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Abstract: 

Hyper-redundant robots have a large or infinite number of degrees 
of freedom. Such robots are analogous to snakes or tentacles 
and are useful for operation in highly constrained environments 
and novel forms of locomotion. This paper reviews newly de
veloped methods for the kinematic analysis of hyper-redundant 
manipulators. These methods can be applied to a wide variety of 
hyper-redundant morphologies and lead to very efficient inverse 
kinematic, path planning, obstacle avoidance, locomotion, and 
grasping schemes. This paper also reviews the design and im
plementation of a planar 30 degree of freedom variable geometry 
truss hyper-redundant robot. 

1. Introduction 

Hyper-redundant manipulators have a relative degree of kine
matic redundancy which is large or infinite. In operation, these 
manipulators approximate the shape of snakes, elephants' trunks, 
or tentacles. These robots have been investigated in varying 
forms for more than a quarter of a century. Hyper-redundant ma
nipulators have previously been called 'swan's neck' (8], 'highly 
articulated' [13], and 'tentacle' [14] among a variety of other 
names. The term 'hyper-redundant,' coined by the authors in 
[3], is used to ·describe this broad class of robotic devices, such as 
those described in (1,2-7,10,11,17]. Because of their highly artic
ulated nature, such robots may be used for inspection and oper
ation in highly constrained environments [2,3]. Further, in anal
ogy with naturally occurring animals, hyper-redundant robots 
can also be used to implement novel means of locomotion and 
grasping [5]. 

The mechanical implementation of a hyper-redundant manipu
lator may take many forms, depending upon the requirements of 
a particular application. Hyper-redundant robots may consist of 
a large number of rigid links (Figure 1(a)). Alternatively, these 
robots may consist of a truly flexible structure, such as pneumat
ically driven arms [16,17], as depicted in Figure 1(b). Variable 
geometry truss manipulators (or VGTMs) [11,13,15] are another 
possible morphology (Figure (1c )). Several other design concepts 
for hyper-redundant manipulators can be found in the literature 
[1,9,10]. 

Algorithms for redundant manipulator inverse kinematics typi
cally require the computation of a Jacobian pseudo-inverse (12]. 
This computation becomes prohibitive as the number of manip
ulator degrees of freedom increases, and can be impractical for 
hyper-redundant robots. Until recently, the lack of an efficient 
and unified framework for kinematic analysis and motion plan
ning of these robots has been one significant stumbling block to 
their widespread practical implementation. 

In [2-7, and references therein], the authors have introduced novel 
methods for kinematic analysis which does not rely upon the ma
nipulator Jacobian matrix. These methods can be applied to a 
wide variety of hyper-redundant mechanical morphologies and 

form the basis for efficient manipulation, obstacle avoidance, lo
comotion, and grasping schemes. Our analysis of the direct and 
inverse kinematics of both extensible (variable length) and nonex
tensible (fixed-length) hyper-redundant manipulators is based on 
an intrinsic differential geometric modeling of a 'backbone curve,' 
which captures the macroscopic geometric features of the robot. 
These techniques were used in [3] to implement an efficient obsta
cle avoidance scheme for hyper-redundant robots. Other authors 
have developed non-intrinsic methods for resolving the hyper
red~ndancy of variable geometry truss manipulators (VGTMs) 
[13,15], but it is not clear if these methods can be applied to 
other hyper-redundant manipulator morphologies. 
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Figure 1: Some Hyper-Redundant Robot Morphologies: 
Discrete Link, Pneumatic, and VGT 

Because of length restrictions, this paper focuses only on pla
nar hyper-redundant systems and one particular implementation 
morphology, the planar VGT. Section 2 reviews the kinematic 
analysis of hyper-redundant manipulators presented in [3.5], and 
extends the analysis to nondifferentiable curves. Section 3 re
views the modal approach to hyper-redundancy resolution for 
nonextensible manipulators in unconstrained environments, and 
presents new closed form inverse kinematic solutions. Section 4 
illustrates hyper-redundant manipulator obstacle avoidance in 
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the case of a moving obstacle field. Section 5 illustrates concepts 
for hyper-redundant robot grasping and manipulation of objects 
formulated as single and dual arm tasks. The examples elaborate 
on the concept of the 'grasping wave' for the fine manipulation of 
objects, as in (5], and extend the formulation to include dual arm 
tasks. Finally, Section 6 describes an actual30 degree-of-freedom 
planar hyper-redundant VGTM robot under development by the 
authors. 

