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Abstract

This thesis describes a new Compliant Articulated Robot Leg (CARL) which is a
prototype leg for an autonomous quadruped robot. The leg is designed for dynamic
walking, trotting and bounding gaits, with an expected top speed of 3 /s, 'To laeil-
itate the construction of multi-legged creatures, the leg was designed as o mmodular,
sell-contained unit with integrated amplifiers and control electronies, It is an articn-
lated 3 DOT® design with revolute joints as opposed to prismatic joituts (or improved
mobility, simplicity and low [riction. It employs clectric actuation instead ol hy-
draulics for indoor power autonomy, impruved modeling, conbrol and reliability. 'The
use of fractional horsepower DC motors in a running robot is [easible through o novel
AnTagonistic LADD Actuation System (ATLAS) which converts motor ellort, Lo high
joint torques with similar efliciencies as the best conventional transmissions, bul at

substantial weight savings.
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Résume

Cetie these déerit une nouvelle jambe robotigue articulée nommée CARIL (“Compliant
Articulaled Robot Leg™) servant comme prototype d'une jambe d’un robol quadrupede
qui est congue pour marcher, trotter e sauter & une vitesse maximale prévue de
B fs. Pour [aciliter la construction des créatures a jambes multliples, cette jambe a
été eréé d'une lagon modulaire et autonome possédant des amplificateurs intégrés et
des cireuits de controle électroniques. Clest un modele articulée possédant 3 degrés
de libertéd el des articulations a révolution an licu d’articulations prismatiques. Ces
caracleristiques menent @ une meilleure mobilité, une simplicité et [aible friction. La
jambe ulilise Pénergie électrique au lieu d’hydraulique pour lournir une puissance au-
tonome, ainsi qu’un model, un contréle ei une fiabilité amélioré. L’utilisation d’un
moteur & courant continu et a faible puissance dans un robot est devenu possible
grice au nouveau systeme “AnTagonistic LADD Actuation System” (ATLAS) qui
transforme la puissance d’un moteur en moment de torsion élevé ayant une eflficacité
semblable & celle des systemes de transmission conventionelle et cela est effectué avec

une conservation de poids substanticile.

—
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Chapter 1

Introduction

1.1 Goals of Dynamic Legged Robot Research

Legged locomotion is a uscful form ol robol imovement. Unlike wheeled robots, which
are restricted to a locally flat environment, legged robots have the ability to negotiate
uneven terrains. This type of mancuverability is extremely practical and may make
legged systems the mobile platform ol choice in many applications. ‘Fracked vehicles
are a good trade-ofl between wheeled and legged systems in terms of complexity and
terrain maneuverability, However, neither wheeled nor tracked vehicles can exhibit
similar mobility, efficiency and dexterity as legged robots.

Introducing dynamic operation and active balance to legged robots promises further
performance improvements over static walkers. The latter, whiclh do nol. balanee
actively, require at least three legs in contact with the ground to maintain stability.
Dynamic operation climinates this restriction and permits a dramatic increase
mobility and speed through running gaits, jumps and dynamic balance,

Past legged robot research has focused primarily on control and less heavily on
design. With more sophisticated control algorithms has come an increased demand
on the mechanics of robot design. It is fair to say, aside from control, that the

performance of any system is a function of its physical nature: structure, actuation
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and energy sonree, ‘This thesis focuses on improvements on the first {wo aspects for

dynamic legged robot destgn.

1.2 Biological Legs

For the design of a robot leg, it is instructive Lo look at biological models for inspira-
tion, Their developments are the result of millions of years of natural sclection and
evolution. The great diversity of leg types is due to this very advanced adaptation,
enabling a broad study of existing models. Different types of legs generate diflerent
gaits: the hopping of kangaroos, the pacing of camels, the galloping of horses, and the
hipedal loconmotion of humans. These are but a few examples of nature’s adaptation
process and tnany more can be found in [27).

Knowing the specifications of a robot leg (size, speed of gait, number of articula-
tions), it can be useful to find biological legs that possess these same qualities. The
specific features of the biological legs can then be incorporated into the design. A look
al a particular biological system also helps with the dynamic aspect of legged robol
design by understanding the action of the muscles, tendons and bones on the overall
performance of the leg. The horse has been known to maintain a speed of 70km/h for
55km {15]. 1t may be natural to think that such a performance is mainly due to the
horse™s extraordinary metabolism, but the design of the animal’s legs plays a key role
in opltimizing speed and minimizing effort. What could explain in part the efficiency
is Lhe clastic ligaments in the lower leg that are able to store energy when the hoof
strikes the ground, and then reuse the same energy to impart forward momentum
to the leg. In addition, the large number of articulations increases its potential for
speed. But for a robot leg, the addition of an extra leg segment increases the sys-
tem complexity, which cannot be justified by a small increase in speed. However, leg
compliance is an option to be considered for improved system efficiency.

R. McN. Alexander and T. A. McMahon are just a [ew of the leading researchers

in animal locomotion. An extensive review of the mechanics, energetics and diversity
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ol animal locomotion can be found in [7. 9, 15, 25].

1.3 Dynamic Legged Robot Designs

Much of the work on dynamically stable legged robot design has come from M. L Raib-
erl [35] who built many different running robots hased on prismatic (telescoping) legs,
He started with a planar one-legged machine and followed with a 31 one-legped robot
shown in Fig. 1.1 (top left) which recorded a top running speed of 2.2m/s. The
follow-up to this robotl 1s a 3D two-legged machine (Ifig. 1.1, top right). where cach
leg has four actuated degrees of freedont. He also built a quadruped (Mg, 1.1, hottom
lelt) which performs a variety of gails that include trotting, pacing and hounding.
Most recently, Raibert built a one-legged robol, kinematically similar to a kangaroo’s
leg [37]. Some features of this robot leg, shown in Fig. 1.1 (bottom right), inelude
revolute joints as opposed to prismatic, and an ankle tendon respunsible for adding
compliance to the hopping motion of the robotl. Except for the first one-logged planar
hopper, which was pneumatically actuated, his designs use powerlul hydranlic aclu-
ators and rely on pneumatics for the leg spring only. 1n this way, Raiberl, ellectively
eliminated power constraints and focused exclusively on robot control issues with a
great deal of success.

