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Abstract. This paper presents a novel design of a four-legged “spider” robot capable of moving in a wide range
of two-dimensional tunnels. The robot moves in a quasistatic manner, by stably bracing itself against the tunnel
walls while moving its free parts to the next position. The design has been strongly influenced by the recent
immobilization theory of Rimon and Burdick (1998a, 1998b). The theory dictates the minimum number of limbs
such a mechanism can have, as well as the curvature of the mechanism footpads. The class of tunnel geometries
dictates other key parameters of the robot, such as limb dimensions and number of degrees of freedom of each
limb. We review the relevant components of the immobilization theory and describe its implications for the robot
design. Then we describe our choice of other key design parameters of the robot. The spider-like robot will move
under a worst-case assumption of slippery tunnel walls, and we also describe a locomotion strategy for the robot
under this assumption. Finally, we describe an immobilization-based control algorithm for executing the motion
strategy. The robot has been built, and experiments verifying its robustness with respect to leg-placement errors are
described.

Keywords: stable locomotion, multi-legged robots, immobilization, robot design

1. Introduction of collapsed structures for survivors, inspection and
testing of complex pipe systems, and maintenance of
In conventional motion planning a wheeled mobile hazardous structures such as nuclear reactors, all re-
robot navigates toward a goal configuration while quire motion in congested, unstructured, and complex
avoiding collision with obstacles. However, many mo- environments. Furthermore, in such environments the
tion planning problems are more suited for legged robotcannotalways rely on friction, as surfaces may be
robots that interact with the environment in order to wet, oily, oricy. Our goal isto develop ageneral purpose
achieve stable locomotion. For example, surveillance multi-limbed mechanism that uses quasistatic motion
to navigate in such environmentsguasistatic motion
“This research is supported by Grant 345/99 from the Israel Science iN€rtial effects due to moving parts of the robot are kept
Foundation. small relative to the forces and torques of interaction



280  Rimon, Shoval and Shapiro

between the robot and the environment. Motion is gen- Before discussing snake-like mechanisms, we note that
erated by reaction forces between the robot and the legged locomotion over a terrain is related to locomo-
environment, and the planning of a path to the goal is tion in congested environments. Examples of works in
subject to the constraint of maintaining stable equilib- this area are by McGeer (1989), Hirose and Kunieda
rium with the environment during the motion. (1991), Boissonnat et al. (1992), Marhefka and Orin
Spider-like and snake-like mechanisms are examples (1997), and Van-den-Doel and Pai (1997). However,
of robots that can move quasistatically in congested we focus on locomotion in congested tunnel-like envi-
environments, and we now mention several works in ronments rather than legged locomotion over a terrain.
these two areas. In previous work on spider-like mecha-  Snake-like mechanisms also interact with the
nisms, researchers have taken one of the following two environment during locomotion. They are related to
approaches. The first approach is exemplified by the spider-like mechanisms, since both mechanisms brace
pipe-crawling robots of Neubauer (1993, 1994), and themselves against the environment while moving free
Pfeiffer et al. (1996, 2000). In this approach a large parts toward a new position. Chrikjian and Burdick
number of simple limbs is used to stabilize the mech- (1993) and Shan and Koren (1993) developed snake-
anism during locomotion. Additional degrees of free- like mechanisms that move by locking some of their
dom are sometime added to the central base to obtainlinks to the ground while allowing other links to move.
the maneuverability necessary for moving in tunnel- These researchers, as well as Hirose and Morishima
like environments. The second approach is exempli- (1990), also investigated the use of motion patterns
fied by the ladder-climbing robot of Dubowsky et al. borrowed from biological snakes. However, all existing
(1992, 1999) and by the nuclear-reactor servicing robot snake-like mechanisms interact with the environment
of Stone et al. (1995). This approach seeks to design via frictional contacts with the ground. In contrast, we
robots with a small number of limbs each having arela- focus on locomotion where a spider-like robot stably
tively high degree of maneuverability. The central base braces itself against a tunnel-like environment while
in this approach is typically a simple rigid body. Each moving its free parts. Moreover, the robot is required
of the two approaches offers particular advantages, andto operate under the assumption of slippery contacts
researchers in this field seek to understand the conse{discussed below). Our problem is thus more akin to
quences, in terms of system performance, of trading the way biological snakes move over smooth terrains
between the two approaches in any particular design. (Gray, 1953). In such environments a snake propels
In this paper we take the second design approach. itself by bracing against protrusions in the ground while
Our main objective is to determine the smallest num- moving free parts of its body in the forward direction.
ber of limbs a spider-like robot can have, and to design ~ Our goal is thus to design an autonomous spider-
a viable mechanism having this number of limbs. The like robot capable of moving in a wide range of
design should not only include details of mechanical two-dimensional tunnels (Fig. 1). The mechanism is
structure, but also a motion paradigm for the spider and required to have the smallest number of limbs which
a control algorithm for executing the motion paradigm. still guarantee stable locomotion under the following

(a) (b)

Figure L (a) A conceptual design, and (b) top view of a spider robot moving in a two-dimensional tunnel environment.
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assumptions. First, we assume that each limb contactsture of various parts of the spider robot. Next we de-
the environment only through its distal link, called the scribe a locomotion strategy for the spider under the
footpad The footpads have no suction cups and can assumption of slippery tunnel walls. Then we describe
only push against the environment. Second, we study a control algorithm for executing the motion strategy
locomotion intwo-dimensional horizontal tunnels with by exploiting the immobilization forces applied by the
piecewise linear walldHowever, real tunnel walls may  tunnel walls on the spider. The spider has been built,
be wet, aily, or icy. Hence we assurakppery tunnel and we describe preliminary locomotion experiments
walls, so that locomotion must proceed without using that verify the mechanism’s robustness with respect to
friction. This restriction excludes tunnels of a particular footpad placement errors. The paper concludes with a
simple geometry (such as two parallel lines), but most discussion of future extension to locomotion in non-
unstructured congested environments do have a com-horizontal and frictional tunnel environments.
plex geometry with many possible footholds within
reach of the robot. Furthermore, since friction always 2. C-Space Approach to Rigid Body Mobility
acts toenhancethe stability of a mechanism contact-
ing the environment, a frictionless locomotion plan can In this section we describe the essential compo-
also be executed in a frictional environment. Our last nents of the immobilization theory developed by Ri-
assumption is that the spider movggasistatically mon and Burdick (1998a, 1998b), then draw con-
by stably bracing itself against the tunnel walls while clusions pertaining to the mechanical structure of
changing its internal configuration to allow motion of the spider robot. This theory is concerned with the
its free parts to the next position. This approach en- mobility of a rigid object B held by k station-
ables the robot to reliably operate even when unpre- ary andfrictionlessfinger bodiesA;, ..., Ak in an
dicted external forces are applied, such as drag forcesequilibrium grasp. The same analysis holds for a
from surrounding air or liquids, unexpected collisions, k-limbed mechanism bracing against an environment
or uneven loads. in a static equilibrium posture. If we momentarily
The paper is organized as follows. We firstreview the “freeze” the joints of the mechanism, the mechanism
relevant components of the immobilization theory of plays the role of the objed$, while the tunnel walls
Rimon and Burdick (1998a, 1998b). Then we describe play the role of the stationary bodigk, ..., Ax. The
how the theory dictates the smallest number of limbs a mobility analysis of 3 focuses on its configuration
spider-like mechanism can have, as well as the curva- space ¢-space. For planar bodies this configuration
ture of the footpads required for stability. The class of space is parametrized ly= (dy, dy, 8) € R3. The fin-
tunnel geometries dictates other key parameters of thegers or tunnel walls are represented in the configura-
robot, such as limb dimensions and number of degreestion space of3 as c-space obstacles-¢bstacles As
of freedom of each limb. We describe these design con- shown in Fig. 2, the c-obstacle due to a stationary body
siderations, accounting for issues such as the number of 4; is the set of all configurations wheantersects the
degrees of freedom, dimensions, and mechanical struc-stationary.4;. Thus, ifqy is B’s contact configuration