2. Intrinsic Formulation of Planar Hyper-Redundant 
Manipulator Kinematics 

We motivate the kinematic modeling approach as follows. Con
sider the planar n-link manipulator in Figure l(a), whose k1h link 
has length 1~;;. The position of the k +1st joint of the manipula
tor, as measured in a base frame, is denoted by~ = [x~, y;Jr. 
The orientation of the kth link measured clockwise from the base 
frame y-axis is denoted by Q~. It follows that: 

k k 

x~ = L l;sinQ~; y; = L l;cosQ~; (1) 
i=l i=l 

where Q~ = I:J=l qj, and {q;} are clockwise measured joint 
angles. Note that {I;} and {q;} may vary with time depending 
on whether prismatic or revolute actuators (or both) are used 
at each link. As n approaches infinity, the manipulator sha~e 
approximates a continuous curve, as represented in Figure 1(a). 

While a curve is an exact representation of a manipulator with 
an infinite number of links, the relevant features of manipula
tors with a finite but large number of degrees of freedom can 
also be specified by a backbone curve which lies along the robot. 
Kinematic analysis and task programming is thus reduced to the 
study oft he spatial and temporal behavior of the backbone curve. 

Kinematic solutions based on the backbone curve can be used 
directly to control the geometry of continuous hyper-redundant 
manipulators, while an additional step, called the 'fitting pro
cess' (3,6], is required for the continuous solution to be used to 
determine the actuator displacements for discrete geometry sys
tems. 

Let Xc(s, t) = [xc(s, t), Yc(s, t)]T denote the position vectOT to 
any point on a backbone curve parameterized by s E (0, 1], at 
timet. xc(s, t) and Yc(s, t) are given by: 

Xc(s,t) = j' lc(a,t)sinBc(a,t)da 
0 

Yc(s,t) = j' lc(a,t)cosBc(a,t)da 
0 

(2a) 

(26) 

where lc(s, t) is a function which defines the length of the back
bone curve tangent at point s. lc(s, t) is the rate of change of 
backbone curve arc length with respect to parameter s, i.e., ar
clength of the backbone curve is: 

L(s, t) = 1'zc(a, t)da. 
0 

(3) 

Bc(s, t) is the clockwise measured angle which the tangent to the 
curve at the point s makes with the y-axis: 

Bc(s,t)= fa' K(a,t)lc(a,t)da (4) 

The curvature function, K(s,t), specifies how the curve bends 
at each point, s, and is defined as the magnitude of the second 
derivative of the position vector with respect to arc length. Thus, 

&xc &xc ds ox 1 . T 
aL= l'Ji""dL = &st;;=(smBc,cosBc), 

and so 

2( ) = &2
xc. &

2
xc = ~ (&Bc)

2 

K s, t [)£2 EJL2 !2 &s 
c 

is defined in the same way as the classical definition, taking into 
account extensibility. Hereafter we denote the end-effector po
sition by Xee = Xc(l,t), or Xee(t) = Xc(1,t), Yee(t) = Yc(1,t). 
Similarly, the end-effector orientation is denoted B, 0 (t) =Be( I, t). 
The functional form of xc( s, t) can be used to directly control the 
geometry of a flexible morphology manipulator. For discretely 
segmented structures, the backbone curve is used with a fitting 
process to determine the discrete actuator displacements such 
that the actual manipulator conforms to the backbone curve ge
ometry [3,6]. 

