  of	
  small	
  
excavators	
  

Modeled	
  sensi-vity	
  analysis	
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Experiments	
  with	
  a	
  small	
  scraper	
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•  Experiments	
  confirm	
  results	
  predicted	
  by	
  model,	
  but	
  both	
  model	
  
and	
  experiments	
  assume	
  nominal	
  mobility	
  during	
  digging	
  

Comparing	
  experimental	
  and	
  modeled	
  sensi-vity	
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•  Payload	
  raOo	
  is	
  a	
  good	
  predictor	
  of	
  producOvity	
  

	
  

•  Can	
  high	
  payload	
  raOo	
  be	
  achieved	
  without	
  crossing	
  into	
  the	
  
regime	
  of	
  lightweight	
  excavaOon?	
  

Payload	
  ra-o	
  governs	
  produc-vity	
  for	
  small	
  excavators	
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Nominal	
  excavaOon	
  
ProducOve	
  
excavaOon	
  

Payload	
  raOo	
  	
  	
  (	
  	
  	
  	
  )	
  P~

Lightweight	
  excavaOon	
  
(Poor	
  mobility)	
  



Forces	
  ac-ng	
  on	
  an	
  excava-ng	
  robot	
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payloadrobot WWW +=

robotW
payloadW

exFDP

Drawbar	
  	
  
pull	
  

ExcavaOon	
  
resistance	
  

robot

ex

W
FF =~

robot

payload

W
W

P =~
Payload	
  raOo:	
  

W
DPT 20~

=

ExcavaOon	
  resistance	
  coeff.:	
  

TracOon	
  coefficient:	
  

[Freitag,	
  1970;	
  Wong,	
  2012]	
  •  OperaOng	
  too	
  lightweight	
  if:	
  

20DPFex >



robot

ex

W
FF =~

robot

payload

W
W

P =~
Payload	
  raOo:	
  

W
DPT 20~

=

ExcavaOon	
  resistance	
  coeff.:	
  

TracOon	
  coefficient:	
  

[Freitag,	
  1970;	
  Wong,	
  2012]	
  

( )PT ~1~ +

P~

F~

Lightweight	
  excavaOon	
  
(Poor	
  mobility)	
  

Nominal	
  excavaOon	
  

The	
  lightweight	
  threshold	
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( )PTF ~1~~
+>

( )
F
PTL ~
~1~ +

≡

1<L

•  OperaOng	
  too	
  lightweight	
  if:	
  

20DPFex >

ProducOve	
  
excavaOon	
  

1>L



( )
F
PTL ~
~1~ +

=

0 0.02 0.04 0.06
0

0.02

0.04

0.06

0.08

0.1

Payload ratio

Fe
x/

W

F~

P~

•  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  can	
  be	
  approximated	
  linearly:	
  

Con-nuous	
  and	
  discrete	
  lightweight	
  numbers	
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Payload ratio
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Con-nuous	
  and	
  discrete	
  lightweight	
  numbers	
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F~

P~
02.0~

,0 ≈contF

9.0~
≈ʹ′discF

1

( ) ( )contdisc LL minmin <contdisc FF ,0
~~

>>ʹ′ ⎯→⎯

At	
  equivalent	
  produc-on,	
  con-nuous	
  excava-on	
  is	
  less	
  
likely	
  to	
  impede	
  mobility	
  

( )
cont

cont F
TL
,0
~
~

min =

( )
disc

disc F
TL
ʹ′

= ~
~

min



•  At	
  equivalent	
  producOvity,	
  discrete	
  excavator	
  is	
  more	
  likely	
  to	
  
cross	
  into	
  the	
  lightweight	
  excavaOon	
  regime	
  

Con-nuous	
  excava-on	
  outperforms	
  discrete	
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Nominal	
  excavaOon	
  
ProducOve	
  
excavaOon	
  

P~

Lightweight	
  excavaOon	
  
(Poor	
  mobility)	
  

F~



•  ExcavaOon	
  performance	
  and	
  mobility	
  can	
  be	
  predicted	
  for	
  Scarab	
  
with	
  bucket-­‐wheel	
  and	
  front-­‐loader	
  bucket	
  

Predic-ng	
  lightweight	
  numbers	
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Wheel	
  and	
  tool	
  
characterizaOon	
  
experiments	
  

Ldisccont FFT ʹ′~,~,~ ,0



•  Reduced	
  gravity	
  has	
  detrimental	
  effects	
  on	
  both	
  excavaOon	
  
resistance	
  [Boles,	
  1997]	
  and	
  tracOon	
  [Kobayashi,	
  2010]	
  