K. V. Papantoniou [30, 31] built an clectrically powered actively halanced one-
legged planar machine, illustrated in Fig. 1.2, It weighs 7.54g and is capable of
operating with an average 48W power requirement al, a maximum speed of 0.3 /s
The leg design consists of a four-bar linkage system that emulates the hehaviour of o
prismatic leg while conserving the mechanical efliciency of an articulated design. A
clutch engages the spinning motor at maximum leg compression to maximize energy
transfer to the leg.

There are many more research laboratories working on dynamic legged locomotion

and an extensive review of the research can be found in [36].
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Figure 1.1: M. H. Raibert’s Legged Robots: 3D hopping machine, 1983 (top left);
3D bipedal machine, 1989 (top right); 3D quadruped, 1984 (bottom left); and planar

kangaroo, 1990 (bottom right). Left photos taken from [35], and right photos provided
by M. Buehler.
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Figure 1.2: K. V. Papantoniou’s one-legged planar robot, 1991; taken from [31].
1.4 Progress at McGill’s ARL

Research on legged robots at McGill began in 1991 at the Ambulatory Roboties
Laboratory (ARL) of McGill’s Centre for Intelligent Machines (CIM). Work at ARL
is directed toward understanding the theoretical and practical issues involved in legged
locomotion with the goal of building a fully autonomous, four-legged robot. capable of
static and dynamic stable walking and running. Such a system will permit, the study
of the fundamental issues in multi-legged locomotion design and control. In addi-
tion, it will serve as a generic platform from which customized versions for particular
applications will be derived.

ARL’s current planar monopod [18], shown in Fig. 1.3, represents an important first
step towards that goal. The process of mechanical design and controller development,

and implementation, as well as results gathered from experimental runs, have proven



CHAPTER . INTRODUCTION 6

Figure 1.3: The ARL Monopod, 1993; photo provided by P. Gregorio.

invaluable to developing the next generation of legged robots. The planar monopod
may scem simple and removed from practicality, however its simplicity allows for de-
velopment of analytic results as well as providing conceptual insights, since it displays

all the relevant properties of active balance and dynamic operation.

1.5 Problem Statement

ARL has selected a {our-legged robot as a research platform to study the design and
control of autonomous, dynamically stable legged creatures. Projected quadruped
specifications are in linc with those of a large dog and include a height and length
of 0.75m, a total mass of less than 50kg and a top running speed of 3m/s. The
initial goal, and the subject of this thesis, is to design and build a single prototype

leg suitable for such a quadruped.
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1.6 Author’s Contributions

CARL Design and Construction

Fdesigned a new Compliant Articulated Robot Leg! (CARL) which was constructed
as a prototype for ARL’s autonomous quadruped robot. The leg is a modular, sell-
contained unit with integrated ampliliers and control electronics. The design accom-
modates dynamic walking, trotting and bounding gaits, with an expecied top specd of
3mfs. It is an articulated 3 DOF design with revolute joints as opposed to pristatic
joints for improved mobility, simplicity and low friction. It employs electric actuation
instead of hydraulics for indoor power autonomy, improved modeling, control and re-
liability. While all previous compliant robot legs have used single springs for energy
eficient locomotion and power autonomy [32, 34, 35}, CARL is the first robol leg
to have distributed compliance permitling the exploitation of passive limb motion in

more than one degree of freedom.

ATLAS Design and Construction

To minimize leg mass, CARL features an An'Fagonistic LADD Actuation System
(ATLAS) which makes motor power available as high joint torques efficiently and al
substantial weight savings compared to traditional transmissions. ATLAS leatures
concentric LADD transmissions which due fo their low mass and packiging show
considerable promise for autonomous legged systems. Since these devices were not
commercially available, I had to develop my own manufacturing technigue as well as
select LADD materials and system variables. The use of antagonistic LADDs required
a variable radius pulley which maintains tension in the antagonistic LADDs in the
presence of their kinematic nonlinearitics. The thesis further describes two break-in
phenomena that I identified for LADDs which are imporiant for practical use and any

kinematic modeling efTort.

!Featured on national television [28],
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(C)LADD Modeling

I introduce two new compliance models for LADD transmissions which reduce, by
an order of magnitude, inclastic model errors of up to 18% full scale over force and
position operaling ranges. Llastic models introduced so [ar in the literature were
all based on fiher elasticity, and show an increase in LADD length over the inelastic
length with increasing force. 1 show that in experiments the opposite is true. The
LADD is always shorter than predicted from the inelastic model. As the load force
increases, the LADD length approaches the inelastic length. 1 found the cause for
this fundamentally different clastic behavior to be fiber bending. [ also employ one
of the new models to improve the prediction of the kinematics of a concentric LADD.
The new LADD models are essential for the design of LADD based systems, such as

A'TLAS, the online estimation of LADD forces, and accurate control,

1.7 Organization of the Thesis

The thesis is organized as follows. Chapter 2 discusses the design and construction
of CARL while that of ATLAS is presented in Chapter 3. In Chapter 4, modeling
of LADDs which form the basics to ATLAS is presented along with model validation
Lhrough expertmental work. Chapter 5 provides an interpretation of the findings along

wilh proposed future work and design recommendaticns.



Chapter 2

CARL Design and Construction

A well-structured approach to the design of CARL assured ils success. [ applied
the design process outlined in [29] which consists of task clarification, coneeplual
design and embodiment design. Task clarification (Sec. 2.1} involves Lhe collection of
information about the requirements and constraints in the leg design. In coneeplual
design (Sec. 2.2), major design decisions are made determining the layoud and forn
of the leg. In embodiment design (Sec. 2.3), the details of the leg are presented
and discussed. Finally, details of CARL’s construction and cost are included for

completeness in Sec. 2.4.

2.1 Task Clarification

CARL is a prototype compliant articulated robot leg lor an antonomous quadrupued
capable of dynamic operation and active balance. It serves as a platform to evaluate
new design and control ideas intended to improve dynamic legged robot perlorinance,

Many existing legged robots use prismatic legs and do so with a greal deal of
success [35] but there are limitations and drawbacks. Prismaltic legs lose a substancial
amount of energy through sliding friction and have restricted dexterity due to limits

on retractability. Articulated legs with revoliite joints have less friction than prismatic
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joints and allow for improved mobility and dexterity. Also, we expect to obtain higher
running speeds and increased reliability through the simpler revolute joint designs.

