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Abstract 

Srrlall plar~c,tiiry ol~jttcts such as asteroids and co~ncts  
rweivv iricrc,asing at,terition for near-future explo- 
~ii t ion of the. solar system. Somc pioneering p r o h  
11;1\-(~ already sent and returned remarkable findings, 
imd ot,licrs are being pla1111ed arid developed to fol- 
low t l ~ r w .  111 .J;tpiln, the Institute of Space and As- 
tronitritical Scio11c.c (ISAS). is now organizing the de- 
v t~ lop~nmt  of a sample-rcturn mission to an asteroid. 
.\ spacrcraft named hlUSES-C is targeting onc of 
~ ~ c v t r - E ; ~ r t l ~  i~stcroids, in order to  obtain saniples a ~ ~ d  
wt urn to Earth.  Robotics technologies are applied to 
r hc, g l~ id i \~~( . ( '  and coritrol of the landing and contact. 
Since thv gravity of the asteroid is very small, the 
sp;lcwraft will not be able to stand on its surface. 
hut niakc dynamic: touch in a free-flying ~ i t u a t ~ i o n .  
I I I  this p;tpclr. the free-flying and contact dynamics 
art. invrhgit tcd to study the touch-down sequcnce 
for. sample acquisitio~i. The contact with rnec~hanical 
c~o~~ip l i anc~ .  is rr~oclelcd and dynan~ics  simulations arc 
t,arri(d out for feasible touc:li-down conditions. 

1 Introduction 

.\storoitis are srriall particles of rocky bodies orbit- 
I I I ~  t,he SIIII. a co~lceritrat,io~l of which bodies forrn 
it11 aslc~roid belt between Mars arid .Jupiter. Thc ill- 
v(,stigation into the astronomical questions on where 
t h t w  I)odios come from, why they concentrate thert,, 
itrltl what rnatcrials t h y  are cornposed of, brings us 
-;igr~ificant knowledge on the origin and history of our 
solar s y s t c ~ r ~ .  The. most informative way to  answer 
thrx ,  cluc~stions is to obtain samples from t hese p la~i-  
(,tar? 1)otlies tl~emselvcs. 

The I~is t i tu te  of Space and hstro~iautical  Sci- 
mct1 (ISAS), Japan has a plan to launch an explo- 
ratio11 robotic spacecraft, riarned MUSES-C, which 
cilll touch down on a surface of an  asteroid and ac- 
quire saniplcs off' its surface, then t,ak(, them back 
to  the Ear th  [I]. In a t,entative mission scenario, 
hlL7SES-C, a 300 [kg] spacecraft, will target one of 
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Figure 1. The asteroid samp1r.-rcturn spacecraft. 
LlUSES-C 

the I ~ C X  earth asteroids, est,ini;ited less than 1 [km] 
diamcter rocky object. Candidates for such asteroids 
art. "KEREUS" and "1989LIL." Thc AIUSES-C ap- 
p r o a c h ( ~ ~  to the asteroid's sllrfii(.(> with small relative 
velocity corlt,rolled by a vision-l~ased guiding system 
and 111akes (:ontact by a horn-like sampling probe. 
Insidc the probc, a projectile is proj(,cted toward thc 
planet with some high velocity to crash the surface, 
tlirw rc~t)ouridi~ig particles, ejects. will be collected at  
the, top corncr of the horn. 

Thcre arc many technical cliallenges in this mis- 
sion. Particularly contact with the surface of aster- 
oid is one of the most critical challenges. In order to 
make sure the safety, in terms of the strength of the 
structurr3 against the impulsive force arid the atti- 
tude maintenance against the  i~lipulsivc moment, we 
rleed to cartfully design the rricchanisms and control 
systerris, and sirnulate their dyriarriic behavior with 
n~akirig use of our maximum knowledge on the free- 
flying and contact dynamics. Only limited experi- 
rrierits are possible to test mic:ro-gravity enviroriment 
on Ear th ,  thus hardware verification with a full-scale 
~riodel is usually very difficult. Corriputer simulations 
are therefore a significant approach to study this de- 
sign problerri. 