•  Reduced/offloaded	
  gravity	
  lowers	
  L 
•  First	
  laboratory	
  experiments	
  to	
  test	
  excavaOon	
  with	
  5/6	
  of	
  robot	
  

weight	
  offloaded	
  

Gravity	
  offloaded	
  excava-on	
  experiments	
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Offload	
  
cable	
  

Weights	
  

Passive	
  
hoist	
  

Winch-­‐driven	
  cable	
  



Gravity	
  offloaded	
  excava-on	
  experiments	
  

33	
  

•  ConOnuous	
  excavaOon	
  unhindered	
  in	
  gravity	
  offload	
  

•  Discrete	
  excavaOon	
  stalls	
  robot	
  with	
  minimal	
  payload	
  collected	
  



1.  High	
  payload	
  raOo	
  	
  (	
  	
  	
  	
  )	
  
2.  High	
  driving	
  speed	
  (	
  	
  	
  	
  	
  )	
  
3.  ConOnuous	
  excavaOon	
  

Planetary	
  excavator	
  design	
  principles	
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  P~

F~

P~
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Polaris:	
  A	
  produc-ve	
  planetary	
  excavator	
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Thank	
  you.	
  	
  Ques-ons?	
  

	
   	
   	
   	
  	
  



•  Drawbar	
  pull	
  imposed	
  by	
  excavaOon	
  must	
  not	
  impede	
  mobility	
  
(poor	
  mobility	
  defined	
  as	
  exceeding	
  20%	
  slip)	
  

•  	
   	
   	
  is	
  a	
  popular	
  metric	
  for	
  characterizing	
  mobility 	
  	
  

Excava-on	
  thrust	
  from	
  trac-on	
  (drawbar	
  pull)	
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W
PT 20~

=

[NASA	
  GRC]	
  

[Freitag,	
  70;	
  Wong,	
  12]	
  

0	
  

0.1	
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   40	
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DP/W	
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Granular	
  soil	
  research	
  used	
  to	
  inform	
  MSL	
  mission	
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Planetary	
  excava-on	
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Surveyor 	
   	
  	
  	
  	
  	
  Viking 	
   	
  	
  	
  	
  	
  	
  	
  	
  Phoenix	
  



	
  ExcavaOon	
  in	
  Earth	
  gravity	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  ExcavaOon	
  with	
  gravity	
  offload	
  

Offloaded	
  discrete	
  excava-on	
  collects	
  liTle	
  payload	
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45-­‐50	
  kg	
  collected 	
   	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  15-­‐20	
  kg	
  collected	
  



Bucket-­‐wheel	
  and	
  flat-­‐plate	
  excava-on	
  scaling	
  

Flat	
  plate	
  widths:      W=11.4cm      W=14.8cm    W=19.6cm        W=26cm 

•  Bucket-­‐wheels	
  and	
  flat-­‐plates	
  (angled	
  10o	
  down	
  from	
  horizontal)	
  
were	
  compared	
  at	
  4	
  scales	
  

[Diaz	
  Lankenau,	
  Skonieczny,	
  et	
  al,	
  2012]	
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Excava-on	
  forces	
  compare	
  similarly	
  as	
  size	
  scales	
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•  ExcavaOon	
  resistance	
  increases	
  with	
  increasing	
  payload	
  for	
  
discrete	
  excavaOon,	
  but	
  is	
  bounded	
  for	
  conOnuous	
  excavaOon	
  

•  Normalized	
  response	
  to	
  payload	
  accumulaOon	
  is	
  not	
  significantly	
  
sensiOve	
  to	
  scale	
  

Excava-on	
  resistance	
  responses	
  consistent	
  across	
  scales	
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•  Experiments	
  compare	
  conOnuous	
  and	
  discrete	
  excavaOon	
  
resistance	
  at	
  equal	
  producOon	
  rate	
  

Bucket-­‐wheel	
  and	
  flat-­‐plate	
  excava-on	
  experiments	
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•  ExcavaOon	
  resistance	
  coefficient,	
  	