To be most versatile, we require non-polluling operation in indoor and outdoor
environments, Mainly for this reason, we decided on battery based electric actuation,
instead of pneumatic or hydraulic systems [35]. The resulting clean, sale and quiet
operation is also important since the quadruped could well be in frequent and close
contact with people. While high battery energy densities today are still major chal-
lenges, we will be able to exploit battery improvements resulting from automotive
clectric vehicle developments. Furthermore, it is possible to achieve accurate models
of the electrically actuated robot leg, similar to [34]. Such accurate models are critical
[or model based controllers, and are in general more difficult to obtain for hydraulic
or pneumatic systems [10, 11, 23, 24].

Maxon 2260 motors feature an excellent peak torque to mass ratio of 1.ANm/kg and
have been selected in previous work [18, 34]. Tor this reason, the current prototype
leg is actuated by these molors powered by Advanced Motion Controls 254 PWM
servo amplifiers, During development, an off-board power supply is used. The next
design iteration will be completely autonomous incurring more weight savings with
the use of Inland 1200 series motors and full power autonomy with Ni-Cd batteries.

Leg compliance is vital for energy efficient locomotion and power autonomy since
much of the cyclic limb motion and the body's vertical oscillation can be providecd
by the nearly passive oscillation of a body’s spring-mass systems [35}. This principle
is used extensively in most mammals during dynamic gaits, and it saves as much as
50% in cnergy expenditure during locomotion [8]. In animals, the tendons, muscles,
cartilage and bones act as energy storing elements. While some robots have used single
springs for this purpose in the past [32, 34, 35], we design CARL with distributed
compliance permitting the exploitation of this principle in more than one degree of
freedom.,

Projected quadruped specifications are in line with those of a large dog and in-
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clude a height and length of 0.75m. and maximum width of 0.6m. Leg positioning
includes two fore and two rear legs symmetrical about the quadruped’s sagittal plane.
Each prototype leg is adaptable to the planarizer, currently used for the AR Mono-
pod [26], for initial testing prior to being included on the quadruped. The quadeuped
is expected to perform a number of gaits such as walking, trotting and boundiug,
therefore requiring forward and lateral movement. Expected top runniug specd of the
quadruped is 3m/s. In addition, the quadruped is expected to negotiate obstacles
such as jumping across a ditch one and half times its length, and hardling an object
half its height.

Loading conditions on individual legs for limb and joint design come from a sinn-
lation of a planar two-legged robot developed by M. Ahmadi. "The worst case loading
scenario drops the planar model from a 1.5m height onto a single leg. T'he expecled
weight of the quadruped used in the simulation is 50kg (40kg plus 10ky lor on-board
batteries) equally distributed over the four legs. Compliance is modeled through the
revolute joints as torsional springs while the limbs and body are rigid.

The quadruped will have two levels of control. A high level control will be respon-
sible for overall quadruped motion. This clectronic hardware along with the power
supply (10kg batteries) and any guidance systems such as gyroscopes, vision or sonar
will be located on the quadruped’s body. Each leg will have its own inlegrated com-
puter with custom I/0 to read sensors, process the information, implement control
algorithms, send signals out to the motors and communicate with the high level con-
trol. Power to cach leg will be provided from the main supply on the quadruped’s
body.

Attention is paid to safety with joint movement limitations designed for all degrees
of frecdom to prevent damage to the leg and injury to the operator. In addition, a
number of operational safety devices will be coded in the control software,

The current prototype is constructed from materials rcadily accessible to ARL.

Final leg cost must be kept below $10,000 in order Lo keep the quadruped within
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550,000, A ten month project line was established from the onset of design to final

assernbly: September 1993 to June 1994,

2.2 Conceptual Design

In this seetion we divide CARL’s development into three subsystems: leg kinematics,

actuation and compliance.

Leg Kinematics

Since the overall robot quadruped size and performance specifications are similar to
those of a large dog, we choose to model CARL after the hind leg shown in Fig. 2.1
A drawing of the proposed quadruped along with a general leg description is given
in Fig. 2.2. The leg has a total of 4 degrees of freedom with respect to the body.
All three limbs: fool (metatarsal), lower limb (tibia) and upper limb (femur), have
revolute motion on the same plane. The upper limb lias an additional degree of free-
dom for lateral movement. We choose the ratio of the lengths of the femur, tibia and
metatarsal to be the sameof a dog: 1 :1: 0.4 [9]. With a maximum quadruped height
ol 0.75m, we set the upper and lower limbs to be of equal lengths of 0.30m and the

foot of 0.12m. In addition, the foot has a single contact point (toe) with the ground.

Actuation

Due to mass constraints of 8 — 9%&g per leg, only three motors are made available to
~ actuate the four joints. Both knee and hip fore-aft movement are provided through
compliance in series with actuation, while ankle movement is solely compliant. The
ankle is not actuated in order to keep the system simple, and to minimize leg mass,
unsprung mass and inertia. The hip lateral motion is directly actuated without com-
pliance since the energy stored in lateral motion is relatively small and not periodic.

To keep leg inertia to a minimum for better leg performance, we locate the lateral
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Figure 2.1: The skeleton, and some of the principal nscles, of o hind leg of & typiead

mammal, taken from [6].
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Figure 2.2: A drawing of the proposed quadruped (left) and a general descriplion of

. CARL (right).
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actuation motor on the body, and hoth knee and hip fore-aft. motors clustered about
the hip. We do so because cach motor weighs a hefty 1.35g.

A key design challenge is exploiting fully the limited power density (= 6287/kg) of
the Maxon 2260 motor. The torque-speed curve specified by the manufacturer and
onr own experimental one is given in IFig. 2.3, We siimnlated a planar two-legged com-
pliant robot (shown in Fig. 2.4) to obtain realistic torque-speed specifications. While
the available power of the motor is adequate (80W), transmission ratios of 30 — 50
are needed to provide the necessary joint torques. We lound that this is dillicull to
achieve with traditional transmissions, while still remaining within the leg’s weight
constraints of between 8 — 9&¢ and maintaining low leg inertia. For this reason we
decided to pursue a technology invented and pioneered by S. C. Jacobsen [19], based
on fiber conmected hoops, termed LADD transmissions. We develop ATLAS, a LADD

based actnation package, suitable for the knee and hip fore-aft actuation of CARL.