finger or section free motion enetration
of tunnel wall = halfspace alfspace

i’th c-obstacle

objectB -

tangent
0 plane__nm )
(dx.dy) 0 n, |
Lo [T
frame d, .
(a) (b)

Figure 2 The first-order approximation to the free motionstft o. &(0) and (0) are 1st order roll-slide motions(t) locally lies in
freespaceg(t) locally penetrates the c-obstacle.
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with A, qo lies on the c-obstacle boundary, denoted
Si. When B is contacted by bodies,qg lies on the
intersection ofS; fori =1, ..., k. We denote tangent
vectors in c-space by, and use the notatiofyR® and
TqSi for the tangent space & andS; atq.

2.1. 1stand 2nd Order Free Motions

The mobility of B relative to the bodiesls, ..., Ax is
characterized by the following notion of free motions.
By definition, thefree motionsof B are those local
motions of3 along which it either breaks away from or
maintains surface contact with the bodiés . . ., Ax.

In c-space, the free motions Bfat gy are the c-space
paths that emanate fromqy and locally lie in thefree
c-space which is the complement of the c-obstacle
interiors. The first-order geometry of the free paths and

the c-obstacle boundaries determines what we term the

first-order mobilityof B atdy. Formalizing this notion,
let iy (o) be the outward pointing unit normal & at
0o (Fig. 2(b)). Then the 1sirder free motion®f B at
do is the set (halfspace af,,R®) of tangent vectors
satisfying:

M(do) 2 (G € TgR® : ni(qo) - q > O}

Tangent vectorg TqO]R3 satisfying n(qo) - g =0 are
called 1sborder roll-slide motionswhile the other tan-
gent vectors irMil(qo) are called 1sbrder escape mo-
tions Fork fingers or tunngl walls, the set of 1st order
_____ (o) = N_1 M (o).

In other words, along 1st order escape motifhs
increases its distance frad to first-order, which im-
plies that it locally breaks away fromd;. Along 1st
order roll-slide motions3 maintains surface contact
with A4; to first-order, andt is not possibleto deter-
mine from first-order considerationgiflocally breaks
away or penetrated;. For example, the c-space curves
a(t) andB(t) in Fig. 2 have the same tangent vector
at qo, and thus are equivalent to first-order. Yt)
locally lies in the free c-space, whif(t) locally pen-
etrates the c-obstacle. As we shall sak,the free
motions ofB at a frictionless equilibrium grasp or
posture are necessarily roll-slide to first-ord@tus,
in order to fully characterize the mobility d8 at an
equilibrium grasp or posture, the second-order prop-
erties of its local motions must be considered. This
insight, and the ensuing 2nd order index, are a major
new tool which is employed in the design of the spider
robot.

The second-order geometry of the free-motion
curves and the c-obstacle boundaries is determined
by their curvature and curvature form, respectively.
The curvature form describing the curvature o
atqo € S, is given by the quadratic form (qo, §) =
q" Dni (qo)d, whereg € Tq, S andDn; is the derivative
of the unit normah;. Ref. Rimon and Burdick (1998a)
contains a formula fot; (qp, q) in terms of the surface
normals and curvatures of the contacting bodies. The
free-motion curves are determined to second-order by
their velocity and acceleratioat qp, as follows. The
2ndorder free motionsf B atqp is the subset ofg, )
satisfying:

M?2(do) = {(d, §) : mi(0p) - g=0 and
q'[Dn; (Go)]1§ + i (do) - § > O}

Analogous to the first-order case, pdies §) that sat-
isfy i (qo) - =0 andq[Dn;(go)]q + ni(qo) - =0

are called 2narder roll-slide motionswhile the other
pairs inM2(qp) are called 2narder escape motions
Note that the definition of 2nd order free motions fo-
cuses on those curves which are 1st order roll-slide
motions. It is important to stress again that 1st order
roll-slide motions are the only motions available for
whenitis held in an equilibrium grasp or posture. Thus,
if all the 1st order roll-slide motions d are 2nd order
penetration motions3 is completely immobilized at
the equilibrium.

2.2. 1stand 2nd Order Mobility Indices

We say that5 is completely immobild its configura-
tion qg is completely isolated from the free c-space by
the c-obstacles associated with the bodlgs. . . , Ax.
Physically, this means that all the local c-space mo-
tions of B which start aigy cause the object to pene-
trate the bodiesly, .. ., Ax. We now describe mobility
indices which are useful for quantifying the amount of
free-motions available t8 at an equilibrium. Theno-
bility indices are coordinate invariant integer-valued
functions that measure the instantaneous mobilit§ of
when it is held in a frictionless equilibrium grasp or
posture byk bodiesA;, .. ., Ax. At an equilibrium the
net wrench (force and torque) generated by the con-
tact forces is zero. It can be verified that the wrench
generated by a contact force which acts alongithe
contact normal is a positive multidlef the c-obstacle
normal nR(ge). An equilibrium grasp or posturas
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therefore characterized by the condition that zero lies By definition, méo is an upper bound on the possible

in the convex hull of a(qp), . .., Nk(qo). Thatis, there
exist scalars.q, ..., A such that
A1ny(Qo) + - - - + Ai(Qo) =0, 1)
wherei; >0 andzik:l A =1
At a k-contact equilibrium grasp or posture,
the intersection of the 1st order free motion

values ofnj i.e.,0<m3 < mg .Hencesecond-order

(or curvature effects always act to reduce the mobility
of B. We say thaf3 isimmobile to second-ordevhen

mﬁo =0. Fork>4 contactsmé0 =0, andB is com-
pletely immobile to first-order. However, if we wish to
reduce the number of contacts, we must use second-
order effects. In other words, by suitable choice of cur-
vature at the contacts, it is possible to immobilize

halfspaces associated with the individual contacts, ysing onlyk =2, 3 contacts. In these casBss not im-

ML | (0o) = NF_, M(qp), forms a subspace. This

RN

mobile to first-orderméo > 0), but may be immobile

subspace is the set of instantaneous motions which areyg second-ordem@Z, =0).