  	
  	
  ,	
  increases	
  with	
  increasing	
  
payload	
  for	
  discrete	
  excavaOon,	
  but	
  is	
  bounded	
  for	
  conOnuous	
  
excavaOon	
  

	
   	
   	
   	
   	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  Payload	
  raOo	
  (	
  	
  	
  	
  )	
  
0 0.02 0.04 0.06
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Payload ratio

Fe
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Bounded	
  vs.	
  unbounded	
  response	
  to	
  payload	
  collec-on	
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robot
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W

FF =~

P~

Discrete	
  

F~

Similar	
  trends	
  
for	
  discrete	
  
excavaOon	
  
observed	
  by	
  
Agui	
  (2010),	
  
Gallo	
  (2010)	
  

ConOnuous	
  



•  High	
  payload	
  raOo:	
   	
   	
  	
  	
  	
  (dump-­‐bed	
  rated	
  for	
  800	
  N	
  
payload)	
  

•  High	
  driving	
  speed:	
  0.41	
  m/s	
  (measured	
  in	
  field	
  test)	
  

•  ConOnuous	
  excavaOon	
  (bucket-­‐wheel)	
  
•  Direct	
  regolith	
  transfer	
  to	
  dump-­‐bed	
  using	
  single	
  moving	
  part	
  

Novel	
  excavator	
  design	
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An	
  excavator	
  is	
  operaOng	
  in	
  the	
  lightweight	
  regime	
  when	
  it	
  is	
  too	
  
light	
  to	
  produce	
  enough	
  tracOon	
  to	
  overcome	
  resistance:	
  

	
  

	
  
	
  

	
  
	
  

	
  
	
  

	
  

	
  
	
  

The	
  lightweight	
  threshold	
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Predicted	
  lightweight	
  numbers	
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•  ExcavaOng	
  with	
  gravity	
  offload	
  overesOmates	
  the	
  detrimental	
  
effects	
  on	
  excavaOon	
  resistance,	
  but	
  underesOmates	
  the	
  
detrimental	
  effects	
  of	
  gravity	
  on	
  tracOon	
  
–  Assumes	
  

•  ExcavaOng	
  in	
  Earth	
  gravity	
  underesOmates	
  detrimental	
  effects	
  on	
  
both	
  excavaOon	
  resistance	
  and	
  tracOon	
  

ggL ∝)(



Excava-on	
  resistance	
  does	
  not	
  scale	
  directly	
  with	
  gravity	
  in	
  
cohesive	
  soil	
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Fex	
  =	
  C1ρgwd2	
  +	
  C2cwd	
  +	
  …	
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Posi-on	
  tracking	
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Lightweight	
  excava-on	
  

•  Bucket-­‐wheel	
  
excavaOon	
  offloaded	
  
to	
  1/6	
  g	
  

45	
  –	
  50	
  kg	
  collected	
  

• 	
  	
  Mobility	
  and	
  producOon	
  
also	
  typical	
  of	
  1	
  g	
  bucket-­‐
wheel	
  and	
  front-­‐loader	
  
excavaOon	
  

Front-­‐loader	
  excava-on	
  
offloaded	
  to	
  1/6	
  g	
  

	
  

	
  

	
  

	
  

15	
  –	
  20	
  kg	
  collected	
  



Bucket-­‐wheel	
  excava-on	
  forces	
  

Forces	
  imposed	
  by	
  bucket-­‐wheel	
  excavaOon	
  
are	
  too	
  low	
  to	
  degrade	
  mobility,	
  even	
  in	
  1/6	
  
g	
  
	
  
[GRC-­‐1	
  compacted	
  to	
  1,700	
  kg/m3]	
  



Gravity	
  offload	
  quality	
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•  Spring	
  Ore	
  data	
  

•  See	
  also	
  Freitag	
  (1970)	
  

Changing	
  load	
  does	
  not	
  significantly	
  affect	
  DP/W	
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Measuring	
  bucket-­‐wheel	
  excava-on	
  resistance	
  



Effects	
  of	
  soil	
  accumula-on	
  on	
  produc-vity	
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Lightweight	
  threshold	
  