Speed
(raud/s) 2 r T T v T T T
L] 1Y 1 *muevcges e
200 15 aamntene T
L
s i
Recommended —_
Operating Range EE. 0.8 |
3
33
2 B g0
C
£-05
=
== A
Shurt -l %,
Term *n,
Operation -1.5 R :
fammetgusgmramtramesd
e T 2 R0 20 -0 0 100 200 300
033 g W -0 -0 - w03

Moltor Speed [rad/s |

Figure 2.3: Torque-speed curve of the Maxon 2260 brush 80W DC motor, adapted
from [5] (left) and experimental torque-speed curve (right), taken from [18]. The

torquce is limited to 1.8 Nm as specified by the manufacturer.
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Figure 2.4: Simulation of a planar two-legged compliant robot.

Compliance

Projections obtained from simulations require approximalely 30J of energy storapge
per compliant joint. By using elastomers, we are able to achicve an ellicient com-
pliant system compared to conventional steel-coil or leal springs.  The material’s
extremely high energy density (150 times that of steel, see Table 2.1) makes the de-
sign lightweight and compact. We accomplish this with a torsion disk which is a
simple power transmission coupling that assumes a simple shear mode of deforma-
tion [14], illustrated in Fig. 2.5. This deformation mode is used extensively for rubber
springs and corresponds well with the predicted lincar stress-strain relationship np to

approximately 80% strain.
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Malerial Energy Density [1/kg]
Grey Cast [ron L1l
Extra-Soft Stecl 9.18
Phosphor Bronze 12.2
Rolled Aluminum 22.6
Hardened and Tempered Spring Steel 284
Hickory Wood 365
Vuleanized Rubber 44,800

Table 2.1: Energy densities of selected materials, taken from [14].

Right Conicul
End Plate

Elaslomer

~— Left Conical
End Plale

Figure 2.5: Elastomeric torsional compliance: assembled (left) and labeled exploded

view (right ).
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2.3 Embodiment Design

Detail design work of CARL was accomplished with the assistance of graduate stu-
dents P. Gregorio and M. Ahmadi, and undergraduate mechanical engineering stu-
dents P. Grégoire, T. Marincic, and O. Payant. . Gregorio inspired many ol the ideas
incorporated in the design of limbs and joints. T. Marincic and O. Payant. worked on
a thorough force analysis of CARL basced on the planar two-legged robol simulation
developed by M. Ahmadi [17]. P. Grégoire, along with P. Gregorio, carried oul the
detail design of the leg compliance. My responsibility was Lo supervise the group,
gather their ideas, work on actuation and produce a functional leg. A total of seven
months of design work was necessary to complete CARL. The sum of our cllorts is
shown in Fig. 2.6.

In this section, 1 review the designs of the leg’s limbs, joints, lateral actuation and
joint compliance. 1 end discussion on the leg design with details on the distribution of
leg mass. Details of CARL knee and hip fore-aft actnation provided through A'TLAS

are presented in Chapter 3.

Limb Design

The limbs, shown in Fig. 2.7 (parts 34,43,55), were designed Lo be monolithic instead
of an assembly of smaller parts. Although this was more complicated to manulicture,
it proved to be a wise design choice that resulted in lighter and stronger limbs with
fewer fasteners and machined parts. Aluminum was chosen for the limb material
because of cost, machinability and availability.

The limbs were designed to be used for all legs of the quadruped with minimal ta-
chining diflerences. This was accomplished with syminetrical designs which required
such things as similar joint limits. An I-bcam cross section for the upper and lower
limbs provides the best strength to weight ratio with no difficulties in manufacturing,
To alleviate unnecessary effort in lateral actuation when the leg is in planar operation,

the lower limb is offset. This positions the toe {part 53) under the action line of the
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Figure 2.7: CARL: Planar leg exploded view. Refer to Appendix B for CARL’s lisi

of parts. Fasteners and keyways are not shown.
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laderal actuation system climinaling any unnecessary energy expenditure.

The upper limh provides support for the ATLAS packages for both the knee and
hip fore-aflt actuation and respective motor servo amplilicrs, while the lower limb
provides support for knee and ankle compliance systems. The lower limb provides ro-
tation limits of 100° for the ankle and 155° for the knee. Limits [or lateral actuation
are provided with hard stops located on the body. Lateral movement is set but not
limited to 10” to the exterior and 5° to the interior. There are no physical limits (or
the hip fore-aft motion bui rather the design allows unobstructed movement which

serves Lo increase leg workspace.

Joint Design
lixploded view drawings of the ankle, knee and hip fore-aft joints are shown in Fig. 2.7
illustrating their similarities in design. All joints are supported in double shear and
have NKIB 5901 bearings (part 41) supporting both radial and axial loads. Needle
roller bearings provide further radial support: HI 1212 {(part 51) for the ankle and
HK 1516 (part 30) for both the knee and hip. Joint shafts (parts 37,56,74) were
manufactured from 4140 steel quenched and tempered at 205°C. The quenching
and tempering provides the necessary shalt strength and a hard enough surface to
climinatle the need for inner races for the needle roller bearings. Use of inner races
would have required larger bearings which in turn would have increased limb size and
Mass. |
Position sensing of all joints is accomplished with CP-2FK Midori Green Pots
(part 38) fitted with local A/D circuitry designed by P. Gregorio [18]. These were
chosen as opposed to incremental oplical encoders because of compactiness and the

increase in sensor resolution available with the use of scaling circuitry.

Lateral Actuation

Details of CARL’s lateral actuation are shown in I'ig. 2.8, A harmonic drive (part 85)
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provides transmission for this joint because of the space limitations, This design
proves advantageous in that we can evaluate ATLAS™ design and performance against
a competitive transmission such as this one. We purchased a CSE-20-100-2A-G'R
harmonic drive from HD Systems with a torque ratio o 160 : 1, and specilicd for

repeated and momentary peak torques of 92N m and 14T N vespectively,

&

o ‘9“‘(( 19
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%\ ((P))
(el (

i s
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Figure 2.8: CARL: Lateral actuation exploded view. Refer to Appendix B lor CARL s

list of parts. Fasteners and keyways arc not shown.

The lateral joint is supported by a HK 1412 ncedle roller bearing (part 54) al one
end and a 3202 ZZ double row angular conlacl ball bearing (part 81) on the other
end which in addition provides output support. for the harmonic drive. To keep the
overall length of the lateral actuation to a minimum, the use of a timing belt and

pulleys (parts 17,22) arrange the motor (part 18) in parallel with the harmonic drive,
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"I'his also positions the motor in a protective arca where it is safe from impacts.