simultaneously 1st order free with respect to each of

the bodies4y, .. ., Ax. The 1siorder mobility indeof

an equilibrium grasp or posture is defined as the dimen- 2-3-  Graphical Depiction of the Free Motions

wherek is the number of contacts. Immobilization of

We wish to determine suitable footpads curvature that
would guarantee second-order immobilization of the

B by first-order effects is achieved when the 1st order Mechanism using onthreecontacts with the environ-

mobility index vanishes. Thus at ledst=4 contacts
are required for first-order immobilization. It follows

that a legged mechanism moving in a frictionless two-

dimensional environment requires at Ifastlimbs, as

ment. To do this, we first present a graphical technique
for rendering the 1st and 2nd order free motions. The
1st order roll-slide motions correspond to tangent vec-
torsinT,,Si. For planar bodies, these motions admitthe

one limb must always be free to move to a new position. Parametrization depicted in Fig. 3(a). letenote the
However, it is possible to further reduce the number line of the contact normal betweef) andB5. Let p; be

of limbs by considering second-order (or curvature) ef- the distance alorlgfrom theith contact point, such that

fects at the contacts. The 2nd order mobility index for i IS positive on5’s side of the contact and negative on

a k-contact equilibrium grasp or posture is based on -Ai's side. Then the tangent vectorsTigS; correspond

the c-space curvature form &f, «;i(qo, ). Consider
the coefficients\; in the equilibrium condition (1). It
is shown in Rimon and Burdick (1998b) that the

to instantaneous rotations Bfabout points on the line
li ata distance;, asp; sweeps; from —oo to co. Note
thatp; is allowed to attain values iR U {oco}, with the

weighted sum of the c-obstacle curvatures, called the interpretation that rotation about an axis “at infinity”

relative c-space curvaturdas a coordinate invariant

gives pure translation in a direction perpendiculdr to

structure which is related to the second-order mobility 1hus, for planar bodies we can parametrize the tangent
of B at the equilibrium. These notions are made precise Plan€Tq,Si by the parameters andw, wherew is the

in the following definition.

Definition1. LetAq, ..., A be the coefficients inthe
k-contact equilibrium equation (1). Let thespace

relative curvature form of the equilibrium be the
quadratic form:

K
krel(Qo, @) = Z Aiki(Qo, 9)
=

.....

Thentheé2nd order mobility index of the equilibrium,
denotedmgo, is thenumber of non-negative eigen-
valuesof the matrix of the c-space relative curvature

krel(Co, ).

angular velocity about an axis located at a distgnce
onlj.

Next we describe a graphical partition of the line
into 2nd order free and 2nd order penetration motions
(Fig. 3(b)). Letr 4, andrg be the radii of curvature
of A; andB at the contact point. It is shown in Ref.
(Rimon and Burdick, 1998a) that the curvature form
ki (g, g) can be written foy = (0, w) as:

ki (d, (0, w)) = (o —15)(pi +T4)0% (2)

r.Ai + rBi
whereq = (0, w) represents instantaneous rotation of
B about a point at a distangg alongl;. Since the
tangent spac&,S; corresponds to these instantaneous
rotations, the sign of; (g, q) for all g € T4S; can be
determined by evaluating (2) ferco < p; < oco. For
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|
V line of 1’st order free motions .
""" which lie in tangent plane TqOSi g :

intervals of interval of
axes which cause (A, i/ axes which cause
. B to break away -
/ i’th contact from A, Y B‘VtO penetrate A;

point

| V .
Py axis k- P, axis

@ Y ) Y

Figure 3 Graphical depiction of (a) the 1st order roll-slide motions, and (b) the 2nd order motighwitti respect ta4; .

example, ifB and.A4; are convex at the contact point, 1990; Reuleaux, 1963). However, Czyzowicz et al.

thenrp > 0 andr 4 > 0. In this case the curvature (1991) and Rimon and Burdick (1995) have recently
is negative forp; in the interval—r 4 < pi <rp,, and shown that generic 2D objects can be immobilized
positive in the intervalg; < —r 4, andp; > rgz. Ifone by only three frictionless fingers with convex shape,

of the bodies B say, is concave at the contact point, provided that the fingers are sufficiently flat at the
thenrz < 0 and the curvature is negative in the interval contacts. Equivalentlyany multi-limbed mechanism

—lrgl<p < —ry. can immobilize itself in a frictionless two-dimensional
o . _ environment using only three limbs with sufficiently flat
2.4. Implications for the Spider’s Design convex footpadd.he spider must therefore have at least

fourlimbs—three limbs forimmobilization and at least
We now discuss some implications of the immobiliza- one additional limb for establishing a new foothold dur-
tion theory to the spider’s structure. The 1st and 2nd inglocomotion. In our prototype, we have chosento use
order mobility indices allow immobilization which is  the minimum number of four limbs for the spider.
based on surface curvature in addition to the more con- et us consider the proper choice of footpad curva-
ventional reliance on contact normals. Based on con- ture. In a 3-legged equilibrium, the contact-force lines
ventional first-order considerations, it was previously must intersect at a common poipt(Fig. 4). The set
thought thatfour frictionless contacts are required to  of 1st order roll-slide motions available to the mecha-
immobilize generic 2D objects (Markenscoff et al., nism is a one-dimensional subspace (sintﬂg:l),

Al N
footpad o= TTre.
N #l footpad !
#1 '

!
Y ! footpad radius
i

footpad radius-~~ | P | , of curvature r
of curvaturer 1! P1 /
\ !
concurrency point \ Y /
of force lines ~-. e \ e
AN A
E%;\\Pz Az B«";’\ Py /B2
Py = .l P3- v/ R
. \ e \
' footpad AN *'\ footpad N
A footpad #2 A footpad #2
3 / #3 3 #3
(a) (b)

Figure 4. (a) The spider is not immobile since< p; . (b) The spider is immobile since the footpads satisfyp; fori =1, 2, 3.



consisting of instantaneous rotations of the mecha-
nism aboutp. (That is, instantaneous rotations of
the mechanism as a single rigid body.) For complete
immobility we must havelzng0 =0. This condition can
be interpreted as the requirement that the footpads be
sufficiently flat at the contacts, as to prevent instanta-
neous rotations of the mechanism abpu# sufficient
condition formg0 =0 is thatthe radius of curvature of
the ith footpad be larger than the distance between
the ith contact point and the concurrency point p
for i =1, 2, 3. In this case the c-space curvature of
each contact satisfies < O for instantaneous rotations
about p (Eq. (2)), andke= Y °_, Aiki <0. Conse-
quentlymgo =0 and the mechanism is completely im-
mobilized by the tunnel walls. The footpads in Fig. 4
have a radius of curvature and the distance between
theith contact andp is pj. Whenr < p; the spider is
notimmobile, since in this case rotation of the mecha-
nism aboutp is 2nd order free for each of the contacts
(Fig. 4(a)). When the footpads’ radius-of-curvature is
larger than the tunnel’s width, the sufficient condition
holds true and the mechanism is completely immobi-
lized (Fig. 4(b)).