This paper discusses the dynamic simulation of 
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the, tout h-down sequence u ~ t h  the development of 
f r r v f l ~  lrig and contact models then, uslng tentative 

cltwgri pa~amctors  of hlCSES-C, illustrates the dy- 
ILCII ILI (  rllotion after the contact. 

2 MUSES-C Mission Scenario 

2.1 MUSES-C 

IIUSES-C' is a spacecraft for the asteroid sampling- 
rt.turri mission which is planncd by ISAS to  l a ~ ~ n c h  
i n  2002. Figure, 1 dt,picts a basic configuration of thc 
spa(w:raft, with 300 [kg] total mass and the dimen- 
 ion of t h t  rriai~l body: 1.6[m] x l.O[m] x l.O[m]. 
The spacecraft has the  following subsystems: an ion 
cmgine system for interplanetary voyage, a high-gain 
mitcwm for dcty  space communication, solar pad- 
dles, t h x s t e r  propulsion systems, a sarripling rriech- 
mism called "sampler horn" and a reentry capsule 
t);tck to Ear th .  After the sampling action, s an~p lc  
pitrticli:~ art. collected and packed into the reentry 
capsule, then its door is latched and sealed ca.rc!fiilly 
to avoid contamination. LVhen the spacecraft returns 
to Ear th .  only the reentry capsule, which we hope 
filled with a lot of informative samples, parachutes 
d o w ~ ~  to t lic Earth 's  surface. 

2.2 Asteroids 

Asteroids are small particles of rocky bodies orbit- 
ing thc Sun. Up to  now, we have a very limited 
information about these small planets through tele- 
scopes, and analysis of meteors. Recently, impressive 
pictures of some asteroids are taken by deep space ex- 
plorers. such as Galileo. Those pictures show that  an  
asteroid is not a spherical planet but a very oblique 
and rugged rock with craters. Generally speaking, 
thest: images agree our scientific expectation in the 
point tha t ,  for example, the gravity is not strong 
enough to  form a spherical planet in these size of 
objects. But specific information such that ,  if an as- 
teroid is a huge monolith or a cluster of soft soils, if 
the surfacct is rocky, sandy or dusty, and what mate- 
rials it is composed of ... all these are open questions, 
and the answers depend on the history of each aster- 
oid. 

In a tentative mission scenario, MUSES-C will tar- 
get the asteroid NEREUS, or 1989ML. So far our 
knowledge is very limited on these asteroids, partic- 
ularly its gravity and the surface condition (hardness, 
roughness), and right answers should be given only 
whcn the MUSES-C makes a physical contact with it. 
For t h r  purposi: of the simulation study, we assume 
the gravity on surface 9.8 x [m/s2]. 

A-anch0r B.penetrator C.project i I e  
& d r i l l  & ha r poon & crash 

Figure 2: Sampling hlct hods 

2.3 Sampling Strategy 

In order to obtain samples from a small planet, which 
does not liavc? enough gravity to firmly fix the ex- 
plorer on its surface, the following strategies depicted 
in Figure 2 have been discussed. 

Drilling technology (A) may work effectively for 
the sampling from a comet, which is innsidered to be 
composed of relatively soft materials such as dusty, 
icy, and snowy compounds. Howewr an asteroid is 
considered as a more rocky or stony object covered 
with relatively hard surface, then we need more high- 
energy methods to  crash the surface. 

One of such methods is with a perletrator harpoon 
(B).  If a penetrator capsule is projected down to  a 
planet, it will be packed with crashed surface materi- 
als. In this method, however, the  issue will be how to 
pull the capsule off the surface and retrieve it safely. 