Compliance

The work on compliance design was carried out by . Grégoire and P. Gregorio. Since
it is an integral part of the leg, it is briefly mentioned here while complete details of
the work can be found in [16]. Two clastomers, polyurethane and natural rubber, were
pursued Lo provide joint compliance. The torsional knee compliance shown in IFig. 2.9
is composed of a cylindrical shaped clastomer cast between two conical aluminum
disks. Since the elastomer is bonded directly onto the aluminum disks, no mechanical
fasteners are required. The conical disk shape allows uniform strain of the material
and thus optimal material exploitation. In our application, the torsional springs do

not sustain more than 75% strain in the worst case situation.

Figure 2.9: Torsional Knee Compliance.

Design advantages include a lightweight package: the spring at the knee weighs
only 125g including compliance and end plates. Moreover, we have measured very
low damping coeflicients, ( < 0.05, which permits efficient energy recovery. One de-
vice is located at the forc-aft hip (parts 26,27,28), knee (parts 60,27,64) and ankle

(parts 44,2747}, as snown in Fig. 2.7. Each compliance is customized in terms of
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range and stiffness.

Leg Mass Distribution

Design work focused extensively on minimizing leg mass. A complete fist ol parts,
and respective masses, is included in Appendix B, The leg’s total mass without. U
temporary body is 11.7kg. Although this is above the required log specitication of
8 — 9&g, | include in Appendix D proposed mass reductions totalling 3.84¢ lor future
design work.

The current mass includes all items necessary for a fully functional leg, except for
the power supply which will be located on the main body. The tolal planar leg weighs
8.3kg while the lateral actuation adds 3.4kg to the total, an increase of 43% in leg
mass. Limbs, bearings and [lasteners account for L.3kg (11.4%), 0.5kq (L4%) and
0.dkg (3.5%), respectively. Motors and electronics account for 5.4kg (A7.4%). The
three actuation packages: knee, hip and lateral, without motors, account for (.9kg

(7.9%), 1.0kg (8.8%) and 1.2kg (10.5%) of the total mass.

2.4 Construction and Cost

Construction of CARL began in the early days of March 1991 and was completed
by mid June 1994. A complete leg cost including parts and labounr is given in Ap-
pendix C. Material costs were kept to a minimum by purchasing in bulk for future
leg construction and plundering other labs, Machining costs, in order of $9,000, will

expect to come down consirderably lor the construction of multiple legs.



Chapter 3

ATLAS Design and Construction

CARL is the first vobot leg to utilize LADD transmissions with Lthe purpose of making
molor power available as high joint torques efficiently and av substantial weight savings
compared to traditional transmissions. ATLAS, an AnTagonistic LADD Actuation
System, illustrated in Fig. 3.1, is an acluator system where a single electric motor
drives an antagonistic pair ol concentric LADDs over a variable radius pulley, not
unlike two muscles actuating a joint,

Sec. 3.1 describes the modeling and construction of the concentric LADDs. The de-
sign of the variable radius pulley, which maintains tension in the antagonistic LADDs
despite their kinematic nonlinearities, is detailed in Sec. 3.2. Finally, Sec. 3.3 describes
the integration of concentric LADDs, variable radius pulley and transmission housing

into the ATLAS package, and offers a comparison with conventional transmissions.

3.1 Concentric LADD (CLADD)

3.1.1 (C)LADD Background

LADD stands for Lincar-to-Angular Displacement Device, and it is a transmission
clement converting rotational to translational motion, invented and pioneered by

S. C. Jacobsen [19]. It is described as a favorable alternative to gear trains, har-

24
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Figure 3.1: ATLAS description.

monic drives, ball screws or belt and pulley systems rated according to eriteria such
as weight, cost, noise, efficiency, life, dynamic performance and strength {20].

A LADD is composed of a number of single LADD cells fixed end to end. Fach cell
consists of two rings joined by high strength fibers, as shown in Iig, 3.2. The helavior
of this single cell describes the LADD’s basic operaling characteristics: As Lhe eell
is twisted, the distance between the rings decreases, thus rolary motion is translided
into linear motion. Conversely, il a twisted cell is subjected to linear extension it will
unwind, producing a rotary motion. In a LADD based system, a stationary motor
rotates one end of the LADD whiic the other end translates.

Jacobsen conducted a number ol tests to establish LADD performance [22). A
14.3mm diameter LADD fabricated of Kevlar® supported in excess of 385kg with
zero input rotation. When the LADD was contracted approximately 20%, its ultimate
strength was about 200kg. A typical test LADD was 203 long, produced an ex-
cursion of about 50mm, and weighed less than 6g. Fatigue tests have been conducted

. on a similar sample. The LADD performed in excess ol 6,000,000 cycles pulling a

22.7Tkg load through a 50mm excursion at a rate of three cycles per second.
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Figure 3.2: Single LADD cell statics. Fully extended (left), and contracted under a

load I' maintained by a torque T (right).

A Concentric LADD (CLADD), shown in Fig. 3.3, is composed of two sizes of

LADDs nested coaxially inside one another and possesses some advantages over the
simple LADD. In a CLADD based system, a stationary motor drives (rotates) one
end of the inner LADD while the remaining end is rigidly connected to one end of the
ouler LADD. At this connection point the external load is applied, and both inner and
outer LADDs rotate and translate together. The remaining end of the outer LADD
is [ixed (no rotation or translation) at a position close to the motor.

One of the advantages of a CLADD over the single LADD chain is the removal of
the slider mechanism (no-rotation constraint) at the load end which is necessary in
LADDs to maintain the torque dilferential across the cells. This reduces both weight
and complexity. With the CLADD, the reaction torque ol the LADD cells occurs near
the motor where the torque was initially generated. Now the load end of the CLADD
must be permitied to rotate freely which can be accommodated hy a cable.

Besides climinating the need for a lincar motion guide, a CLADD configuration will
increase a single LADD’s effective length without physically doing so. The addition
of cells allows the CLADD to operate at a higher mechanical advantage over a longer

excursion than a single LADD chain with the same physical length. Also, the load
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Figure 3.3: LADD and CLADD statics.

applied to the CLADD is distributed over both the inner and outer LADDs, thns
each LADD carrying a fraction of the load, increases the CLADYs load careying
capabilities.

Jacobsen details LADDs use in two prosthetic devices: the /lah Arm, where
clbow flexion was actuated by LADDs, and in another conliguration where LADD had
been used to actuate prehension in an orthotic hand splint [22]. The implementation
of LADD in the elbow flexion of the t/teh Arm mncludes two CLADDs driven in
antagonism by one motor source around a variable radins pulley. "This configuration
provided quiet operation (42 to 53d3) and a torque ratio of 27 : 1 [21].