In general, for any given tunnel geometry there
exists an upper bound on the footpads’ curvature
which guarantees immobilization of the mechanism in
every 3-legged posture in the tunnel (Rimon et al.,
1999). This bound depends on the maximal distance
of the point p from the contacts in the given tunnel,
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In our case, this means thidtreelimbs must be used
in order to guarantee immobilization of the spider in
arbitrary tunnel environments.

3. Spider Robot Design Considerations

Thus far we have established that the spider will have
four limbs, with the footpads’ curvature sufficiently
flat as to guarantee immobilization. In this section we
describe the considerations that have led us to choose
other key design parameters of the spider. First we con-
sider kinematic parameters—the number of degrees of
freedom and the dimensions of the spider. Then we
consider the mechanical structure of the spider’s limbs
and footpads.

3.1. The Number of Degrees of Freedom

As discussed below, the spider alternates between two
modes of locomotion. In the first mode, calléohb
lifting, the spider braces itself against the environment
with three limbs and lifts its fourth limb to a new po-
sition. In the second mode, calléichb repositioning
the spider contacts the environment with all four limbs
while repositioning its contacts with the environment
as to allow lifting of a new limb. See Section 4 for more
details.

We now discuss our choice of the number of degrees

and itincreases as the tunnel-segments become parallebf freedom for each limb of the spider. First consider the
to the tunnel’s central axis. In our design, we have se- limb-repositioning mode of locomotion. We wish to al-
lected the footpads’ radius-of-curvature to be 1.5 times low arbitrary placement of the central body in the plane
the tunnel’'s average width. This choice guarantees (position and orientation) during this mode of locomo-
immobilization of all 3-legged postures whose inter- tion. The closed-loop mechanism formed by the spider
section pointp lies at a distance of tunnel-width away bracing against the environment should have at least
from the tunnel’s central axis. three degrees of freedom. Moreover, we wish to attain
Finally, we note that the lower bound of three limbs this degree of mobility when the four footpads of the
is a tight lower bound, for the following reasons. If spider are stationary with respect to the environment.
one wishes to use only two limbs, one must either (For clarity, we note that each limb has a single footpad
use friction or exploit concavities in the environment. which forms the distal link of the limb.) In general, the
However, our focus is on locomotion which makes number of degrees of freedom of a planar mechanism
no use of frictional effects. As for exploiting con- consisting of #link links and #joint joints is:
cavities, we assume piecewise-linear tunnel walls, and
these walls form concavities only at particular corners.
Rather than seek these relatively rare localities, we as-
sume that the limbs contact the environment anywhere where the number of links includes a stationary link
along the linear (hence convex) tunnel walls. However, representing the environment. Ligt,, be the number
there are well known examples inthe grasping literature of links in each limb. Since each limb is a serial chain,
(Rimon and Burdick, 1995) of objects which cannot be there aren;mp joints in each limb, and consequently
immobilized with only two frictionless convex fingers.  #joint=4n;n,. The spider has four limbs, and the

# d.O.f.: 3(#||nk - 1envir0nmen) - 2#]0|nt, (3)
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distal link of each limb (the footpad) remains station- A large maneuverability index is more desirable,
ary. Hence #link= 4njimp + centra-body + Lenvironment— since it reflects an increased ability of the spider to
4ootpads Substituting these values in (3) gives: move in a given tunnel environment. In our design,
we have assumed tunnels with a maneuverability in-
#d.0.f. = 3(4Njimb + Leentratbody — Hootpadd — SMiimb dex ofM =10, which gives the ratiub = 5. However, -
A — 9 YVhI.|e a largeM increases the spider’s maneuvergbn-
’ ity, it causes an undesirable overlap between the limbs’
reachable areas. This concern is addressed by the spi-
der’s mechanical structure discussed below.
Next we focus on the spidertadius of reachabil-
ity, defined asR=1 + b/2. This radius represents the
distance from the center of the central body to the end
of a completely stretched limb. The choiceR®influ-
ences the ability of the robot to reach desired footholds
along the tunnel walls. To understand this influence,
consider a particular triplet of tunnel segments, denoted
li,, li,, li;. (The tunnel, recall, has piecewise linear

The requirement #d.0o£4njmp — 9>3 implies
that njmp > 3. Thusthree links and three joints for
each limb would suffice during limb repositioning.
Consider now the limb-lifting mode of locomotion.
We may assume that the central-body makes only local
motions during this mode of locomotion. The free limb
therefore has an essentially fixed base while it attempts
to reach a new foothold position. In principal the limb’s
three degrees of freedom should suffice to arbitrarily

P'ace its footpad in the plan_e (position and orienta_- walls.) At a 3-legged equilibrium posture the contact-
tion). However, when operating in a congested envi- force lines intersect at a common poipt The col-

ronn:jent, additional (?jegrees of flreedom are_requllred lection of pointsp corresponding to all possible equi-
i or erdto accolmbmo ate o ts)tac efs'"BUt motion p ?n' librium footholds onl;,, I;,. I, is a polygonal region
nlnghan cokr;tro f(;come sufs%tant(lja y more complexX jenoted P..i..i; (Fig. 5(a)). For frictionless contacts
as the number of degrees of freedom increases. (ES'P.MZJS is simply the intersection of the strips perpen-
peually since '_[he total number of degrees-_of-freedom dicular to the segments, I;,, I;,. The collection of all
increases by mcrembgll_wts or:‘.Ifour.).T_hus, in order gln polygonsP, i, 1., whereiy, i, i3 range over the tunnel
Increase maneuverability while retaining amanageable goq ments, describes all possible 3-legged equilibrium
mechanism complexity, we adeeadditional link and

- hlimb ting ifour links andfour ol postures in a given tunnél.
]fglrnetzgf:ﬁ?i(;nblm ; resulting ifourlinks andfourjoints Next we impose a reachability constraint on the

polygonsP, i, i,. Figure 6 shows a randomly selected
piecewise-linear tunnel whose average width is one
3.2. The Spider’s Dimensions unit. For each triplet;,, I;,, I;, of tunnel segments, we
first determine the corresponding equilibria polygon
We now describe our choice of two key dimensions R, ;,i,. Then we discretizé,, j, i,, and for each point
of the spider robot. The central body of the spider is pe P, ,i, perform the following two steps. First we
made of a thick square plate, and the first parameter is determine the location of the footholds corresponding
the width, denotedb, of the central body. The second to p on the tunnel segments, l;,, l;,. Then we plot
parameter is the total length, denoteaf each limb. the region formed by intersecting three discs of radius
(The dimension of the individual links is determined R (the robot’s radius), centered at the three footholds
below.) The ratid /b is related to the desired maneu- (Fig. 5). The resultingeachability regionrepresents
verability of the spider as follows. LDy, and Dpmax all central-body locations from which triplets of equi-
be the minimal and maximal widths of the tunnel. Then librium footholds on the segments, |;,, |, can be
b must be smaller thab,, to allow motion of the cen- reached. Figure 6 shows the resulting reachability re-
tral body through the tunnel, while the quantity- 2| gions for several robot diameters. To allow a continuous
must be larger thaiD, to allow the spider to reach  motion of the central bodyR should be chosen such
both sides of the tunnel. Assuming tHat,i, = b and that the reachability regions form a contiguous area
Dmax=b + 21, we define thenaneuverability indeas along the tunnel. As the figure shows, a robot diameter
the ratio: of 2R=1.15 units already provides ample overlap of
the reachability regions. In our experiment the tunnel’s
M= Drmax —14+ 2'__ (4) average widthis 1.1 meters, and we selected the spider’s
Drmin b diameter as R = 1.3 meters. Combining the equations
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reachability
region

(@)

(b)

Figure 5 (a) The equilibrium region formed by intersecting three vertical strips. (b) The reachability region corresponding to a particular
triplet of footholds.

