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ABSTRACT 

The Institute of Space and Astronautical Science (ISAS) 
of Japan will launch an engineering test spacecraft. 
ILlLlSES-C to a near Earth asteroid NEREUS (4660) in 
1001 The MlrSES-C' spacecraft will perform the world 
tirst sample and return attempt from the asteroid 
Y EKECS A science-equipped robot which nioves on the 
surface of the asteroid would provide an in-situ scientific 
observation S o  the authors have proposed a small 
robotic lander for the MUSES-C mission. This robot is 
called "MINERVA" (MlcroINano Experimental Robot 
\'chicle tbr- Astel-oid). which has the mobility by hopping 
and can take images on the asteroid surface Currently 
LIINEKI'A lemains in a n  optional payload of the 
VIL:SES-(' spacecraft The final decision will be made 
lust before the launch of the spacecraft whether it is 
~ncluded in the spacecraft So we are developing 
211NERV4 according with the MUSES-C' milestones In 
this paper. the mission scenario, the mobility mechanism, 
the microgr-a~ity experiments bv the test model and the 
prototye model of MINEKV.4 are presented 

111 recent -Leal s. rnissions for exploring small bodies such 
as asteroids. comets. and meteorites have received 
ignlticant attention across the world I t  is believed that 
the ear-th-type planets (Mercury. Venus, Earth, Mars 
tbtc ) u el-e  ti)^ rned by s~nall bodies Hence the studies on 
these small bodies would throw a light upon the origin 
and e\olution ol'the earth-type planets Rendenous and 
sarnpie Ireturn missions for asteroids. specially, would be 
cyected to pnn,ide extensive rrenards from both 
technological and scientific points of views Especiallyq 
in-situ surface observations of an asteroid have been ot 
great interest to planetary science 

I he In.it~tute of Space and Astronaut~cal Sc~ence (IS AS) 
of lapan ~ I J I  la~mch an engineering test spacec~aft 

iL4LISES-C to a near Earth asteroid NEREUS (3660) in 
2002[1][2] The MUSES-C spacecraft will perform the 
world first sample and return attempt from the asteroid 
NEREUS 

A science-equipped robot which moves on the surface of 
the asteroid would provide an in-situ observation 
[3][4][5] So the authors have proposed a small robotic 
lander for MUSES-C mission[6]. This robot is called 
"MITVERVA" (Mlcro/Nano Experimental Robot Vehicle 
for Asteroid), which has mobility system by hopping 
[7][8] Currently MINERVA is an optional payload of 
the MUSES-C spacecraft Its realization is dependent on 
the total mass of the MUSES-C spacecrafi The final 
decision will be made just before the launch of 
MI.!SES-C spacecrafi whether it  is included in the 
spacecraft So we are developing the robot according 
\kith the XIUSES-C milestones 

In section 2. of this paper, the mission scenario of 
MINERVA is presented Section -3 describes the rnobility 
system which is newlv proposed for explorations on the 
surface of small planetary bodies In section 4, the 
microgravity experiments by the test model is detailed. 
Section 5 shohs the developing prototype model of 
MINERVA which is to be manufactured and tested in the 
near future 

2 MINERVA hlISSIOY 

2 1 ASTEROID ENVIRONMENT 

The asteroid NERFKS or I989MI. are the candidate 
target fur MUSES-C niission to explore The orbit of 
these asteroids are known by the observation from the 
l:arth But the parameters ot' the asteroid itself (size. 
shape, density etc ) are not decided so far TABLE 1 
shous our estimation for the asteru~ds 

['he g c i \ l t \  on the surface of thr. t a ~ e t e d  asterold IS 

ekpected to be \en/ weak from I to I OO[jfi] compared 

- -- -- -- 

['roc F~tth Internat~onal Sympos~um on Art~fic~al Intelhgence, 
1lohot1~\ md Autornat~on In Space, 1-3 Iune 1999 (FSA SP-440) 



\ \ ~ t h  the Earth The robot on the asteroid has to be 
movable to any ar1)itrat-y direction in such a low gravity 
en\ ironment 

fhe tmctior force that drives the robot horizontally are 
obtained tiom the friction between the robot and the 
asteroid surface Vot-friction-based mobility, such as 
thr-usting a gas backuard. can not be used because ofthe 
contarnhation 

Another requirement for the robot comes from the 
pavload weight and size The robot has to be small and 
light-\~e~yhted The allowed total mass is I [kg] including 
the O M E  (on-hoard mount equipment). The simple 
mechanism is essential in order to meet this weiyht 
limitation 

b e  hn\e de\elopt:d n new mob~le mechan~sm which IS 

fitted In such low g ra~ l tv  enb~ronment and can meet the 
nbo\ e reclulrement s 