Analysis	
  

•  AnalyOcal	
  excavaOon	
  models	
  (Luth	
  &	
  Wismer,	
  Balovnev)	
  will	
  be	
  
augmented	
  with	
  first-­‐order	
  approximaOons	
  of	
  soil	
  accumulaOon	
  
effects	
  

•  Depth,	
  d(x),	
  	
  and	
  surcharge	
  mass,	
  q(x),	
  will	
  be	
  uOlized	
  for	
  
approximaOon	
  

Agui	
  and	
  Wilkinson	
  (2010)	
  
Earth	
  &	
  Space	
  

Y	
  
(c
m
)	
  



Bucket-­‐wheel	
  excava-on	
  resistance	
  results	
  

•  ExcavaOon	
  resistance	
  does	
  not	
  rise	
  as	
  cu|ng	
  progresses	
  with	
  a	
  
conOnuous	
  excavator	
  such	
  as	
  a	
  bucket-­‐wheel	
  



Tes-ng	
  grouser	
  spacing	
  

•  Soil	
  flow	
  below	
  and	
  ahead	
  of	
  a	
  wheel	
  illustrates	
  the	
  
effecOveness	
  of	
  its	
  grouser	
  spacing	
  

•  Large	
  forward	
  flows	
  correspond	
  to	
  significant	
  moOon	
  resistance	
  
and	
  thus	
  reduced	
  tracOon	
  

Insufficient	
  grousers	
   Sufficient	
  grousers	
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•  This	
  resisOve	
  forward	
  flow	
  is	
  similar	
  to	
  excavaOon	
  resistance	
  

Sinkage	
  in	
  rigid	
  wheels	
  is	
  related	
  to	
  resis-ve	
  forward	
  flow	
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1	
   2	
   3	
  

4	
   5	
   6	
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Bucket-­‐wheels	
  and	
  bucket-­‐ladders	
  
•  Bucket-­‐wheel	
  and	
  bucket-­‐ladder	
  configura-ons	
  have	
  both	
  been	
  

shown	
  to	
  be	
  viable	
  op-ons	
  for	
  lightweight	
  excava-on	
  

•  Bucket-­‐ladders	
  have	
  won	
  favor	
  due	
  to	
  inherent	
  combina-on	
  of	
  
regolith	
  excava-on	
  and	
  transfer	
  

	
  

Johnson	
  and	
  van	
  Susante	
  (2006)	
  SRR 	
   	
  Johnson	
  and	
  King	
  (2010)	
  J	
  Terramechanics	
  

[Colorado	
  School	
  of	
  Mines]	
  



A	
  bucket-­‐ladder	
  won	
  the	
  Regolith	
  Excava-on	
  Challenge	
  and	
  each	
  
of	
  the	
  Lunabo-cs	
  compe--ons	
  

	
  

	
  

	
  

	
  

	
  

Bucket-­‐ladder	
  designs	
  to	
  date	
  all	
  feature	
  chains	
  exposed	
  directly	
  to	
  
regolith	
  and	
  dust	
  

Bucket-­‐ladders	
  have	
  proven	
  very	
  produc-ve	
  

[Paul’s	
  Robo-cs] 	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  [Montana	
  State	
  University] 	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  [Lauren-an	
  
University]	
  



Transverse	
  bucket-­‐wheel	
  configura-on	
  

•  A	
  bucket-­‐wheel	
  is	
  a	
  single	
  moving	
  part	
  and,	
  mounted	
  transverse,	
  
can	
  transfer	
  regolith	
  directly	
  into	
  a	
  dump-­‐bed	
  



•  Bucket-­‐wheel	
  and	
  bucket-­‐ladders	
  both	
  yield	
  low	
  excava-on	
  
resistance,	
  but	
  bucket-­‐ladders	
  have	
  won	
  favor	
  due	
  to	
  inherent	
  
combina-on	
  of	
  excava-on	
  and	
  transfer	
  [Johnson	
  2006,	
  2010]	
  

Novel	
  bucket-­‐wheel	
  configura-on	
  for	
  regolith	
  transfer	
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Discrete	
  excavators	
  experience	
  rising	
  resistance	
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•  Discrete	
  excavators	
  such	
  as	
  loader	
  buckets	
  and	
  dozer	
  blades	
  
undergo	
  rising	
  excavaOon	
  resistance	
  as	
  soil	
  accumulates	
  

Agui	
  and	
  Wilkinson	
  (2010)	
  