2R=2 + b=1.3 with I/b=5, the limbs’ length is
| =60 cm and the central-body’s sizelis=12 cm.

3.3. Limbs Mechanical Design

First we describe how the limbs are attached to the
central body. To minimize inter-link interference, we
designed two types of limbs—an upper and a lower
limb. In an upper limb all driving mechanisms are po-
sitioned upward, above the plane of the central body.
In a lower limb all driving mechanisms are positioned
downward, underneath the central body. To minimize
inter-link interference, the spider has two upper limbs
and two lower limbs. As Fig. 7(a) shows, the upper
limbs never interfere with the lower limbs (except for
Figure 6 Reachability regions corresponding to a unit-width tun- & POssible interference of the passive supports, dis-
nel. (a) R=0.85 units, (b) R=1.05 units, (c) R=1.15 units. cussed below). Furthermore, to minimize interference

linear actuator

encoder -...D
motor  ——gy [D
I
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footpad \ o
central body .(," - L_I 1 L
motor —p 5 -}
encoder —W5 U
balancingroller —_
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Figure 7. (a) Schematic description of the upper and lower limbs. (b) An upper limb in its retracted configuration.



288  Rimon, Shoval and Shapiro

between the two upper (lower) limbs, these limbs are a screw-adjustable variation of 33% in the length of
attached at diagonally opposite corners of the central each link.
body. The resulting design allows simultaneous motion
of the four limbs with minimal inter-link interference.  3.4. Footpad Mechanical Design

Next we describe the spider's weight supports.
Recall that the spider moves in a horizontal two- The distal links of the limbs, or footpads, are the only
dimensional tunnel by pushing againstthe tunnelwalls. parts of the robot that contact the environment. As
However, gravitational forces in the direction normal discussed above, the footpads curvature must be suf-
to the horizontal plane may generate a torque that canficiently flat to guarantee immobilization of the spi-
tip the robot out of the horizontal plane. The spider's der during 3-legged bracing. Since the tunnel walls
weight must therefore be supported in a way which are assumed piecewise linear, perfectly flat footpads
would prevent its tilting during locomotion. Figure would give the bestimmobilization. However, we wish
7(a) shows the two types of supporting mechanisms to avoid the overhead incurred by controlling the place-
attached to the robot. The first mechanism is a balanc- ment of such footpads. We therefore designed two types
ing roller-ball attached underneath the central body and of footpads which are easier to control. The first foot-
the third link of the lower limbs. The second mecha- pad design, shown in Fig. 8(a), is a single body curved
nism is a linearly actuated roller-pad support, attached with a large radius-of-curvature that guarantees immo-
underneath the third link of the upper limbs. The latter bilization. The curved footpads can easily establish a
support is actuated as to allow its lifting when an upper point-contact with the environment, and by controlling
limb passes over a lower limb. The resulting arrange- the location of these contacts with the environment we
ment of five supports provides ample balancing of the can establish immobile equilibrium postures.

spider against any gravitational tilting. The second footpad design simulates a flat footpad
To achieve maximum mation flexibility of eachlimb,  (which gives maximal immobilization), while avoid-
we selected the links’ length in decreasingorder. ing the overhead involved in placing a flat footpad on

The link closest to the central body is 24 cm long, a flat surface. This footpad also reduces the contact
and the next ones have lengths of 18 cm, 14 cm, and friction to almost zero, allowing validation of the spi-

4 cm. These lengths allow each limb to completely der’'s locomotion in a truly slippery environment. As

retract into its first link, allowing the robot to maneuver Fig. 8(b) shows, the footpad mechanism consists of a
itself in congested environments and through narrow rotating triangular flange with two roller-bearings at

passageways. Figure 7(b) shows an upper limb in its each edge, and an electromagnetic clutch that controls
retracted configuration. Note that the balancing roller- the flange’s rotation axis. When the footpad reaches
pad is lifted into a special cavity, so that it would not a contact surface, the clutch is released and one of the
interfere with the motion of the links. Finally, each flange's edges passively adjusts itself to the contact sur-
link is designed to have an adjustable length, allowing face. When contactis established, the clutchis activated

roller bearing

: ; distal link
distal link motor s e igis

R electrical brake
%

curved shape
(1) )

Figure 8 Two footpad designs. (a) A geometric curvature design. (b) A frictionless contact design.




and the footpad becomes a rigid body with two roller-
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the other two limbs maintain a fixed contact with the

bearings in contact with the environment. The bearings environment. For example, in Fig. 9(b) the spider slides

allow only perpendicular forces to be transferred at the
contacts, thereby emulating a truly slippery environ-
ment. Itis worth mentioning that Nagakubo and Hirose
(1994) employed similar footpads in their design of a
quadruped wall-climbing robot.

4. The Spider Robot Motion

We now describe a motion paradigm that allows
quasistatic locomotion of the spider in a slippery tun-
nel environment. The motion consists of two phases
which repeat until the spider reaches its goal. In the
first phase, calletimb lifting, the spider braces against

the environment with three limbs while the fourth limb

moves toward a new foothold position. During this mo-

the limbsL, and L3 along the tunnel walls, while the
limbs L, andL,4 maintain a fixed contact with the en-
vironment. During this sliding, the intersection point
of the force-lines of the limb& , and L3z moves for-
ward, until it reaches the stationary force-line Lof.
Now the limbsL4, Ly, L3 form a 3-legged equilib-
rium posture, and the spider can lift the lirh. Note
that in both modes of locomotion the spider is contin-
uously immobile with respect to the tunnel walls. Dur-
ing limb lifting the spider is immobilized by surface
curvature effectsr(%O >0 andmgO =0). During limb
repositioning the spider is immobilized by first-order
effects (ncl10 =0). Immobilization implies that the natu-
rally occurring compliance at the contacts stabilizes the
mechanism against any external disturbances (Rimon

tion the central base and the three limbs contacting the and Burdic, 1998b). Hence, if the inertial forces due to

environment move in away which keeps the contacting
footpads stationary with respect to the environment. At
the end of a limb-lifting phase all four limbs contact the
environment. However, before the spider can lift a new
limb, it must ensure that the remaining three limbs form
an equilibrium posture. For clarity, let the limbs be de-
notedLq, Ly, L3, L4. Suppose that the spider initially
lifts the limb L1, while the limbsL,, L3, L4 maintain
a 3-legged equilibrium posture (Fig. 9(a)). To be able
to lift a new limb, sayl 4, the spider must first ensure
that the force-lines of the limbkq, Lo, L3 intersect
at a common point. However, the limhs andL 3 are
common to both limb-triplets, and the force-lined of
andL ; intersect at a unique point. Hence we must first
move the location of the contact points of the limbs
andL 3 with the tunnel walls before the limb, can be
lifted.