I \ B L t  I Esi~rnated envlronrnent of the asterold 

! material 1 unknown 1 

1 diameter 
C---------------- 

I \ h q e  

7--- 1 den\lt\ 

~ o t d t ~ o n  a m  

/ x e r l o d  
t--- , temperature 

1 surface gravity / I 0.' - lo '[rn/s2] ( l - I OO[pG]) 1 

n feu 100[ni] a feu [hm] 

L& (major to mmor axis 

length ratlo 1 2 5 )  

I 4[g/crn'] 

unknown 

1 iO[hours] 

-100 +140[C] 

j escape celoc~ty / O 02 - 7(ni/s] 

2 2 MISSION SCENARIO 

The MLISES-C' spacecraft remains at the distance of 
2O[km] a\\+ ti-on1 the targeted asteroid when the 
parameters of the asteroid, such as its shape. its size and 
rts rotating rate. are investigated bv remote sensing The 
parameters are initialized to the robot because they are 
I-equired tbr autc~nomous navigation .Also the global 
path-planing or strategy will be made on the ground 

When the L.lI.SES-C' spacecraft descends to the asteroid 
Ibr acquiting the surface fragments, ILIINER\,'A is 
rxleased ti-om t l~e  OhlE(on-boar-d mount equipment) 
\~hich keeps the robot to the spacecrafi Then 
'L1INERV.A falls onto the asteroid surface and starts the 
exploration Small cameras and a sun sensor are used for 
the autonomous navigation 

The mobile roboi provides an in-situ ubsel~ation of the 
asteroid sc~rface The science niission candidates are 
shown below 

(2)  measure the sur tke  ga \ l t \  

( 3 )  measure the surface temperature 

Tiny instruments that enable the above missions are now 
under developins Because the allowed total mass for 
MlNERVA is limited in \[kg]. nor all the listed 
instruments are possible For reducing the mass. the 
installed navigation cameras are also used as the scientific 
observation 

3 PROPOSED MOBIL17'Y S i ' S 7  E M  

It IS necesian to de~e lop  a h~gll-mob~l~tv rohot 
configurat~on ~ b h ~ c h  can meet the ml \wn  and wence 
requirements Llnder the micro grdcitF en~~roriment on 
the wrface of small planetaly b o d w  robots with 
t ~ a d ~ t ~ o n a l  \\heeled mechanism ~\ould  riot work \\ell 
because of t u o  reasons stated below 

'The contact thrce between the robot and the 
surface is \cry ueek and so the robot-surfice 
friction is very low If the traction I S  larger than the 
maltitiium fi-iction. the robot slips So the traction 
has to be so small. which makes the horizontal 
speed extremely slow 

Small disturbance on the surface ot' rough terrain 
makes the robot awav from the sul-face. mhich robs 
of the traction 

For the above latter reason. \$e h a ~ e  concluded that the 
mobility which is specialized in hop has the advantage for 
the sui-face of the aster-oid If the robot hops with 
horizontal force. it can move with no contact with the 
surface 

There are seberal ways that make the robot hop. but our 
proposed hopping mechanism is an innovative one that 
the robot includes a torquer inside B\ rotating the 
torquer. a reaction force against the surface makes the 
robot hop at a siynificant horizontal \docity After 
hopping into the air-. the robot moves ballistically 
( F I G  I ) 

mob ement 

go hack to surface 

t ICJ I I-'roposcd hopping iobot 
( 1 ) blew the asterold surface crossly by small cameras 

(~nclud~ng the obse r~a t~on  of the VIISES-C 
hamphng polnt) 



[lie proposed ~nechanism has se\eral significant 
ad\ antages 

I I ) % I )  nctudors, mh~ch hate dmct Interdctlons \+~tl i  
the '~stero~d surface, are necessarv outs~de the robot 
bod\ ktuall, the torquers ~ n s ~ d e  the bod, can 
e\ en be i,ealed to prevent contamlnatlon b, dust\ 

t . ? )  The torquer can also be used for attitude control 
durins hopping 

I ; )  I'he contact torce betbeen the surface and the body 
1s increased \sith the help of the artificial pushing 
force made by the torquer. uhich makes the friction 
lar-get and provides the mobility at larger horizontal 
\peed 

i -1) [I(' motors can be used as a torquer, the control of 
~ ~ h i c l i  i ~ ,  easy 'The imposed torque has to be 
ac!iustable in order to move in any situations of the 
gra\ ~ t \  fi-om I to 100 ,uG A DC motor dl-iven by 
I'U'hl is ~ ~ s e d  to provide the torque adjustability 