In [12], J. C. Carruth describes the design challenges associated with LADD. Phys-
ical limits of LADD operation and trade-offs between geometry of the transmission
and as well as kinematics, statics, operational instability, interfiber interference andd

knotting, are presented.
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3.1.2 Ineclastic (C)LADD Models

LADD Model
The inclastic LADD model taken from [20, 22] relating LADD length { to input
rotation @ is readily derived from its geometry, depicted in Fig, 3.4 The cell links are

assimed to remain straight and of constant length £ during cell rotation.

Figure 3.4: Inclastic LADD model cell geometry taken from [20, 22]. This model

asstmes that cell links remain straight and of constant length L during cell rotation.

Keeping the lower ring fixed and rotating the upper ring by @, the upper link ends
displace by Dsin (%) With L2 = 2 + D?*sin® (Q,) and solving for the cell length /,

we gl

where p f LD is the cell’s aspect ratio. A chain of n cells will equally divide the

input rotation #, giving the n-cell LADD kinematics as

in

{(0) = nD\],u2 — sin? ()—0-) (3.1)
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and where the contraction from full extension is

{}

Al = u])\! it = sin? ()—) -~ nl. (3.2
2n

Referring to Figures 3.2 and 3.4, the transimission vatio or lead #{#) of o LADD can

be derived from the principle of virtual work, W = F'dl4-7d0 = 0, and the derivative

of (3.1) dl/d0 as

dl Dasin (%)

0 “éfi:___ =. 3.
0= 5= 1 \/“._, it (L) (3.3)

dn
Rearranging (3.3), a non-dimensional mechanical advantage for LADD i (0) is given
5 [

as

Al l\ﬁ‘! — sin? ..T”J
rn(()):Q:—-%l): sin(-"-)( )

Limits on LADD operation include Interliber Interference (111) which occurs when

(3.1)

T

a LADD cell is rotated to a point where the cell links begin bending arcund and rolling
over cach other. This rubbing makes modeling dillicult and causes wear on the libers.
This region of operation is avoided, and places an upper limit on the LADD input

rotation 0. Carruth [12] derives an expression for [I71,

sin® (2-51'71-) cun'-'(f;'-)
where o = 47 /¢ assuming the cell links Lo be equally spaced about the cireninference
of a ring, and ¢ and d are the number and diameter of LADD cell links respectively.
The maximum allowable IF'l input rotation 0,5 can be obtained numerically.

However, the more important limit on operation is LADD knotting [12]. As the

name implies, the string of LADD cells begins Lo wrap up on itscll as il is rotated
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beyond a limit set by Orpe. Observations of an over-rotated LADD (sce Fig. 3.5)

indicate that the axis of cach cell shifts off center into a helical pattern.

Figure 3.5: LADD knotting.

T'his knotting phenomena, or instability, occurs at rotations before IF1, 0 < Opnoe <
0151, and is Lhus the dominant limit. Knotting occurs in strings of LADD celis, and
Oiner 18 a function of the number of cells n. In contrast, IFI is a physical cell limit,
independent of the number of cells. While IFI is predictable by (3.5), knotting is
dillicult to model and predict. It might occur from imperfections in LADD manufac-
turing duc to slight variations in link to ring end conditions and the spacing of links
around the circumference of cell rings. When a LADD is excessively rotated under
a load, the variations are amplified and the LADD shifts to this helical pattern to
redistribute the load.

To review the inelastic LADD model, the cell length { is non-dimensionalized as

0oy |, 1 .,(0
7 _n.\ll ;ﬁsm (211)' (3.6)

Mg, 3.6 shows a plot of (3.6), for a single LADD cell, n = 1, with a cell aspect ratio

of 1 = 1. The variable rate of contraction depends on the rotational position of the
cell. This is an important property which contributes greatly to the design flexibility
of LADD. In addition, the plot illustrates IFI given by (3.5) occurring at 140° for

¢=2,d=0.5mm and D = 16.0mm.
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Figure 3.6: LADD cell kinematics (left) and statics (right) with 1l {(dotted cnrve)
given by (3.5) occurring al 140” forn =1, p =1, ¢ = 2, d = 05 and D =

16.0mm.

Since the rate of deflection for a LADD cell is variable, the mechanical advantage
m(f) given by (3.4), also exhibits position dependent characteristics, as shown in
FFig. 3.6. An initial small contraction given by a small rolational inpul, results in a
high mechanical advantage. Increasing the number of cells 2 allows LADD Lo operate
at a higher mechanical advantage over a longer excursion. A chain ol LADID eells
divides the linear contraction among the cells while each cell inenrs the same foree
and torque. Each LADD cell therclore operaies in a region of higher mechanical
advantage than if there were fewer cells in the chain.

In discussing operating characteristics of LADD, it is worth noting thal changing
the cell aspect ratio p will produce diflerent rates of contraction and correspond-
ingly different mechanical advantages for cqual rotational input (sec Fig. 3.7). Up
to this point only LADDs with an aspect ratio of | have been considered and for
most applications an aspect ratio of less than or equal to one provides the oplimmm

transmission [22].
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Pigure 3.7 LADD cell kinematics and statics for different aspect ratios pi. The
dotted curve refers to 111 given by (3.5) forn =1, p =1, ¢ = 24, d = 0.5mm and

D= 16.0mm,

One advantage of LADD operation is that its nonlinear transmission (kinematics)
complements the characteristics of typical DC motors (see Fig. 2.3) used for their
actuation. At a high mechanical advantage, LADD has a slow contraction rate. Since
the actuating motor need to only provide a low torque at this operaling point, a lot
ol motor speed is available to offset LADD’s slow response. At a low mechanical ad-
vantage, LADD has a high contraction rate. Again, the motor provides a high torque

al the expense ol motor speed which is not required.