We extend the analysis methods in [3-6] to include nondifferen
tiable curves by allowing the curvature function to be piecewise 
continuous with a finite number of jumps and integrable singu
larities. Curvature functions of this class can be represented by: 

md 

K(s,t) = L K;(s,t)W(s,si-l(t),s;(t)) + L 0/J(s- aj(t)) (5) 
i=l j=l 

where {si(t),ai(t)} E (0,1] X (0,1]. K;(s,t) is a continuous func
tion on the interval (s, t) E [si-1> s;] X [to, ti] and 

W(s,si-l(t),s;(t)) = H(s- Si-l(t))- H(s- Si(t)) 

is a 'window function' which is the difference between two Heav
iside unit step function, and m is the number of jump discon
tinuities. Bj and aj are respectively the strength and location 

of the jth impulsive singularity, 8(s) is the Dirac delta function, 
and md is the number of such singularities. It is interesting to 
note that a curvature function and rate of arc length function of 
the form 

1 ~ . ( i -1) 
~~:(s,t) = -

1 
( ) ~ Bj(t)6 s- --

c s,t i=l n 
(6) 

n ( · 1 ·) 
lc(s,t) = n L l;(t)W s, :=...___,!.. 

. n n 
•=1 

will cause the continuous curve in figure 1(a
1

) to become the 
discrete manipulator shown in Figure 1(a). Effectively, a delta
function in curvature with variable strength B corresponds to a 
revolute joint with joint angle B. 

A curvature function with delta function singularities will yield 
manipulator backbone curves which are continuous but not dif
ferentiable at the points where the delta function singularities 
are defined. This can cause problems in the application of the 
fitting method in (6]. For example, if the manipulator physical 
structure 'slides' along a backbone curve, as may be the case 
in an obstacle avoidance situation [3], an instantaneous change 
in orientation is specified when the manipulator reaches a delta 
func-tion in curvature. To overcome this difficulty, we introduce 
a smoothed orientation function, B~ ( s, t). This is demonstrated 
by example in the next section. 

3. A Modal Approach to Hyper-Redundancy Resolution 
and Inverse Kinematics 

The forward kinematics of a planar backbone curve can be com
puted by exact or numerical integration of (2,4). The inverse 
kinematic solution in this case can be interpreted as the choice 
of a backbone curve which satisfies end-effector position con
straints, and possibly other task constraints. For a given prob
lem, there are an infinite number of possible backbone shapes, 
and an optimality criterion can be used to select an optimal shape 
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[7]. In this section we propose a restricted class of solutions which 
have a useful engineering property: they are computationally ef
ficient. In this 'modal approach', Oc and lc are restricted to have 
a modal form: 

N, 
Oc(s, t) = L a;(t)4!;(s), (7a) 

i=l 

Nt 

lc(s, t) = L a{i+N,}(t)4!{i+N1}(s) (7b) 
i=l 

where 4!; is a mode function, and a; is a modal participation/actor 
[2-6]. No is the number of bending modes. N1 is the number of 
extension modes, or longitudinal degrees of freedom along the 
backbone curve. A hyper-redundant mechanism constrained to 
these modes effectively has N = No+ N, degrees of freedom. 
N is chosen large enough to satisfy the number of end-effector 
or other task constraints. With this restriction, the end-effector 
coordinates and mechanism shape become a function of the {a;}. 
The {4!;} are user-specified functions, which can vary with task 
requirements, or even within a task. The restriction to modal 
form reduces the inverse kinematic problem to the search for the 
{a;} which satisfy task constraints. When N equals the number 
of constraints, inverse kinematic solutions based on (7) serve as 
a means of 'hyper-redundancy resolution'. Analogous methods 
hold for spatial backbone curves [4,6]. Note that limitations on a 
mechanism's ability to bend and/or extend and contract impose 
bounds on {a1,a2, ... ,aN} which are analogous to joint limits in 
traditional manipulators. 