Currently a group of people are developing a pro- 
jector method (C)  and its possible designs. The basic 
idea is to project a 5-10 grams projectile toward the 
asteroid's surface with several hundrcds [m/s] veloc- 
ity inside the sampler horn. We expcct this provides 
tnough energy to crash the surface and the rebound- 
ing particles, or ejecta will be collect,ed a t  the top 
corner of the horn. Since the sampling by the projec- 
tor system will complete very quickly, the spacecraft 
is required to  maintain the sampler cm~tac t  for very 
short while, say 2-3 seconds, on thc surface of the 
asteroid. This point is very favorable to our touch- 
down scenario. 

2.4 Sampling Sequence 

The gravitational force of the asteroid is very weak, 
estimated as one te11-thousandth of the earth gravity 
or less, the situation is therefore not that  the explorer 
makes "landing" or "standing" on its surface but it 
does "rendezvous" and "berthing" in the free-flying 
environment. Assuming that MUSES-C takes the 
projection & crash method (Figure 2(C)) for sam- 
pling, we can summarize the sampling scenario as 
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F i g u r ~  3: Sampling Sequenc.r of LlUSES-C 

follows ( s w  Figure 3 ) :  

Thr. LIUSES-C spacecraft makes rendezvous 
with the asteroid and descends to a point of in- 
t crwt . 

r i t ) o ~ t  5 [m] distance from thc surface, hlUSES- 
(I is controlled its descer~di~lg velocity to  zero 
(1iolv:ring by thrusters,) then the thrusters are 
tlirned off'to freely fall clown on the surface. This 
will rcsult 0.1 [m/s] vertical velocity at  the sur- 
face contact. 

'The sampler horn, a contact probe is compli- 
antly mounted on the spacecraft main body. 
The compliance works to reduce the contact ini- 
pulse and extend the contact period. 

N'hile the endtip of the sampler horn stays on 
the surface, a projector is triggered and samples 
(ejecta) are collected inside the horn. 

'fhruster propulsion will follow immediately af- 
tcr the sampling, to get the spacecraft away 
from the surface. Note that  thruster propulsion 
should turn on only after the sampling to pre- 
w n t  the contamination of the samples. 

Modeling 

3.1 Free-Flying Dynamics 

To discms flying or floating robot dynamics, we con- 
sider a general model that  a robotic spacecraft has 
plural arms including solar paddles, reaction wheels 
or other appendages. Such a spacecraft is modeled 
by a chain of free-floating links in a tree configura- 
tion consisting of 7~ + 1 rigid bodies, connected with 
n articulated joints. Assume that  e pieces of arms 
are mounted on the main body, and the arm k has 

e pieces of links, then 71 = EL,=, n k .  An example 
with a single arm is depicted in Figure 4. 

Fltixiblc arms or solar paddles can be treated as 
st~gmentrd virtual rigid links connected with elastic 

Figure 4: Free-flying robot systvm with a single arm 

hingcs. Tlie flexibility yields elastic forces on the vir- 
tual hinges according to  their virtual deformation. In 
this paper, we do discuss the compliance and defor- - 
mation of the sampler horn, but do not discuss the 
flexibility of solar paddles or other appendages to  
avoid complexity. 

LVe assume that  the system freely floats in the 
inertial space, and no orbital motion is considered. 

Let us define the following coordinates and driving 
forces applying on the  system. 
xh E R6 : position/orientirtii)n of the base 
4 E Rn : joint angle of thc arm 
x, E R" : position/orientation of the endpoint 
3(, E R(j : thruster force/mornent on the base 
7 E R'' : joint torque of the arrn 
Fp T, En" : external force/rnoment on endpoint 

Hwe we can obtain the equation of motion in the 
following form [2, 3, 4, 51: 



pt : ~)osit,ion vvctor of joint i of arm k: 
k: : unit vvctor i~ldicating joint axis direction of link 
1 of iirm k 
r , ,  : positiou vect,or of (w~t ro id  of spacwraft haw 
I)otl!- 
r!, : positiol~ ve(?or of a total centroid of the system 
ch. c,,, : velocity dependent non-lincar terrris 
E : 3 x 3 idwtity matrix 
and ;i tiltlc operator stands for a cross product such 
that ra  F r x a. All position and velocity vectors arc: 
clr+ir~td wit 11 respect to tlic inertial reference frame. 