CLADD Model
In CLADD design, the co-axial positioning of the inner LADD with respect to the
ouler requires that both LADDs contract by the same amount. Their lengths arve

given by (3.1) as

L(0:) = n,-l),-\l;t'f — sin® (ﬁ) and [(0,) = noDoJ;Lg — sin? ( b ),
2n; n,
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where subscripts £ and o denote the inner and owder LADDs vespectively, With caeh
LADD made of equal length, the full length of bothi LADDs and thus the CLADD is

[°, where

Po= s D=1 =, (3.7)

Further simplification is introduced by giving bhoth LADDs an aspect vatio of unity,

1-—11—-:—1“'—[ 3.8)
M= ==, =0 (43

Using (3.7) and (3.8}, the individual LADD models simplily to

L(0;) =17 cos (U—') and  1,(0,) = 1" cos (L) . (3.9}
2n; dn,

Since both LADDs are in parallel; the contraction lenglhs of the inner and onter

o 0; or A O
[°{cos (??:) — 1) = {"(cos (2””) 1)

bi _ 0 (3.10)

Ty [

LADDs arc identical,

and therefore

The total input rotation # of the driving source, the motor, is shared by hoth

LADDs, § = 0; + 0,. Substituting into cquation (3.10), we get

fn; On,
and f, = .
n; +n, 1 -k

Now, from (3.9) and (3.11) the CLADD model is

0; =

(3.11)

0
— 19 peys _ 3.2
1(0) = 1°cos (2(11,- m n,,)) (3.12)

and the change in length from [ull extension is
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Of 0 PR
Al(0) = "(cos (-——-—2(“; m ”“)) 1). (3.13)

As with a LADD, the lead #(@) Tor a CLADD can be derived [rom the principle of
virtual work, dW = F'dl 4 7d0 = 0, and the derivative of (3.12) df/df as

- elef T _ dl _ ° 0 —
0= 5= 3 vy (2(-”.,- +n‘,))' (3.14)

Rearranging (3.14), the non-dimensional mechanical advantage for CLADD is given

as

1D 2n + na) " FD, _ 2(n; + ny,)

o 1] T - _ﬂ__ )
T nisin (—2("'4_"“)) NoSiN (2(11.‘+llo))

The load distribution over the two LADDs is solved as

2r 27
- and I, = -
[; sin ( I, sin (

Fi =

3

where 19 <k I, = ', An advantage to CLADD is that the total load [ is shared
by both the inside and outside LADDs, Therclore, the smaller inside LADD can be
designed with fewer fibers, and the inner cells can rotate to larger angles increasing
the CLADD range of operation,

In addition to the operational limits on LADDs imposed by IF1 and knotting, the
range of motion of a CLADD is also limited by the outer LADD necking down and
pinching the inner LADD as shown in Fig. 3.8. As rotation increases, the [ibers of

the outer LADD collapse on the inner LADD and necking occurs when

-

d d O ek
D= 1),"" :j' = (Do - ';)COS (')(','1—-}-L'f1,)).

The maximum motor input 0, is given as

£
a 2

o
Oreck = 2(n; + n,) arccos (;2' + 2[) . (3.15)
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Figure 3.8: Outer LADD necking down on inner LADD (lelt) and end view of CLADID
with geometry to (3.15) (right).

3.1.3 CLADD Detail Design

Our CLADD design supports working loads in the excess of 100kg over the Tull oper-
ating range. The design, shown in Fig. 3.9, allows [or both inner and onter LADDs
to be manufactured separately and for co-axial assembly wilh threaded end pieees.
This allows separate inner and outer LADD model validation, and easy replacement,
ol either one.

A general purpose epoxy structural adhesive, CIBA-GEIGY /lr-ulrhfh:®, honds the
flexible links to the rings and end picces. Sec. 3.1.4 details the epoxy application.
Fach end piece is manufactured with 24 cqually spaced holes to support. Lhe links
during manufacturing. The rings are manufactured from aluminum and end picces
from stainless steel.

Requirements for a suitable link material included: high strength, good honding,
low creep and high durability. Two materials, K eolar® and .S'pr:r:trrr.®, were co-
sidered but neither satisfied all the criteria. l\'c'u!(u'®, an aramid fiber, which was
used by Jacobsen [22] exhibits good bonding, low creep and high strength properties,

. however it lacks durability which is eritical for manufacturing and use. .S'pr:r:l.m®,
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Figure 3.9: CLADD detail design.

a polyethylene fiber, is high strength, resilient and exhibits acceptable bonding, but
creeps. ‘The results to our creep tests on Kevlar® 18.2kg and Spech'a® 22.7Tkg lines
arc presented in Fig. 3.10. Samples, 940mm in length, were loaded with a kg static
load over a 12 hour period.

K evlar® demonstrated excellent creep propertics of 1.17Tmm (0.12%) and remained
steady for a 2 hour period. However, .5'])eclm® crept 7.22mm (0.77%) and exhibited
non-vanishing creep properties of 1.13mm/hr (0.12%/hr). It was a difficult decision,
bul we chose Spect'ra@) because of its superior resilience. Further, the low loading
of cach link during ATLAS operation, approximately 10% of the break strength,
suggested creep may not become a problem.

"Tests were carried out to determine the bonding limits of the epoxy on the 5';)ect7'a®
fine for a contracted LADD cell. Single Spccl1'a® samples bonded to aluminum [ix-
Lures with Ara[dii.c®, simulating LADD operation at 90° cell rotation, supported
Skg loads. This limits a LADD with 24 links to a maximum load of 1204g.

CLADD system variables were based on the inelastic CLADD model presented in
Sec. 3.1.2 and were chosen to maximize contraction, minimize link loading, match

torque requirements and satisfly leg design constraints. The design parameters and
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creep. Sanples, 940mm in length, were loaded with a Ske static load over a 12 hour
period. The abrupt jump in .S';utc!ru@ creep ab 2hes, which is probably an artifact,

does not invalidate the results. Sensor resolution was 0.062n0m.

references for the CLADDs, and inuer and outer LADDs respectively, are given in
Table 3.1. In addition, limits to LADD and CLADD cell votations are pgiven in
Table 3.2. Cell rotation lor CLADDs, limited by knolting is 687, constderably less
than limits imposed by necking (92°) and 1I°1 (122°). "To increase the nsable vange
of LADDs, it is advantageous to minimize this knotting cllect, down to the physical
limits imposed by necking and 1FL. This is a problem waortlt investigaling in future

work.

3.1.4 CLADD Manufacturing

Our approach to the [abrication of LADDs is illustrated in FMig. 3.1, The draw-
ing shows the outer LADD manufacturing set-up; a similar set-up is used for inner
LADDs.

