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ABSTRACT

New modes for the Tendrilcontinuous backbon®bot, and other similir
constructedobots, arentroduced and expanded upon in this thesis.dkilgy of the
application ofgeometric modaltoresult in more precise control of the Tendril
manipulatoris evaluated on a Tendril prototypé&/e examine key issues underlying the
design and operation of fAsoft o r)eldmertss
Inspiration fom nature is used to develop new methods of operftraontinuum
robots.These new methods of operation are tested in experimeenalimatetheir

effectivenesand potential
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CHAPTER ONE

INTRODUCTION

The mechanization of i-hdumbdbrythasrobett eH

are commonplace in our modern day world. They take many shapes and sizes and
perform a variety of tasks. Robots are present in our factories, in the militdrgyan
in many homes. Though they are available in a wide range of forms, robot manipulators
fall into three categories: rigilink, hyperredundant, and continuum. Riglidk robots
that are used in industry are usually based upon the structure ofta@ om. They
pick and place parts along an assembly line, using a predetermined unchanging pattern of
movement. This is fine for industrial work, but many tasks require a robot to be more
fluid in its design. In the real world, the workspace is not umifoor is it free of
obstacles. A changing environment requires a robot to be more pliable. A robot that can
conform itself around obstacles has a greater flexibility in its workspace environment.
Hyperredundant robots, made from multiple small seriallyrexted links, have a
greater range of movement than their ritynk predecessofd].

Robotic snakes have beenlbby a few different groupfl],[2],[3],[4]. Mostof
these have been built using multiple discrete links mimicking the backbone of a snake.
These hyperedundant robots can move in most of the ways snakes can, but they are not
as conformable because of their rigid links. Hypstundnt robots, like th&nakeBot
[5], represent a bridge between discieties and continuous elemerjg.

As robot construction continues to evolve, soft robots with continuous backbones

are being built. These robots are termed continuumeidlomparing robots to nature,



rigidl i nk i ndustrial robot s a rredunslantmobétsare t o
like snakes, but continuous robots are more like the arms of an octopus or the trunk of an
elephant. Numerous different types of softl @ontinuum robots have been proposed.
Continwm robots, such as the Octaf and the Tendril8],[9], have continuous
backbone sections which can conform around ob[@6ig11],[12]. Flexible, functional,
and delicate in their form, these continuum robots could be used for tasks which
traditional hard robots could not adequately perform.

Soft robots can be used for inspecting damage on a spattie, sénaking through
pipes, or grasping an object with their full body. Continuum robots can be built with a
variety of materials, with the most common form thus far using pneumatic muscles or
being tendordriven. Soft robots, such as Softbot, are alngestike in their form
[13],[14]. However, soft continuum robots are hard to build, model and c¢bSidl16].
Management of the malleable and compliant properties which form apgmeaf their
appeal is proving a majabstacle to progress in this emerging figld].

The Tendril is a tendedriven robot with a body comprised of sprifgsy. 1.1).
Its two joints are made of compressionisgs with tendons attached to two motors and
pulleysfor eachjoint. Its body is long and thin, emulating the body of a snake or the
tendrils of some plants. NASA originally designed the Tendrihforimally invasive
inspection9]. A long slender manipulator is potentially useful for probing places that
could not otherwise be reachf]. In order to accurately position the-tippounted

camera, the Tendril robot must be able to be precisely controlled to maintaintitsnpos

a
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An important part of this thesis is to improve the performandtkeof endril continuum

robot[8],[9] and that of any future continuum robots with a similar physical structure.

Figure 1.1: The Teﬁdril ContinuuRloot

The Tendril continuum robot as originally implemented by NASA suffers from a
problem stemming from joint coupling. When a joint at the bottom of the robot is moved
it causes all prior joints to become misaligned. There are also other problemgetalcon
with, such as the sagging effect due to gravity, torsion in the joints, and slack on the line.
This thesis describes efforts at Clemson to improve the performance of the Tendril, and

to better understand how to operate and deploy such robots irtuhe fu



Chapter 2 introduces the notation used in this thesis for the Tendril and equations
governing its movement. The analysis is expanded upon and used to devise a new
solution to the joint coupling problem. Basic geometry and physical properties ar® used
derive newmodelsfor the elevation and azimuth of the Tendril. The key coupling
problem is studied, and a n@pproach talecoupling between sections is introduced.
Testing and evaluation on Tendril hardware is described, with resulting recommesidation
for future Tendril designs listed. The analysis is expanded to account for a continuous
robot with more than two joints.