For some choices of modes, exact closed form inverse kinematic 
solutions can be found. One choice of modes which was investi
gated in [3] for the case No= 2, N1 = 0 is: 

4!I(s) = sin2rs; 4!2(s) = 1- cos211's (8) 

with lc(s, t) = 1. Substituting (8) into (7) and then (2), and 
evaluating at s = 1, it can be shown that the forward kinematics 
equations reduce to 

· [ 2 2 I] x00 = sm(a2)Jo (a1 + a2)~ [ 2 2 I] Yee = cos(a2)Jo (al + a2)~ 
(9) 

where Jo is the zeroth order Bessel function. The 'inverse kine
matics' (evaluation of modal participation factors) in this case 
can be computed as: 

I 

a1 = il.f(!'ee) = ± ([J01 [(x~. + y~.)t)t- [Atan2(Xee,Yee)]2J 
(lOa) 

a2 = a2(X'ee) = Atan2(xee,Yee). (lOb) 

J01 is the 'restricted inverse Bessel function of zero order', and is 
defined as the inverse of Jo(x) for 0 < x < JL where JL:::; 3.832 is 
the first local minimum of Jo. See [2,4] for details and additional 
closed form solutions. The plus and minus sign distinguishes two 
possible poses. Other poses would exist if other intervals of the 
argument were permitted in computing the inverse of Jo(x). 

A nonsmooth example is the choice of modes for N = N 8 = 3, 
N1 :::;;o: 

4'!t(s) = H(s- LI); 4!2(s) = H(s- L2); 9a(s) = H(s- La) 
(11) 

with lc( s, t) = 1, where 0 < Lt < L2 < La < 1 are specified num
bers. Substituting these modes into (7) and (2) and evaluating 
at s = 1, the forward kinematics equations reduce to 

(12c) 

where .C1 = L2- L1,.C2 = La- L2, and .Ca = 1- La. This 
is nothing more than the forward kinematics of a three-link 
planar revolute manipulator which is translated along the y
axis by L1, and with joint angles { al> a2, a a} and link lengths 
{L2- L1,L3- Lz,l- La}. The 'inverse kinematics' (evaluation 
of modal participation factors) in this particular case can then 
be computed in the usual way. 

In Figure 2 (and all subsequent figures) a variable geometry truss 
is used to illustrate these concepts, though these methods are ap
plicable to other implementation morphologies (with the applica
tion of appropriate fitting algorithms). Figure 2 shows three dif
ferent sets of modes of the form given by (11) (corresponding to 
different "link lengths") for the same end-effector location. The 
lengths in the figure are {LJ. L2, La} = {0.1,0.3,0.9},{0.1,0.5, 0.8}, 
and {0.2,0.5,0.7} and the end-effector position is (xee,Yee) = 
(0.3,0.9). 

In the usual fitting procedure for this mechanism morphology [6], 
which assumes a continuously differentiable backbone curve, the 
fixed truss elements are chosen to be normal to the backbone 
curve. However, when the backbone curve is not continuously 
differentiable, the normal is not well defined, and smoothing is 
used to define alternate orientations for the transverse truss el
ements. The function Oc(s, t) = 'L~=l a;(t)H(s- L;(t)) in the 
above example was smoothed to form o:(s, t) by using a cubic 
polynomial to replace the value of the function Oc(s, t) on the 
intervals L; - t < s < L; + t for i = 1, 2, 3. In this way, a 
smooth transition results across the singularities while matching 
the original function outside an t neighborhood of the singulari
ties. £ is small compared to the smallest link length. While Oc is 
used in all backbone curve computations, such as (2), 8~ is used 
for the fitting procedure. 

Figure 2: Nondifferentiable Curvature Modes 

It is not necessary to choose modes which result in dosed form 
inverse kinematic solutions as in (8) or (11) to use this method. 
Look-up tables or neural networks can be trained to store th.e 
mapping between participation factors and end-effector coordi
nates for any given set of manipulator modes. Thus the speed 
associated with closed form inverse kinematic solutions can be 
attained for modes which do not have closed form inverse kine
matic solutions. 