! i) On the micrograbity environment of the asteroid 
a u r d ~ e .  tlie required torque is as small as the small 
I X  motors. which makes the robot light-weighted 

4 FXPkRIMF.NTAL TEST MODE1 

I he test model t b ~  the e\perirnents \has developed to 
confirm the proposed mobility 'The configurations of the 
test I-obot at-c shim11 in  TABLE ?(a) A DC motor is 
used as the torquer whose specification is shown in 

I \Bl .l: 3 b )  The motor is driven by I'WM of 8 1 [\!I 
pulserc. the pattern of which can be programmed on the 
1i)llou 1112 tu ( I  111odt.s 

( < I )  \tep d ~ ~ l e  the constant dut, ratlo pulses arc 
~inpoaed o n  the t)(' motor The dut\ tatlo d, can 

he pr o y  nmnled to an arbltra~\ \ alue 

( 1 ) )  ramp dl-ne At f - 0 .  the duty ratio of the pulse is 
( 1 %  . increased propo~tionally to the passed time. 
conwquently comes to IOO'',; 'lime f ,  when thc 

duty r-atlo arrives at 100';; can he programmed to 
a n  nrh~t~ar-\ \ a l w  

\ ;Ol s ]  ~durnl11~11ii tl\\\lieel I \  attached to the r o t o ~  of tlie 
I)( motor l i ) i  Illcrea\lns the Inertla of the rotor 

bottom of the robot With these items. the robot never 
slides leftward, making the friction n 

The video imases during the experiment #I are shown in 
FIG 3 These figures show the validity of the proposed 
~nechanisrn ~isibly because the r-obot hops with a 
significant horizontal velocity 

A11 the experiments dre summarlzed In TABLE 3 The 
hop tlme In TABLF 3 shows the passed tlme since the 
DC motor 4tarted The hop \eloc~t\  7 %  and denote 

the horirontal and vertical speed at the instant of hop 
c---y 

The hop speed 1s calculated by 1 .  J r ;  + 1.; The hop 

angle H 14 measured from the normal hne to the flat 
I aurtace which IS calculated by H tan 1 1 ,  / I , , ,  

The numerical simulations under the zero gravity are also 
conducted. ~rhich are summarized in TABLE 3 The 
si~nulation results and the experimental results are 
consistent except for the hop angle and hop time of the 
first experirnent 

The hop angle and hop time of the first experiment have 
differences from those in the simulation In the first 
ekpel-iruent. compared ccith the corresponding simulation, 
the contact duration time between the robot and the 
sul-face in the experiment(0.53[sec]) is longer than in the 
simulation(0 ?6[sec]) This makes the actual robot's hop 
angle larger In expel-irnent # l .  to prevent the robot slide 
leftward making the friction ~7;)~ a board is inserted. 
There should be no  torce from outside after the 
ascending speed of the robot surpasses the descending 
speed s f  the contact point uith the surface But in the 
case of experiment #I. the needle of the robot contacts 
the side of the inserted board aAel- the detachment From 
the surface This contact force from the side of the board 
increases the robot's horizontal speed and makes the 
contact duration time longer and the hop a n ~ l e  larger 

LVith these ekperiments. the proposed hopping 
~nechanism has been \.eritied to uork well through the 
experiments Also the simulations retlect the actual 
r~lovement 111 the fbture design of ILIINEK\'A, we are 
able to make the most use ofthe simulations 

111 e i l ) t r~~i ie~i i  :/7 ii11d ::3. the SLIT~BCC is 11lilde 1117 o ~ ' ; I  llat 
piece 01 ' \~00~1.  wher-tb the coetTicient of static frictior1 ia 

i.0 111 eiperinient / : I .  a buad  is inser~ed bct\becn the 
I-ohot and tht3 wli ice Also a needle sticks nut from the 



TABLE 2 Parameters in microgravity experiments 

( a )  robot testbed spec 

I DC motor rotor inertia 1 2 3 lo-' [kg mL1 I 

(b) DC motor spec (in 9[V] measuring voltage) 

(c) different parameters in each experiment 

1 experiment friction I motor drive method 1 

( a )  fiee fall starts 

( d )  0 5 0 0  sec passed 

TABLE 3 Hop angle, speed and time of  three experiments 

TABLE 4 . Simulation result (hop angle, speed and time) 