Chapter 3 raises basic questions about the inspiration from nature for a continuum
robot. There are numerous animals in nature tiate used as the basis for robots.
Animals perform so many tasks with such simplicity that it would be an oversight to
ignore the designs of nature when constructing a robot. If a robot needs to be built to
perform a specific task, we can look to naturede if a similar creature already exists.
Industrial robots are shaped like arms, so why not emulate the limbs of other creatures?
There are a variety of continuous limbs in nature. Their shape depends on the task they
must perform. Continuous limbs goeesent in nature and one of the first to spring to
mind is the tail of anonkey[19]. Tails are very useful limbs with wdh to balance or
anchor a bodyhile other limbs do fine manipulatigth9]. Anotherexample is th
eyestalk of a snailA snail can bend its eydlsis way and that to look around its
environment. If a continuous limb was to be used for grasping, two prominent examples
are the trunk of an elephd20] or the arms of a cephalop{il]. An elephant can pick

up large objects, like tree trunks, and deftly maneuver them out of its way. Many people



use elephants like living construction equipment. An octopus is even more flexible and
can squeeze its whole body through acgpthe size of quarter{22]. Octopusesre such
intelligent invertebrates that they can even remove the lids from jars to get at the tasty
crabs within[23]. Emulatingnature can be an interesting way to design atrobo

The construction and control of a robot should depend on théataskichit is
intended. Some tasks can be performed best withliididobots but others would be
more suited to the flexibility of a continuum structure. What combination of cominuu
and discrete structures would be best? The analysis in Chapter 3 uses the inspiration of
nature to consider fundamentally new ways to design and control robots. Should a robot
have a continuum arm with a discrete manipulator or a discrete arm withraucomt
manipulator? Should they be controlled in a continuous manner or would a discrete
control work better? The analysis in Chapter 3 seeks to answer those questions and more

Chapter 4 uses the biological insight gained in Chapter 3 to devise new &hd nov
strategies for the Tendril robot. The first strategy is illustrated via a stability experiment.
A sticky manipulator added onto the tip of the Tendril is used to grip a patch of Velcro to
hold itself in place. A robot equipped with a continuous taildose the additional limb
to stabilize its position. The second strategy is to use the Tendril as a sensor, like the eye
stalk of a snail. A small wireless camera mounted on the tip of the Tendril is used to
probe a variety of holes and tunnels. Thisexplat i on i s NASAG6s main mo
Tendril 6s existence, since it could be used
strategy is arguably the most practically useful. Here Tendril is used as an impulsive

manipulator and moves obstacles outt®piath. Obstacle removal would be important



for robots exploring uninhabitable terrain. Instead of wasting time moving around an
object, it could bat it out of the way instead

Chapter 5 summarizes the results of the previous chapters and describes future
work that could be done. The decoupling model, biological inspiration, and resulting
operational strategies serve to show that the Tendril is a robot with huge potential. There
remains however much work to be done to improve its performance. The réshiss o
thesis identify numerous required improvements, along with insight for significantly

improved operation of these kinds of robots in the future.



CHAPTER TWO
AZIMUTH, ELEVATION, AND COUPLING COMPENSATION FOR THE TENDRIL

Robots areurrentlyused tgperforma fairly wide varietyof jobs. Industrial

robotsassemblétems in factorie$24], Roombas vacuum houg@d], and NASAOGSs

rovers explore Marg26]. The jobs robots can do arenceptuallyirtually endless. If

there is a task that needs to be perfornaembot couldin theory,be built to do it.

Robots automate many tasks that humans used to perform and do them better and faster

as well.fiHardd robots with discrete links are nunoeis, but softontinuously backbau

robots are | ess fr eque nandomanythiagsthdtggmnt i nuumo

robots cannot. The Tendrd a continuum robot builty NASAto explore[9]. The
Tendrilcould be used to look in holes to obseany damage. A camera mounted on the
tip could snake around the area to observe the atéhe damage. To do this
effectively, the Tendril system must loperatedaccurately. If the exact position of the tip
needs to benaintainedthenthe controldf he Tendr i | 6s po il i on
attempts to achieve good control of the initial Tendril prototype at NASA/Johnson Space
Center proved unsuccessful. Subsequently, parts (identical to those used in the initial
Tendril prototype) were shippad Clemson, and a second prototype was constructed and
tested in the robotics laboratories hekenewmodel of theTendril system will be
presented and tested in tlikapter

I. Tendril Background

The Tendril is a manipulator whose bodyriainly composedf tension springs

with joints made of compressi onbyagystamngs .

mu s |

The



of motors and pulleys that pull lines attached at thejoids. The main parts of the
Tendril areshownin Figure 1.1 The t@ joint is offset from the bottonoint by 45° in a
counterclockwise rotation. The motor encoder valuek be represented by gnmy, my,
and m for the four motors. Join(top) consists of giand m while joint, (tip) uses

and m. The encoder valuese the numbers input into thaw-level interface to move

the Tendril. Thdow-level control systenshecls theencodewalues and stagwhen the
measured value is within error tolerance of the input vdorea given motarWhen
calculating thespecificencoder valuegsed,some assumptions must be made. It is
assumed that the motors are balanced. This means that if a motor is set texxwiten
givethesambend i n t he o elqvaisniattaeazichutlroffsettoy 180y ( fi
Another assumptiois that thébehavior forelevation ishe same for both joints. This
constrains the function governiegcoder values input to raise a joint to a given
elevation. The two main variablesed abovare the azimuth and elevation of the joints
(Fig. 2.1). Expressions governing the behaviotldésekey variablesare presented in