4. Hyper-Redundant Manipulator Obstacle Avoidance 

Hyper-redundant manipulators are ideal for obstacle avoidance 
because of their ability to assume diverse and complicated ge
ometries. 
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Figure 3: 0 bstacle A voidance 

Figure (3b) shows how a hyper-redundant manipulator can ma
neuver through the obstacle defined in Figure (3a). Obstacle 
avoidance can be effected by defining 'tunnels' through the highly 
constrained environment. The manipulator must 'slither' through 
these tunnels to reach its goal. For manipulator sections outside 
of the obstacle field, methods such as the modal approach pre
sented in Section 3 can be used to specify the position of a point 
on the manipulator so that it is located at the entrance to the 
obstacle field. Inside the obstacle field, segments of the manip
ulator backbone curve assume values of lie( s, t) and I( s, t) which 
are consistent with the local tunnel geometry. In the particu
lar example shown in Figure 3, the manipulator is nonextensi
ble: lc(s, t) = 1. The associated backbone curvature function 
( ~( s, t) = Bile/ 8s) is of the form: 

~(s, t) = ~l(s, t)W(s,O,s1(t)) + ~z(s,t)W(s,sl(t), 1) (13a) 

where 

21l" -+ _ 21l"S 21!" _ _ . 21l"S 
~l(s,t) = -( )a1 (xlfsi)cos -(-) + -(-)a2(xifsi) sm-(-) 

S} t SJ t SJ t SJ t 

Kz(s,t) = -y[W(s- s1(t),O,L)- W(s- s1(t),L,2L) 

+ W(s- sl(t),2L,3L)]. 

(13b) 

(13c) 

~1 assures that a point moving along the manipulator backbone 
at s = SJ ( t) has fixed position with respect to the obstacle field 
entrance provided the entrance is within reach. That is, ;;:1 as
sures that X"c(si(t)) = x1(t), which is the position vector of the 
entrance to the obstacle field in the base frame. The functions 
ii; are defined in (10). Kz has the form of a traveling wave (com
posed of three semicircular arcs) for the section of the manipu
lator which is inside the tunnel. For details of the formulation 
which resulted in the above curvature functions, see [2,3]. 

5. Hyper-Redundant Grasping 

This section investigates the kinematics of hyper-redundant grasp· 
ing and introduces a grasping scheme based on a 'grasping wave.' 
This notion is based on a previous analysis of hyper-redundant 
locomotion [5]. Here we consider only pure bending waves, i.e., 
the manipulator is nonextensible. A more general formulation 
for extensible systems can be found in [2]. 

Object reorientation can be effected by the following sequence of 
operations: 

• Shape Initialization: The hyper-redundant mechanism wraps 
around the object. The section of the manipulator in contact 
with the object is termed the grasp contact segm~nt, and is 
specified by the backbone curve segment s E [sg, 1]. The re
mainder is termed the noncontact segment, and is specified by 
s E [0, s9 ). 

• First Phase: A section of the mechanism, s E [sw0 ,sw
1

], in 
the noncontact segment distorts to a wave form. As a result, 
the object will be displaced by a small amount. This phase is 
shown in Figure 4(a). 

• Second Phase: The wave generated in the first phase travels 
along the mechanism toward the distal end without changing 
the position or orientation of the object over which it passes. 
This phase is shown in Figure 4(b). When the wave has trav
eled to the distal end of the manipulator, the grasp contact 
segment will be longer by an amountS£, referred to as 'slack'. 

• Third Phase: The manipulator 'unwraps' part of the grasp 
contact segment from the object by an amounts L by straight
ening the mechanism in the section of the grasp contact seg
ment which is closest to the noncontact segment: s E [s 9 , s9 + 
s L ]. This results in a rotation and displacement of the object. 

When the third phase is complete, the cycle repeats starting 
with the first phase. This repetition results in repeated ob
ject rotations, the magnitude of which depend on the value of 
L = Sw 1 - Sw0 , and the slack, S£. When the manipulated object 
is a disk, the displacements resulting from the first and third 
phases cancel, leaving only a net rotation. For arbitrary objects, 
net translations can also occur from cycle to cycle. These trans
lations can be compensated for with methods for positioning, as 
in Section 3. 