In the second phase, calléithb repositioning the
spider slides two limbs along the tunnel walls, while

4

aq,
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forces : : Liis 1ifted
intersection, JTT} 1o a new
point ' 2 podtion
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moving parts of the spider are kept small, the reaction
forces at the contacts would automatically compen-
sate for the inertial forces, resulting idacally stable
locomotionof the mechanism.

The planning of the spider’s motion using the two
modes of locomotion involves other issues not consid-
ered here. First, we must select a sequence of foothold
positions which leads the spider to its goal, such that
each new foothold is reachable from the spider’s cur-
rent position. Second, we must generate a collision-
free trajectory which moves the spider between suc-
cessive footholds according to the above two modes of
locomotion. A motion planner that performs all these
tasks will be described in a future paper. We also note
a related work by Madhani and Dubowsky on plan-
ning the motion of spider-like mechanisms (Madhani
and Dubowsky, 1997). However, they use friction ef-
fects while we consider motion that does not rely on
friction.

v
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Figure 9. The two motion phases of the spider. (a) Limb liftinglaf. (b) Limb repositioning in preparation for the lifting &f;.



290 Rimon, Shoval and Shapiro

5. An Immobilization-Based Control orientation. In other words, the tunnel walls will au-
for the Spider tomatically cancel all sufficiently small inertial forces
generated by the moving parts of the spider. When the
In this section we describe a control methodology for free limb reaches its destination, the associated inertial
executing the motion phases described above. First weforces vanish, and the spider’s contacting footpads will
give an overview of the method, then discuss its tech- settle at their precise original location.
nical details. We note that Pfeiffer et al. (2000) have suggested
an alternative control approach for spider-like robots
i which also relies on compliance at the contacts.
5.1. Overview of the Control Approach However, their objective is to control the forces at the
) ) ) contacts rather than the configuration of the spider.
The spider has four limbs each having four actuated conroliing the contact forces seems harder than
degrees of freedom. The central base of the spider poS-merely maintaining the contacts at a desired position,
sesses additiona] three degrees of freedom. The.spidersince the contact forces depend on the material prop-
thus has atotal afineteerdegrees of freedom, ofwhich  giieg of the footpads and the environment, and these

only sixteenare actuated. However, the spidemist properties may vary widely in any practical scenario.
an underactuated system. Consider for simplicity the

limb-lifting mode of locomotion. During this motion
phase the spider braces itself with three limbs while 5.2. Details of the Control Law
the fourth limb moves to a new position. The contact-
ing limbs introduce three scalar constraints which ef- Firstletusintroduce some notation. lgete R*denote
fectively force the spider to move in a 16-dimensional the ith limb joint vector, and lef = (q1, 02, 03, Ga)
manifold, denotedV’, which lies in the 19-dimensional < R denote the entire spider joint vector. gt R1®
configuration space of the spider. The control problem denote théth limb torque vector, and lete R denote
is how to transfer the torques generated by the spider’s the entire spider joint torques. The configuration of the
sixteen actuators to the 16-dimensional manif&ld spider’s central base (position and orientation) is de-
In particular, we wish to induce forces and torques on noted by the vectas, € R3, and the entire configuration
the spider’s central base in order to bring it to a desired of the spider is denoted by the vectpe (qp, ) € R™°.
position and orientation. The contact point between tht limb and the environ-
Our control approach relies on the immobilization ment, described in a fixed reference frame, is denoted
of the spider by the tunnel walls. As long as the foot- x; € R?. The pointx; depends on the configuration of
pads maintain an immobilizing posture with respect to the central base and thh limb, and we write this de-
the environment, the reaction forces generated by the pendency as; (q», G ). The contact force applied by the
natural compliance present at the contacts will tend environment to théth footpad is denoted bf; € R?.
to stabilize the mechanism as a single rigid body. See Note that wherf = 0 theith limb is not contacting the
Refs. Howard and Kumar (1996) and Lin et al. (1997) environment. Each contact forée induces a wrench
for a Hertz model analysis of this process. Our con- (i.e. force and torque) on the central base, and torques
trol approach thus consists of the following active and on the joints of theth limb. The vectonw; € R*® de-
passive components. The active component is imple- notes these wrench and torques, with the understanding
mented by servoing the spider’s joint actuatorsinaway thatw; has zeroes at the components corresponding to
which keeps the contacting footpads fixed relative to the other limbs. The net wrench and torques due to all
each other. From the perspective of the tunnel walls, contact forces is the suft; _, w;.
the mechanism consequently behaves as a single rigid In general, each vectar; is given by the formula
body immobilized by the tunnel walls. Note, however, w; = Dx; (0, G;)" Fi, whereDx; (Qp, q) is the 2x 19
that we are still free to guide the spider’s free limb and Jacobian matrix ofx; (qp, ;). (Here again,w; has
central base along any desired trajectory, as long aszeroes in the components corresponding to the other
the contacting footpads remain fixed relative to each limbs.) In our case, we assume that the contact forces
other. The passive component of the control relies on are generated by compliance effects at the contacts.
the reaction forces generated by the tunnel walls. TheseThese compliance effects are governed byekastic
forces act through the footpads and tend to keep the potential energy functiofRimon and Burdick, 1998),
spider as a single rigid body at the same position and whose value depends on the amount of penetration of



the ith footpad into the tunnel walls. Intuitively, any
configurationq = (g, §) of the spider determines a
particular penetration of thih limb into the tunnel
wall, and this penetration determines a particular value
for the elastic potential energy at titk contact. We de-
note byIT; (q) the elastic potential at thth contact, and
note thatll; is non-negative and vanishes when itte
footpad is disjoint from the tunnel walls. The torques-
and-wrench vectap; due to the elastic potential energy
I; is given byw; = DX (G, G) " F = — VIT; (Q).

We can now write the dynamical equation of the
spidef:

4
=Y Vi@, (5

0
T i=1

M(@)4 + B(q,q) = ( )
whereM (q) is the 19x 19 inertia matrix of the spider,
and B(q, g) is the term corresponding to centrifugal

and Coriolis forces acting along the spider’s nineteen
degrees of freedom. The vectdrappearing in (5) is

a vector of three zeroes, corresponding to the unactu-
ated degrees of freedom of the spider’s central base.
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where the proportional and damping matri¢és and
Kq are 16x 16 positive definite matrices. A choice
of diagonal matrice¥ , andKy gives adecentralized
control of the spider, where every joint controller need
only know its own state.