Section2.1and2.2



B azimuth
a° B clevation

Figure2.1: Elevation and Azimuth

The above assumptions and underlying chofamodelingof the Tendril match
those used by NASA in éhoriginal prototypeHowever, there is anoth&ey problemnot
addressed by NAS#at needs to be solved. A coupling error is introduced to the system
by the wa joints interact. Thigoupling between the joints requires a more complex
solution than theisiple modeling of the systemsed by NASA for the first prototype
When the top joint is moved, there is no coupling error, but when a joint lower down the
line is moved it causes a positioning error with the joints aboVéhen a tendon
attached to a lwer joint is pulled, it compresses the entire Tendril above it instead of
merely the joint it is attached to. The entire upper structure of the Tendril tries to

compressThe more joints there are, the higher the error will be. Gradgtgntuatethis



problem, (thoughits effectscan beeliminatedfor modeling purposesy laying the
Tendril flat and moving it within a plan@thogonal to the direction of gravityjhe
coupling problemand our work addressing i, disaissed more in depth in Section.2.3
II. Azimuth

The azimuth is the angle made betweenvietor directly emanating from the
end of a joint ané fixed reference vector. In the experimental work referenced here, this
reference vector was chosen toitb¢he plane parallel to the laboratory fldor the top
joint. In this experimental setp, he azimuth of each joint is measured counter
clockwise with 0° being parallel to the wall. The motors are attached with an offset of 90°
at each joint. The motors are set to pull at differing azimuths:mgistat 135°, motaris
at 45°, motoris at 0°, and motgiis at 90°. The azimuth of the joints and the

correspondingncoder values are shown in FiguPesand2.3 for increments of 45°.
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Figure2.2: Joiny Encoder Values at 45° Increments
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Figure2.3: Joing Encoder Values at 45° Increments

The azimuth is used, along with the elevation fornfb&dow), to findthe
nominalencoder values teend to the motors. The plot of azimuth vs. encoder values
revealgthat the azimuth function is sinusoid&his makes intuitive sendgecause the
plot of angle vs. magnitude of a unit vector spinning about the asigfimecessarily

result in a sine wave.

11



Elevation of 30 Degrees
05} -
& -~ .
E ﬁ_\:ﬁ" "-\-\.\__
O - ke x o LT B s s
H"'-;e__,_:-@:-'—' "'-\—__*.."
05k
_1 | | | | | | | |
. 50 100 150 200 250 300 350 400
x 10
2r Elevation of 45 Degrees
1_
e - R
of < < O T S
{}____g:-::*—:,_-i__\__*,f H-‘{)
wn -1
o
=
™ 2 ! ! ! ! ! ! ! ]
E 0 ) 50 100 150 200 250 300 350 400
= *® 10
=2 2r Elevation of 60 Degrees
w
1_
- -
0F "~ -4 er”ﬂf? *"’_i_-”%::'*
e T " i
Ak
_2 | | | | | | | |
0 50 100 150 200 250 300 350 400
4x1u“
Elevation of 90 Degrees —+ ml
- ml
2+ m2
=
$ T T T ek — 4 m3
0F  # o ¥ Tra
i T Tl A "
R o
_2 | | | 1 i | | |
0 50 100 150 200 250 300 350 400

Azirnuth
Figure2.4: Azimuth vs Encoder Values at (a) 30°, (b) 45°6@), and (d) 90° Elevation

A simple expressionan be written to approximate thevement of the joint.

First we shall assume that only one joint is moved at a time. If only jeintoved, then

12



the encoder val ues for

functions(eqgn. 12). Since the motors are balanced, the maximum encoder values for the

given elevation are equal and represented as a function of ele¥@io(see Section

2.2).

my = f(ely)-sin(az, — 45°)

my = flel,)- cos(az; — 457)

If jointg is moved, then joirtmust compensate to stay in position using formulas

t bly @sing sompl@ dinGssidaimo t or s

(1)
2

2 and 3. The coupling compensation funcomgel) is derived in Section 2.8nd

depends on the elevation of jgint

my = f(el,)-sin(az, — 45°) — comp(el,)
my = f(ely) - cos(az; — 45°) — comp(el,)
m, = flel,)- cos(az,)

my = f(ely)-sin(az,)

13

3)
(4)
(5)
(6)
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Figure2.5: Azimuth vs. Encoder Values at 45° Elevation using Formula

Figure2.4(a-d) are graphs of the azimuth vs. encoder values at vagl@vgtions.
The tip joint's motors follow a simoid quite closely. The top joint's motors approximate
a sinusoid with lessening error as the elevation increases. Rigugieows the encoder
values derived from equations6using balanced motors with an elevation of 45°. The
formula does not match the data exactly, mostly duentnodelednechanicakffects
The Tendril is not an ideal machirend is difficult if not impossible to accurately madel
The joint springs havuinmeasureabléprsion and can twist out of place. The esers
are not centered nor balanced. A more pratisdelto calculate encodgrerformance

can be found by using an equation for anagfhter ellipse instead of a centered circle to
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