(b) 

(c) 

(a) 

Figure 4: Hyper-Redundant Grasping of a Cylinder 

This scheme is illustrated with a planar VGT manipulator that 
manipulates a disk. The backbone curve is nonextensible, and 
thus a pure bending grasping wave shape must be selected. For 
simplicity, a triangular grasping wave is used, employing the non
differentiable three mode example in Section 3. This wave which 
will travel along the backbone curve and must track the bound
ary of the disk. The distance from the base of the manipulator 
to the rear of the wave as measured along the backbone curve 
is denoted by sw0 (t). The arclength of the traveling wave is 
sw 1 (t)- sw0 (t) = L. The triangle wave has the curvature func
tion: 

Kw(s, t) = a1b (s- Sw0 )+a2b ( s- ~(sw0 + sw1 )) +a3b (s- sw1 ) 

. (14) 
where { a 1 , a 2 , a 3 } are chosen so that the grasping wave tracks 
the disk boundary according to the closed form inverse kine
matics which result from this choice of curvature function, while 
Sw

0 
= sw0 (t) controls the grasping wave progression. In the 
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first grasping phase, a portion of the non-contact segment con
tracts to form a. wave while tracking a line. During this phase, 
a1 = a3 = &, a2 = -2&, where it= &(t) specifies the slope of 
the wave. At the beginning of the wave formation, &(to) = 0, 
and at the end, &(ti) =a. For this wave shape, B£ is constant 
at s L = ( 1 - cos a )L throughout the second grasping phase. 

Assume that the center of the disk is located at (re, he) measured 
in the x-y manipulator base frame. Te is the disk radius and he(t) 
is the y coordinate of the disk center, which varies in the first 
and third grasping phases. Let se(t) denote the arclength along 
the backbone curve such that y(se(t)) = hc(t). If any part of 
the wave is in the intervals E (O,sc], then he < se, otherwise 
he = Se. 

The disc boundary and the straight noncontact section form a 
terrain curve for the traveling wave to track (5). The {a;} in 
(14) are determined so that the grasping wave locally tracks the 
'terrain'. This is done by solving the inverse kinematics for the 
grasping wave segment as if it were a manipulator with curvature 
function (14) and effective end-effector location derived by taking 
the difference in position between the front of the wave (s = sw

1
) 

and the back of the wave (s = sw0 ). Similarly, the orientation 
is the angle between the tangents to the back and front of the 
wave. These are: 

{15a) 

(15b) 

(15c) 

where T(v, t) = (T1 (v, t), T2(v, t)]T is the terrain curve, and v is 
arclength measured along the terrain. For this example 

T(v,t)::::; W(II,O,he(t))[O,II)T + W(ll,he(t), 1) X T 

[hc(t) +~sin (II-r~c(t)) ,hc(t) + ~ (1- cos ( II-T~e(t)))] 
(16) 

which consists of a straight section for 0 ::; 11 < he, and a circular 
arc for h~ ::; v ::; 1. Again, sL stands for the stride length (or 
slack) associated with the traveling wave segment as measured 
along the cylinder. 

The first two phases are implemented by different behaviors of 
the functions Swo and a;. In the third phase, the grasping wave 
has exited the end of the manipulator. The curvature function 
assumes the form: 

~>:J(S, t) = W(s, Sc, 1)/rc (17) 

where sc(t)::::; he(t) throughout this phase. This curvature func
tion implements the 'unwrapping' ofthe object as he(t) increases. 

Figure 5: Turning an object fixed to an Axle 

The above procedure can be altered so that no translation occurs. 
This is achieved by combining the first and third phases so that 
the translations of the object which occurred between phases 
cancels. This is shown in Figure 5. Symmetries of the grasping 
process can be exploited for dual arm hyper-redundant grasping 
and manipulation of objects as seen in Figure 6. See [2) for 
details. 