A proof of stability of the control law (6) is sketched
in the appendix. We have implemented a dynamic sim-
ulation of the closed-loop spider system, using the
Hertz contact model for the compliance at the contacts.
The simulations show excellent convergence properties
of the control method in both modes of locomotion of
the spider. For example, using material properties of
Aluminum at the contacts, the spider converges to a
desired limb position within 5 cm range in less than
0.05 seconds. Using material properties of Rubber at
the contacts, the spider converges to a desired limb po-
sition within 5 cm range in a slower time of less than 0.5
seconds. The simulation results as well as full locomo-
tion experiments will be discussed in a future paper that
will focus on the immobilization-based controller. The
future paper will also provide a procedure for select-
ing the matricek , andKg in (6) according to desired

As discussed above, our control approach consists of Performance criteria.

servoing the spider’s joints in a way which keeps the
contacting footpad fixed relative to each other. At each
control step, a high-level motion planner provides the
controller with a desired collision-free configuration
for the spider, denoteqgl® = (g, §*). The motion plan-
ner additionally ensures that @&= g* the three con-
tacting footpads are at their original bracing position
with respect to each other. We use the following sim-
ple PD law to servo the spider’s joints about the desired
joint valuesqg*:

T(t) = —Kp(@t) — %) — Kqq(t),

(6)

6. Experiments with the Spider Robot

The spider robot has been built and snapshots of the
spider bracing againsttunnel walls are shown in Fig. 10.
The actuators and sensors used by the mechanism are
the standard ones. Specifically, the spider is actuated
by small Maxon DC servo-motors each having an op-
tical encoder, and the position and orientation of the
central-base is measured by a CCD camera mounted
above the experiment. In this section we describe ex-
periments that verify the robustness of the mechanism’s

Figure 10  Snapshots showing top and side views of the spider bracing against tunnel walls.
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equilibrium postures with respect to small footpad errors$ is: n=348F,. If we assume frictional contacts,
placement errors. these contacts generate tangential forces that compen-
First, consider 3-legged equilibrium postures. These sate for the torque. Let f; denote the magnitude of
postures are particularly sensitive to footpad place- the tangential frictional force at thiéh contact. Then
ment errors, since arbitrarily small placement errors the frictional torque aboup is p; fi, and for equilib-
would yield force-lines that do not intersect at a com- rium of torques aboup we must have) = Z?:l oi fi.
mon point as required for equilibrium. We now de- Letting  be the coefficient of friction,f; <uF; ac-
scribe two approaches that compensate for such errors.cording to the Coulomb friction law. Substituting the
The first approach replaces the footpads that maintain inequality f; < wF; in the equilibrium condition gives:
a single contact point with the environment with foot- § < (u Z?:l pi Fi)/F,. Any footpad placement error
pads that maintain multiple contacts with the environ- § satisfying this inequality would be compensated by
ment. For example, the roller-bearing footpad depicted friction effects and still generate a stable equilibrium
in Fig. 8(b) maintains two frictionless contacts with posture. The inequality also implies that a smallamount
the tunnel walls. Using this footpad design, the two of friction suffices to compensate for reasonable foot-
contacts of each footpad determine a strip of contact pad placement errors. Since the contact forces have
normals. It can be verified that as long as the strips of approximately the same magnitude, we obtain the ap-
the individual footpads have a common intersection, proximate equilibrium conditiot < u Z?zlpi. Inter-
the associated posture is an immobilizing equilibrium preting this inequality as a condition on the coefficient
posture. Hence if we plan a nominal equilibrium pos- of friction u, we obtainu > §/ Zf‘zlpi. Howeverg is
ture for the center lines of the three strips, each footpad in the range of a few millimeters WhiEf’:1 piisinthe
may deviate by half-width of a strip without harming range of tens of centimeters. Substitutihg: 10 mm
the equilibrium or its stability. and Z?lei =100 cm gives that a small coefficient
The second approach exploits friction, which is of friction .« = 0.01 already suffices to compensate for
present even in a small amount at the contacts. Friction reasonable footpad placement errors.
effects induce a neighborhood of footpad placements We have experimentally tested the friction-based
about the nominal frictionless placement which hold error compensation approach on the 3-legged equilib-
the mechanism in a stable 3-legged equilibritifo rium posture depicted in Fig. 11. In our experiment
see this fact, consider the frictionless 3-legged equilib- the footpads are made of Aluminum while the tun-
rium posture shown in Fig. 11. The force-lines intersect nel walls are made of thick Perspex plates. The co-
at p, theith contact force magnitude 5, and the dis- efficient of friction between the footpads and tunnel
tance between thi¢h contact point ang is p; . Suppose walls was originallyu = 0.3, and this coefficient was
that one of the footpads, with indey, is placed at a  reduced tq. = 0.1 by lubricating the tunnel walls with
distances from its nominal position along the tunnel  Teflon spray. We initially established a 3-legged im-
wall. Then the torque aboytinduced by a placement  mobile frictionless equilibrium posture, whose con-
tact force magnitudes are; =272 gr, F, =214 gr,
and F3 =86 gr. The distances of the contact points
from parep; = 1326 cm,p, =50.3 cm, andpz =53.4
cm. Substituting this data using=2 to designate
a placement error in the second footpad, we obtain
the conservative bourid< (up1F1)/F2=(0.1-1326-
272)/214=16.8 cm. In our experiment, we varied the
placement error of the second footpad by increments of
5 mm, and obtained stable equilibrium postures up to a
distance of 55 mm from the nominal footpad position.
(Larger placement errors were hard to verify due to
kinematic reachability constraints of the mechanism.)
Since practical footpad placement errors are expected
to be in the range of a few millimeters, a small amount
Figure 11 A 3-legged immobile posture with an errérin the of friction would suffice to maintain stability in the
placement of the second footpad (only the contact points are shown). presence of such errors.

disturbing P;
torque

25 2 footpad
f, ~ ~-. placement
error
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Figure 12 Central-base position error at the end of a straight-line motion due to footpad placement errors. (a) Position error during 3-legged
immobilization. (b) Position error during 4-legged immobilization.