Earth	
  &	
  Space	
  

King,	
  van	
  Susante,	
  and	
  
Mueller	
  (2010)	
  PTMSS/SRR	
  

Lightweight	
  threshold	
  



Measuring	
  bucket-­‐wheel	
  excava-on	
  resistance	
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Lightweight	
  threshold	
  



•  ExcavaOon	
  resistance	
  does	
  not	
  rise	
  as	
  cu|ng	
  progresses	
  with	
  a	
  
conOnuous	
  excavator	
  such	
  as	
  a	
  bucket-­‐wheel	
  

Bucket-­‐wheel	
  excava-on	
  resistance	
  results	
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•  Transverse	
  bucket-­‐wheels	
  do	
  not	
  experience	
  significantly	
  higher	
  
excavaOon	
  resistance	
  as	
  long	
  as	
  rotaOon	
  speed	
  is	
  sufficient	
  

Transverse	
  vs.	
  forward	
  excava-on	
  resistance	
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Prototype	
  development	
  



Scarab	
  configura-on	
  is	
  centered	
  around	
  the	
  tool	
  



•  ExcavaOon	
  field	
  tests	
  will	
  be	
  conducted	
  with	
  a	
  lightweight	
  mobile	
  
robot	
  excavator	
  

•  Gravity	
  offload	
  will	
  enable	
  invesOgaOng	
  producOvity	
  at	
  various	
  
weights	
  

•  Field	
  tesOng	
  will	
  expose	
  operaOonal	
  effects	
  not	
  captured	
  in	
  
idealized	
  analysis	
  and	
  experiments	
  

Bucket-­‐wheel	
  excavator	
  experiments	
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Lightweight	
  threshold	
  
System	
  experiments	
  



•  High	
  payload	
  raOo	
  dump-­‐bed	
  
•  Bucket-­‐Wheel	
  	
  

–  Mounted	
  transverse	
  for	
  direct	
  transfer	
  to	
  dump-­‐bed	
  

•  InstrumentaOon	
  for	
  experimental	
  data	
  collecOon	
  
–  Force/torque,	
  configuraOon,	
  localizaOon,	
  power	
  monitoring	
  

Lightweight	
  robo-c	
  excavator	
  prototype	
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Prototype	
  development	
  



Past	
  lightweight	
  robo-c	
  excavator	
  prototypes	
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[Colorado	
  School	
  of	
  Mines]	
  

[NASA]	
  

[NASA	
  /	
  Lockheed	
  Mar-n]	
  

[Paul’s	
  Robo-cs]	
  

Prototype	
  development	
  



Other	
  past	
  space-­‐relevant	
  excavators	
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[NASA]	
  

[NASA]	
  

[Norcat]	
  

Prototype	
  development	
  



Sensi-vity	
  analysis	
  

•  The	
  design	
  space	
  of	
  small	
  roboOc	
  excavators	
  is	
  so	
  vast	
  that	
  
idenOfying	
  the	
  few	
  significant	
  parameters	
  is	
  a	
  valuable	
  
contribuOon	
  

•  Each	
  parameter	
  is	
  systemaOcally	
  varied	
  and	
  the	
  effect	
  these	
  
changes	
  have	
  on	
  task-­‐level	
  producOvity	
  is	
  gauged	
  

•  SensiOvity	
  analysis	
  is	
  performed	
  in	
  both:	
  

•  SimulaOon	
  

•  ExperimentaOon	
  

Payload	
  raOo	
  &	
  driving	
  speed	
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REMOTE:	
  Regolith	
  Excava-on,	
  MObility	
  &	
  Tooling	
  Environment	
  

•  REMOTE	
  characterizes	
  performance	
  of	
  machines	
  within	
  site-­‐level	
  
tasks	
  such	
  as	
  dig-­‐dump	
  and	
  trenching,	
  and	
  idenOfies	
  issues	
  that	
  
govern	
  these	
  tasks	
  

Dig

Shuttle to 
berm

Dump

Shuttle to dig 
site

Dig

Shuttle to 
berm

Dump

Shuttle to dig 
site

Recharge

Shuttle to / from 
charge station

Recharge

Shuttle to / from 
charge station

Drive	
  to	
  dig	
  	
  	
  	
  
site	
  

Drive	
  to	
  dump	
  
site	
  

Drive	
  to/from	
  
charge	
  staOon	
  

Payload	
  raOo	
  &	
  driving	
  speed	
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REMOTE:	
  Excava-on	
  models	
  