(JrJ(!J(!J 
(YrJrJ 

Figure 6: Dual Arm Grasping of a Cylinder 

6. Design and Implementation of a Hyper-Redundant 
Robot 

To demonstrate and validate the kinematic modeling methods, 
obstacle avoidance, locomotion, and grasping schemes developed 
in [2-7), we have developed a 30 degree-of-freedom planar hyper
redundant robot. The robot has a VGT morphology, consisting 
of 10 identical three degree-of-freedom truss modules. Each truss 
module (Figure 7) has 3 prismatic joints, which are actually im
plemented with D.C. servo motors and ball screw drives. The 

actuators can vary in length from a minimum of 12 inches to 
a maximum of 18 inches, and can generate a force of 75 points 
during motion, and 225 pounds staticly. 

Figure 7: 30 Degree-of-Freedom Hyper-redundant Robot 

The robot is designed to demonstrate both fixed base manip
ulation and obstacle avoidance as well as traveling and stand
ing wave locomotion [5). For manipulation and grasping experi
ments, castors are attached to the fixed elements of the modules 
in order to allow low friction motion over the laboratory floor, 
which is the plane of manipulation. For locomotion experiments, 
the manipulator is detached from its base, and turned on its 
side. Each module is equipped with rubber faced ratchet wheels 
which permit rolling in only one direction, which is required for 
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standing wave locomotion [5). For traveling wave locomotion, 
the wheels are locked in place, and the wheels' rubber surfaces 
are use as passive feet. These rubber surfaces are also used as the 
contact points for planar grasping operations. Further, because 
of its modular shape, the robot can be easily separated into two 
15 degree-of-freedom manipulators for dual arm manipulation 
experiments, such as in Figure 6. 

Let the length of a module (from fixed element to fixed element) 
divided by the width of the module (distance between actuator 
pivot points) be called the module aspect ratio. The fixed ele
ments of the truss modules are designed so that each module's 
aspect ratio can be varied for different applications. A very high 
module aspect ratio leads to greater dexterity, but has reduced 
mechanical advantage. High aspect ratios are advantageous for 
obstacle avoidance in tightly constrained spaces. Conversely, low 
aspect ratios provide greater mechanical strength at the expense 
of dexterity. 

The robot system is controlled by an a multiprocessing computer, 
which consists of Heurikon 68030 processing boards in a VME 
bus, which is in turn connected to a Sun Microsystems 4/260 
computer. The WindRiver Systems VxWorks software system 
provides operating system and system management functions. 
The 68030 processors compute the kinematic, path planning, sen
sor processing, and task level coordination functions. The Sun 
computer is used primarily for user interface and data storage. 

To date, hyper-redundant manipulators have remained largely a 
laboratory curiosity. There are a number of reasons for this: (1) 
previous kinematic modeling techniques have not been particu
larly efficient or well suited to the needs of hyper-redundant robot 
task modeling; (2) the mechanical design and implementation 
of hyper-redundant robots has been perceived as unnecessarily 
complex; and (3) hyper-redundant robots are not anthropomor
phic, and pose interesting programming problems. The authors 
have been working to overcome (1), and in some cases hyper
redundant mechanism design is not unreasonably complex. (3) 
remains a challenge. 

As demonstrated by our design, hyper-redundant robots do have 
some inherent design and operating advantages. First, hyper
redundant robot design is often amenable to simple modular 
implementation. Second, in most operational scenarios, only a 
small fraction of the robot actuators are actually in use, mini
mizing their duty cycle. Further, such systems are highly fault 
tolerant, capable of sustaining numerous actuator failures. Such 
systems can also be weight efficient. The 30 degree-of-freedom 
robot can contract to a minimum length of 12 feet, and extend 
to a maximum of 18 feet, but weighs less than 55 kg. Of course, 
hyper-redundant robots have obvious disadvantages, and are best 
suited to niche applications. Small errors in each actuator posi
tion can accumulate into large base-to-tip position errors. Thus, 
hyper-redundant manipulators are at a disadvantage for precise 
positioning tasks, unless they are instrumented with numerous 
sensors and equipped with sensor-based control strategies which 
adjust for local errors. This is a subject for future research. 

Conclusions 

In the past, little work has been done in applying hyper-redun
dant robots to practical situations because of the complex kine
matics of even the most idealized models. Using recently devel
oped methods, the kinematic complexity has been overcome and 
practical application of hyper-redundant robots can be consid
ered. 
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