3.2 Contact Dynamics 

ll'c, assurllr. tlw contac:t happens only a t  dcfined end- 
points. Notrt that  NCSES-C does not have what is 
citllctl rnanipnlator arm,  hut the endpoint of thc. sarrl- 
plvr 11or11. which is modclcd as an articulated coni- 
pliant arm. m;rk(~s contact witah an  asteroid. T ~ P  fol- 
lowing d i s ( .~ i s s io~~  is OII 1 1 0 ~  to determine the contact 
f0rcT % 

111 litc,r;tturc. t,llerc. arc a few papers to deal with 
a tiynarr~ic~ model of rigid body collision with fric:- 
tion. paper 1)y K'ller [6] and a book by Brach [7] 
arc, good references. hlost of literature including th r  
al)ovc.s deal with tlic: relationship of niornentlirrl ex- 
c,h;t~lgc) and fom- t ime  product under thc: assumption 
of i ~ ~ f i ~ ~ i t , c s i ~ r i a l  impact. Howevcr, the infinitc:sirrial 
impact 1)c'twecn two of single rigid bodics is a very 
iclcdizcd. spc'cial case. Eventually if the colliding 
1)otiy hiis c>l;rstic.ity. thcrc occurs non-zcro, finit12-timr 
pc'riod of contact. Or if' the system is articulated and 
tho  cunnocting joi~lt~s are cornpliant, the rrlethocls dis- 
c ~ ~ l ~ s r d  for irifi~~it,esirrlal impact of a sir~glc rigid body 
(.annot he applitd. IVe may call such finitc-time con- 
tt1c.t as soft co~ltitct against t hc infinitt.sima1 impact, 
as hmd c~)nt;rct. 

Or1 hIUSES-C' we put a sprir~g betwem t h ~  maill 
hody and thc sampler horn. The spring is used to dr- 
ploy thc~ liorn t,o strctch out from thc the launch co~i-  
figuriition, arid it is more important to  fit thc front 
(wti of the, liorn to the uneven surface and absorb 
cwc:rgy a t  thcl time of contact. Therefore wt: need 
t o  t rc'itt t l l t x  "soft" contact problem to sirriulatc the 
c011tiic.t bclhavior of the spactu-aft. 

Thc tlynarrlic motion of the free-flying niult.ihody 
systtcm is descri1)ed by Equat,ion (1) wit,li thc pres- 
( W C P  of the external forces Fp. The magnitude of the 
forcw is tletermined by the compliant deformation 
and friction of the contact slirfac:c. 

Lvt us assume a point contact, t h ( ~ 1  the contact 
~rloment is zero and the tra~lslational (.ontact force f 
slionltl he discwsscd. If wc assume a r ~ o d e l  of clastic- 
plastic tleformat,ion in thv nornial ( 2 )  direction of tlic 
cont,art point,, and Coulomb friction ill thr. tangential 
directions (1. antl :I/): wc have tht: following general 
csprrssions: 

whrw d is the d tp th  of pcnct , ra t io~~ ant1 d is its vc- 
h i t , ? .  The kft-superscript { ' } indicat(~s the local 
coordinatt frarrie located on the cont.irc,t point. Also, 
/ I  is thc coef ic imt  of friction, and q is the angle tie- 
f i n d  by 

Thcrc are nnniber of discussions and still open 
questions on t,he above equat,ions in t l i ~  points that  
what nunlt~ers should bc used for A'; D,'r  arid s, and 
how to find a c:onsistent solution from irlcq~iality of 
the friction rrlodcl. Here in this paper. urc take an  ap- 
proach ftat,ured by a )  a linear spring-darnper model 
for the deformation rr~echanic.~, say r = s = 1. 1)) 
experimental cstirriation of K, D as is reported in [S]. 
=2nd c) wv take a special carc: on thrl treatrr~ent of 
frictional force. whic:li may easily yield physically im- 
possible solutions t,hat is called n e g a t r w  e n e r g y  l o s s  
by Bracll [7] .  