Our next experiment measures the accuracy of the equilibrium posture is established, all nearby foot-
spider’'s motion during 3-legged immobilization. The pad placements are automatically equilibrium postures,
3-legged posture has the geometry depicted in Fig. 11. evenin africtionless environment. Moreover, almost all
In this experiment, too, we have lubricated the tunnel 4-legged equilibrium postures areimmobile. Hence, we
walls to achieve a« = 0.1 coefficient of friction. The expect a significantly better motion accuracy during 4-
spider in this experiment is bracing against the tun- legged immobilization. The graph shown in Fig. 12(b)
nel walls while its central-base moves 70 mm along indicates the central-base position error at the end of a
the tunnel’s central axis. The motion is executed using motion toward a target located at a distance of 55 mm
the immobilization-based controller described above, along the tunnel’s central axis. As above, the motion
with one intermediate point specified at a distance is generated by the immobilization-based controller
of 35 mm along the tunnel’s central axis. The accuracy with one intermediate point specified at a distance of
of the motion is measured by the Euclidean distance 27.5 mm along the tunnel’s central axis. Using place-
of the central-base position at the end of motion from ment error increments of 5 mm, it can be seen that now
its desired final position. The graph in Fig. 12(a) de- the motion accuracy decreases more slowly, with an of
picts the central-base position error as a function of afew millimeters for footpad placement errors of up to
a footpad placement error. Using placement error in- § =70 mm.
crements of 5 mm, it can be seen that the central-base The experiments in both types of immobiliza-
motion accuracy remains within a few millimeters for tion show robustness with respect to footpad place-
footpad placement errors of upde= 10 mm. Beyond ment errors in the range of a few millimeters for
this value, inertial forces generated during the spider’s 3-legged immobilization and a few centimeters for
motion dominate the small frictional forces at the con- 4-legged immobilization. However, robustness during
tacts. These inertial forces cause local slips at the con- 3-legged immobilization is achieved by either using a
tacts, with a resulting large error in the central-base multiple-contact frictionless footpad, or by exploiting
final position. friction effects at the contacts. Both of these approaches

Our final experiment measures the central-base deviate from our formal assumptions of single-contact
motion accuracy during 4-legged immobilization. In frictionless footpads. Indeed, we discuss in the con-
contrast with 3-legged immobilization, 4-legged equi- cluding section our current research which is concerned
librium postures arénherently robuswith respect to with the inclusion of friction effects into the loco-
footpad placement errors. Once a nominal 4-legged motion.



294  Rimon, Shoval and Shapiro

7. Concluding Discussion tunnel. As long as the spider braces itself against the
tunnel walls during locomotion, the inclusion of gravity
We described the design of a spider-like robot capable should require only minor modifications to the spider’s
of quasistatic locomotion in two-dimensional tunnel horizontal motion-and-control algorithms. Such a qua-
environments. We have made a worst-case assumptiorsistatic bracing motion can provide the spider with sig-
of slippery tunnel walls. Under this assumption, the nificant payload and disturbance-rejection capabilities.
immobilization theory dictated that the smallest num- However, itis also possible to seek a design which em-
ber of limbs such a mechanism can havéoigr. The ploys the smallest number of limbs required for stable
theory also dictated the footpads’ curvature required locomotion in a gravitational field. It seems that gravity
for stable locomotion of the robot. Other key param- can be regarded as a “virtual leg” which presses on the
eters, such as the dimension and number of degreesmechanism’s center of gravity along a fixed direction.
of freedom of each limb, were dictated by the class Although such a leg is less versatile than a mechani-
of tunnel geometries. We also described a two-phasedcal leg, by suitably adjusting the mechanism’s center
locomotion strategy for the spider robot under the as- of mass, a legged robot should be able to stably move
sumption of slippery tunnel walls. In the first phase in two-dimensional gravitational environments using
the spider lifts a limb to a new position while brac- only threelegs (Dubowsky et al., 1999). Such a stable
ing with three limbs against the tunnel walls. In the motion seems feasible even over slippery terrains, pro-
second phase the spider contacts the environment withvided that the terrain contains many footholds of vary-
all four limbs while adjusting its contacts along the tun- ing orientations, as is often the case in unstructured
nel walls in preparation for the lifting of a new limb.  terrains. The validation of this hypothesis is a major
Finally, we described a decentralized control method challenge which we plan to explore in future work.
for executing the two motion phases, whereby immo-
bilization effects are used to induce forces and torques
on the spider’s central base. The spider has been built,
and experiments verifying its robustness with respect
to footpad placement errors were described.

Future extensions of this work will focus on the
inclusion offriction and gravityinto the locomotion.
The inclusion of friction will allow the spider to move
in tunnels of a particular simple geometry such as two
parallel lines, as is often the case in man-made en
vironments. However, the inclusion of friction raises
several technical challenges. The first challenge is to
efficiently estimate the amount of friction in a partic-
ular foothold area. This problem is especially acute

Appendix
A. Sketch of Proof of Stability

In this appendix we sketch the stability proof for the
closed-loop spider system under the control law (6).
For simplicity, we assume that@t= g* the spider con-
tacts the tunnel walls, but does not actually penetrate
" these walls. It follows that the total elastic energy as-
sociated with the contact$](q) = Zi“: 1 (G, Ob),
vanishes atq=q*. Consider now the following
Lyapunov function candidate for the closed-loop

in unstructured tunnel environments, where surface system:

material properties and environmental conditions may 1

vary widely during locomotion. A second challenge is V() = EqT M(a)q + I1(q) + ®(G) where
how to guarantee adequate disturbance rejection with 1

frictional contacts, given the bounded-torque capabil- o(q) = E(q —"TKp(@—g".

ity of the spider’s actuators. A third challenge is the

need to develop a method for controlling the spider's The first term inV is the kinetic energy of the spider;
contact forces with the environment, as to prevent slip the second termis the elastic energy associated with the
at the contacts (Pfeiffer et al., 2000). Note that in our contacts; and the third term is the potential energy asso-
immobilization-based approach the controller has the ciated with the proportional term in the control law. We
simpler task of merely maintaining the footpads at a note that more sophisticated expressionsi#¢q) can

desired position. be used without affecting the stability result, including
In order to include gravity in the experiments, we expressions that account for obstacle avoidance.
plan to tilt the horizontal tunnel-plane by 450 that The pointg = g* with zero velocity is docal min-

gravity would act in the plane of the two-dimensional imumof V as required for a Lyapunov function, for



the following reasons. First, the three terms \ih
are non-negative and vanish(gt ¢) = (q*, 0). More-
over, for any deviation from(q, 4) = (q*, 0) one of
these terms becomes strictly positive. Intuitivélybe-
comes strictly positive for any motion of the spider as
a single rigid body, since the spider is immobilized
by the tunnel walls atj =q*. Similarly, any change
of joint values with respect tg =q§* will cause the
quadratic termd (q) to become strictly positive. We
can now interpret the closed-loop system as being gov-
erned by a combined potential energy of the form
U(q)=TI(q) + ®(q), and invoke a standard result
concerning the stability of mechanical systems gov-
erned by apotential energy function (Koditschek, 1989;
Thompson and Tait, 1886). According to this resihig,
local minima of U, with zero velocity, of adamped me-
chanical system are local attractors of its floBince
damping is introduced into the closed-loop system by
the matrixKy in (6), the closed-loop spider system is
locally asymptotically stable around the desired con-
figurationg* with zero velocity.

Notes

The scalar multiplyingiriqo) is positive since the contact forces
can only push o.

In general, the collection of 3-contact planar equilibrium grasps
or postures is a two-dimensional set (Stappen et al., 1999).
The gradient ofT; is differentiable, hence existence and unique-
ness of solutions to (5) is assured.

Frictional equilibrium postures are force-closure stable, which is
a weaker form of stability than frictionless immobilization.
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