(b) 0 167 aec passed 5ince DC motor started (c)  0 3 7 3  sec passed 

experiment 

#I 

#2 

#i 

(e)  0 667 sec passed (t) 0 833 sec passed 

FIG 3 \'ldeo ~ m a g e s  of-the euper lment p l 

hop angle 

[deg] 
5q 

30 

39 

hop tlme 

[sec] 
0 26 

0 30 

0 87 

hop speed [mm'sl 

' 

148 

141 

70 

7 '  

120 

90 

48 

? '  

86 

I09 

59 



5 PROTOTYPE MODEL. 

U c  ~ I C  I ~ O M  t h e l o p ~ n g  the plototype model (Pkl)  of 
MITckKVA accordmg w ~ t h  the MOSES-C mdestones 
The protot~pe model ~ 1 1 1  be In the proce5s of mechan~cal 
and thermal test In the near fbture 

fhe concept of PM is shown in FIG 3 It  has a 
cylindrical shape with two actuators. It includes a big 
t~lrn table I-otator on which is placed a torquer fbr hop 
The adopted mobility is the hopping mechanism 
proposed in sectiori 3, but has the ability to control the 
hop direction It turns the table to set the torquer for an 
arbitrarv direction. which decides the hop direction 

tirrn the table 

torquer 

turn table 

F I ( J  ; \lINER\'4 I'hl concept 

The precise design tipure at present is shown in FIG 3 
and the specifications are summarized in TABLE 5 The 
height and the diameter are 100[mm] and 120[mm] 
~.espect~cely Hut the actual shape is an octangle pole. all 
faces of which are p~rt manv solar panels on 

I he prototvpe model has two condensers, where the 
senerated solar energ\ IS charged The maxrmunl 
yenerated power 14 est~mated to be 3 Z[W] The requ~red 
power of the selected torquer IS 2 5[W]. w h ~ h  I $  

wpphed tiom the charged condenser T\\o tl~wheels ale 
dttached to the torquer for extend~ng the accelerat~ng 
duratron ofthe torquer 

the turn table so as to change pointed direction by 
rotating the table 

There are at least I6 pins sticking out from the vertices 
of the robotic lander. The purposes of pins are (1 )  to 
protect the solar panels from contacting against the 
asteroid surface and (2) to make intentional hooks to 
increase the friction 

The mass of the robotic lander is 5 0 [ g ]  The on-board 
mount equipment (OME) will be made in 450[g], which 
keeps the robotic lander while the spacecraft cruises to 
the aster-oid and releases it to the asteroid surface The 
total mass of MlNERVA and OME is I[kg] and the 
requirement for the mass will be satisfied 

TABLE hlINERVA PM specification 

I ~ o d y  Size / 4 120[mm), height 100[mm] 

Weight 55O[g] 

hlob~lrt\ \\stem turn table tkpe (two actuators) 

two flywheels ( l5[5] each) 

P O M ~ I  Suppi\ solar panels 3 2[W] (peak) 1- condenser TV 50F 
-- 

I On-board cornouter I 32bit CPU 

Communication RF link with MUSES-C SIC 

(may range 20[km]) 

Sun sensor 
G sensor (ifpossible) 

I O[W] for telecommunication 

0 5[W] for on-board computer 

0 [ W ]  fol- camera 

l'he possible payloads of the robot are a camera, a sun 
.;ensor. a G-sensor and so on The camera is placed on 



body with solar panel 

I 

' I  ' I  I I I 1  

turn table (torquer) 
turn table motor 

I communicat~on 
reserved for G-sensor module 
(a) slde vlew 

FIG. 4 MINERVA PM layout 

6 CONCLUSIONS AND FUTURE WORKS 

This paper describes the proposed MINERVA asteroid 
surface exploration project for the MUSES-C mission 
The scenario, lhe proposed mobility system. the 
microgravity experiments by the test model and the 
development of the prototype model are presented 

,I novel mechanism that drives a robot by hopping was 
proposed tor the asteroid exploration. The validity and 
effectiveness of the proposed mobility system have been 
verified by microgravity experiments, which is consistent 
with the numerical simulations With these validations, the 
prototype model of MlNERVA is being designed using 
the proposed mobility system. The prototvpe model will 
be tested mechanically and thermally We are also 
planning to do another microgravity experiments using the 
developed prototype model. 

For robust asterold explorations. the navigation strategy is 
also needed to he established Also the tiny scientific 
instruments for MINERVA have to be developed 
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