4 Simulation 

4.1 Model Parameters 

Figi rc  5 depic:t,s a drawing of MUSES-C uscd for thcl 
sirrlnlat,io~~. T h c  kinerr~atic antl dynamic parau~eters 
of main cornpo~imts arc list,ed in Tal)lr. 1. 

The sanipl(,r horn is assurr~ed corr~plia~lt in verti- 
cal (longitudinal) direction, hut cor~strairlt in other 
dircctio~ls. 

The at,t,;rc:hing point of the samplcr liorn is far 
away from thcl ~ e n t ~ r o i d ,  or the inertial principle axis 
of the maill hody. This off-axial att:tcliment yields 
significant rrlorricmt then angular rr~otion to the main 
body duc to the contact irnpulse, as will be seen in 
t,hc siniulation results lator. Howevc~r, a connecter 
interface with a launching rocket booster thkes place 
in the center of t,his surface, then thcw is no room t,o 
rrlourit tht, sampling horn or1 axis. 

The surfacc of t h r  asteroid is assumed with same 
or similar hardness arid damping of firebricks. The 
paramctcrs of th r  firebrick we identified uscd in 
the simulation. The surface is assumcd flat and hor- 
izontal. 



Table 2 Simnlation results: contact foxcr, time and rebounding velocities 

Figure 5: A drawing of MUSES-C used for sirnula- 
tion. Note that  this is not a final configuration, which 
is cwrrcntiy under discussion as of .June 1998. 

1-,. [ ~ n / s ]  
1 ,, [ ~ r i  /s] 
I i [III/S] 

J, [tfeg/s] 
d,, [dcg/s] 
d2 [deg/s] 
f ,,, ,, , [XI 

f,. /secl 

Table 1 Siniulation Parameters 

Inass of main body [kg] mo 1 409 
mornent of incrtia [kg.ni2] l o , ,  1 300 

irttachi~ig point of the. sampler -0.72 
horn fro111 t h ~  ccntroid 0.02 
of mail1 bodv jrri] -0.50 

Without horn compliance 
'u, = 0.0 [rn/s] 

-0.010 
-0.004 
0.OG-l 
0.133 
1.599 
0.017 

136.360 
0.785 

With horn cornpliancc~ 

~ n a s s  of sampler horn [kg] m l  I 1.0 
of inertia [kg.m2] 1 ,  1 1.0 

v ,  = -0.08 [rn/s] 
0.018 
-0.007 
0.093 
0.086 
0.339 
-0.021 
20.571 
6.150 

v, = 0.08 [m/s] 
0.146 
-0.004 
0.032 
0.069 
1.934 

0.0123 
15.304 
6.690 

4.2 Reaction of the Projector and 
Thrusters 

v, = 0.0 [m/s] 
0.086 
-0.006 
0.066 
0.077 
1.169 
-0.005 
17.962 
6.365 

1 1  . ,, 
I l z *  

complianct~ of the horn [N/m] K ,  
(1~11ipirig of the horn [Ns/m] D ,  
curnpliaricc of the asteroid [N/m] K  
cl;mping of the asteroid [Ks/m] D l  
friction coefficient 11 
i~iclination of the, surface jdrnl H 

T h t ~  roactio~i of t,he projector and the gas-jet 
t,iir~xitcrs are othclr so11rc:~s of external force o n  thc 

1 .o 
1 .o 
100 
4.3 

10000 
17.0 
0.5 
0 

Figure 6: Three cascs of contact velocity 

main body than the contact impulse. The reaction of 
tlie projector is estimated to yidd 3 [Nms]. Twelve 
of 22 [N] thrusters are mounted on the main body 
and four of them can be used to lift-off from the as- 
teroid. However in the following sirnulation, thest: 
forces arc. not accounted, in order to see the nature 
of thc physical contact and rebound. 