•  Wilkinson	
  &	
  DeGennaro	
  (2007)	
  concluded	
  that	
  it	
  is	
  unknown	
  
which	
  	
  excavaOon	
  models	
  are	
  most	
  applicable	
  for	
  the	
  Moon	
  

•  REMOTE	
  	
  includes	
  Luth-­‐Wismer	
  and	
  Balovnev	
  excavaOon	
  
models,	
  commonly	
  used	
  within	
  the	
  field	
  of	
  lunar	
  excavaOon	
  

•  ExcavaOon	
  force,	
  Fex	
  ,	
  
is	
  predicted	
  from	
  
bucket	
  geometry,	
  as	
  
well	
  as	
  operaOonal	
  
and	
  soil	
  parameters	
  
(8+	
  parameters)	
   Fex	
  

Payload	
  raOo	
  &	
  driving	
  speed	
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•  REMOTE	
  includes	
  the	
  Bekker-­‐Wong	
  tracOon	
  model,	
  which	
  is	
  the	
  
classical	
  model	
  in	
  the	
  field	
  of	
  terramechanics	
  

REMOTE:	
  Trac-on	
  model	
  

•  Drawbar	
  pull	
  (DP)	
  is	
  the	
  
amount	
  of	
  tracOve	
  force	
  
available	
  for	
  work	
  

•  Drawbar	
  pull	
  depends	
  on	
  
wheel	
  geometry,	
  loading,	
  
and	
  soil	
  parameters	
  	
  	
  	
  	
  	
  	
  
(10	
  parameters)	
  

DP	
  

Payload	
  raOo	
  &	
  driving	
  speed	
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•  Payload	
  raOo	
  and	
  driving	
  speed	
  sOll	
  predicted	
  to	
  govern	
  
efficiency,	
  but	
  other	
  parameters	
  such	
  as	
  drivetrain	
  efficiency	
  also	
  
emerge	
  as	
  important	
  

Sensi-vity	
  analysis	
  of	
  energy-­‐efficiency	
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Excava-on	
  forces	
  compare	
  similarly	
  as	
  size	
  scales	
  

•  Flat-­‐plate	
  
•  Bucket-­‐

wheel	
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Excava-on	
  forces	
  in	
  different	
  simulants	
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•  Depth,	
  d(x),	
  	
  and	
  surcharge,	
  q(x),	
  will	
  be	
  uOlized	
  for	
  
approximaOon	
  

Balovnev	
  model,	
  for	
  example:	
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REMOTE	
  –	
  End	
  Effector	
  subsystem	
  	
  

•  Drawbar	
  pull	
  is	
  equated	
  to	
  the	
  excavaOon	
  force,	
  Hf,	
  which	
  is	
  
calculated	
  based	
  on	
  the	
  Viking	
  excavaOon	
  model:	
  

•  Horizontal	
  excavaOon	
  force	
  is	
  used	
  to	
  solve	
  for	
  loader	
  blade	
  
geometry	
  
•  Digging	
  depth,	
  d	
  ,	
  digging	
  angle,	
  β,     

              and blade	
  length,	
  l, all	
  specified	
  
•  Blade	
  width,	
  w,	
  le}	
  as	
  dependent	
  variable	
  

[Wilkinson	
  07]	
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Controlling	
  soil	
  condi-ons	
  I:	
  Churn	
  /	
  loosen	
  



Controlling	
  soil	
  condi-ons	
  II:	
  Compact	
  &	
  smooth	
  



Valida-on	
  experiments	
  

•  As-­‐measured	
  sand	
  properOes	
  (as	
  well	
  as	
  other	
  measured	
  
experimental	
  condiOons)	
  are	
  applied	
  to	
  simulaOons	
  and	
  results	
  
are	
  compared	
  to	
  experiments	
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REMOTE	
  graphical	
  interface	
  (specific	
  calcula-ons)	
  



REMOTE	
  graphical	
  interface	
  (sensi-vity	
  analysis)	
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