4.3 Contact Velocity 

Tht. nominal cont,act velocity i r i  vertical ( z )  direc- 
tion is -0.1 [m/s]. Tlie horizontal vr!locity, howevcr, 
may be more difficult to control. This is because tlir: 
height (vt,rtical distance.) can bv rncwiured by a rang- 
ing smsor,  hut there is riot an  ( m y  way to measure 
the liorizontal distance. Then wc sc:t a design inter- 
f x c  for liorizontal motion control to allow plus-rninns 
0.08 [ ~ n / s ] .  In the simnlation, WP r>valnate three cases 
of contact velocity as shown in Figure 6. 

4.4 Contact Force and Rebounding 
Motion 

Figurw 7 show an  cxarriplr of tlic simulation, where 
t h t ~  (.ontact forces, the horn-tip positions, and tlie at- 
titudc of spacecraft arc displaytd. As a parametric 
study. the rebounding (lift-off) velocities, the maxi- 
muni contact force f ,,,,,, and tht: contact duration 
tirnc t ,  are compared as listed in Table 2. 

T h t ~  right mlnmn is thc result witliout horn corn- 
pliancc t,o be compared with other three. It is clearly 
sho\vri that  thc vertical (longitudinal) con~pliance in 
thv sa~ripler liorn is very effecti1.t. to rcxluce the con- 



tact ~rrlplilw i ~ ~ l d  extend t h e  contact  d ~ i r a t i o n .  
A-lll rcwilts s l ion significant rotat ion a round  :y axis. 

This  is clue t,o t h e  rnonie~i t  of t h e  off-axial horn a t -  
tacl i~nrwt.  T h i s  rot,ation is very serious especially 
whew the. spacecraft has  horizontal velocity in + r  
clirtv.tio11 lwforc~ t,hr. contact ,  becatise this horizo~it,al 

Time (s) 

L I I I 3 
0 1 2 3 4 

Time (s) 

Time (s) 

Figure 7: Simulation: a set of force/rnotion 
profilv 

1 = 50 [s] 

t = 50 [s] 

t = 25 [S] 

rnotiori a c c e l ~ r i l t r s  tlie pitch r o t a t i o ~ ~ .  Figurc 8 de- 
picts a n  anirriatrd niotion in such a c~.iticid case. \\'e 
should carefully consider solutions t o  avoid this case. 
O n  t h e  o ther  hand ,  if t h e  spacecraft has  horizontal 
d o c i t y  in -s direction hefore t h e  (,ontact,  t h e  nio- 
mcrlt t)y t h e  off-axial horn a n d  t h e  ~rmrnent  t h e  
horizontal velocity will cancel each otlicrs, thus  yicld 
srnaller rotat ion.  

5 Conclusion 

In  this paper .  wc3 discussed t h e  d y n a ~ n i c s  sirnulation 
of tlirl 51USES-C spacecraft for ast twitf  sampling, 
from t h c  free-flying a n d  contact  dynarriics point of 
view. A rnathernatic~al model t o  deal with free-flying 
a n d  contact dynamics is devclopcd. T h e n  tlie dy- 
namics sirnulatior~s a r e  carried o u t  for fmsible touch- 
down cwnditio~ls. As a result of thcl s i~nula t ion ,  we 
find t h e  longi tudi~ial  corr ipl ianc~ in t,lic. sampler horn 
is e f f ~ c t i v r ,  ant1 point o u t  a critical s i t . ~ l i t t i o ~ ~  due  t o  
t,lic. off-axial attachrrierit of t h c  1ior11. We 11ew1 t o  
c:arr>flilly d(3sign t h r  sampling s t q w n c ~ c  a n d  control 
proccdrirt: to  avoid such hazardous,  a n d  clarify safcty 
~ n a r g i n s  by fur thcr  si~rillliltions. 
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