The two end picces and appropriate number of cell rings are aligned axially with

a mandrel (rod) that is removable from one end. The mandrel fixes the end pieces
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CLADD Y LADD | Link Length } Ciedl Diameter | No. of Cells CLADD
Nuwmber | Number | L fin] D fimm] n Application
| | 16.0 16.0 15 Quter LADD
2 3.0 3.0 30 Inner LADD
2 3 1G.0 16.0 15 Outer LADD
4 8.0 8.0 30 Inner LADD
3 D 16.0 16.0 12 Quter LADD
6 3.0 8.0 24 Inner LADD
4 7 16.0 16.0 12 Quter LADD
8 8.0 8.0 24 Inner LADD

Table 3.1: CLADDs designed and built based on inelastic model presented in
See. 3.1.2. CLADD pairs 1,2 and 3,4 are for the knee and hip fore-alt ATLAS packages

respectively.

CLADD | 0,00 [ O | 00pp || LADD |0, | 015
Number | [deg] | [deg] | [deg] || Number | [deg] | [deg]
1 68 92 122 L 68 140
2 69 | 122

2 68 92 | 122 3 68 140
4 69 122

3 na* | 74 122 5 na” | 140
6 na” | 122

q na* | T4 122 7 na" | 140
) na* | 122

Table 3.2; LADD and CLADD limits on cell input rotation. Refer to Table 3.1 for
CLADD and LADD design parameters. (t Values are given per cell: —2— for CLADDs

ni+ne
and % for LADDs. " Not available.)
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Figure 3.11: The outer LADD is set rotating for the final bonding of the fibers to the
rings and the end pieces. The epoxy is applied with the help of a syringe needle which
provides an excellent application tip. The constant rolation of the LADD during this
process provides excellent control over the adhesive application and the subsequent

12 hour drying stage.

at the desired total LADD length. A single S;mctru® 22.7kg line is nsed Lo sbring
the entire LADD through the holes located in the end picces. This minimizes Lhe
problem of dealing with 48 end conditions down to only 2, thus producing a more
reliable and stronger LADD. Every timne the fiber is threaded across, a 1.5kg load is
used to tension the fiber and the tensioned link is bonded at both end picees with
fast-drying Permabond® Bonding Adhesive hefore the next threading. The line is
threaded through cvery fourth hole, and the two free ends are tied together.

The rings are then equally spaced using a comb with the appropriate cell length

and grooves of the appropriate ring width. With two of these combs in place, scelected
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fibers are tacked to the rings with drops of fast-drying glue. After the ghue sets, the
combs are removed and the LADD is set votating for the linal bonding of the fibers
to Lhe rings and the end pieces. The two-part epoxy, CIBA-GEIGY :’h‘aidil.c®, 1S
mixed and lefl to care for 45 minutes. This gives it the right consistency preventing
the epoxy from running up the links. This is especially important for the inner
LADDs where the small cell diameter (D = 8.0mm} packs the 24 0.5mm diameter
links tightly together. The epoxy is applied with the help of a syringe needle which
provides an excellent application tip. Two coats of epoxy are applied. The first is
a light application, while the second sculpts the epoxy into a bead stretching evenly
around the circumference of the rings. The steady rotation of the LADD during this
process provides excellent control over the adhesive application and the subsequent
12 hour drying stage.

The LADD is allowed to cure for an additional 48 hours (without rotation) before
heing disassembled from the mandrel and waiting 7 days before being placed into
operation. Individual LADD cost is in the order of $240 requiring a complete design
to implementation timeline of 2 weeks. A detailed list of manufacturing and mate-
rials costs is included in Appendix C. We expect with [urther design iterations and
improved fabrication techniques that both the cost and timeline of LADD manufac-
turing can be significantly reduced. The two knee ATLAS CLADDs are shown in

Pig. 3.12.

3.2 Variable Radius Pulley (VRP)

3.2.1 VRP Algorithm

The solution to maintaining tension in ATLAS lies in a Variable Radius Pulley (VRP)
that compensates [or the difference in the rates of contraction and extension of the
protagonist and antagonist CLADDs. The derivation of the VRP focuses on the

principles of virtual work and geometry taken from [12].
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Figure 3.12: Knee ATLAS CLADDs,

A CLADD and pulley system driven by a motor is shown in Fig. 313, Applying
the principle of virtual work, we cquate the total input work to the total intermediale
CLADD work and to the total output work at the pulley, 7d0 = I'dl = F Bdd = 7.di.

FFrom this we get two important relations. Mirst,

d0 = Z2dg (3.16)
Ty

which, when integrated, specifies the CLADD input angle # given a specilie torque
ratio 7, /7 and pulley position ¢. The second relalion
R=Te 4
T di|,
gives the required lever arm R satisfying the torque ratio and contraction rate df fdf).
In ATLAS, the antagonist and protagonist CLADDs must salisly two operaling
boundary conditions. First, the two CLADDs driven hy the same motor implies

Oune = O05ny + 055 — Oprar, where superseripl o denotes a pretwist, and subseripts
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Figure 3.13: CLADD and pulley system driven by a motor.

ant and prot refer to the antagonist and protagonist respectively. Second, to maintain

tension requires

a0
dd) ol

_ (d())
d¢ prot é
and recalling expression (3.16), we have

Ti/ ant Ti / prot

This means that the same desired torque ratio 7,/7; should be used for both antagonist

and protagonist pulley surfaces. The resulting VRP not only gives the desired torque

ratio, but also keeps both CLADDs in tension.

The torque ratio can be constant or some position-dependent; relation. However,
there are limitations. First, discontinuities in the torque ratio are not possible, since
the output of the CLADD is continuous. Second, large deviations over small rotations
are nol acceptable. Large decreases would not allow the previous larger lever to rotate

out of the way, and large increases would cause the fiber to separate from the surface.
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Knowing the effective radius £ at any given pulley position &, the geometry depicted
in Fig. 3.1 gives a description of the position of the CLADD in the form of a line
equation with its origin at the pulley center. The initial position of the protagonist

is shown in Iig. 3.14(a), where

Of fsel R
8 = arclan ( /[se ) T = arc('os( iL ) yoand, ¢y =y +

Buasce Arm

— ‘rT!
= Illlx'*lbl N ¥ T T EB?[.-}...::-_—‘::--»: fort Brcet Toa-1
N l 3 i }
\ : |
} st
( . IH |
a) t
o I
Pulley = Base - o
Center
|
l
Olsel
i
(b) |

| ' £
Fultey 7 I.\._’_,,,_______-_ e e e . .I

Cenler

Figure 3.14: VRP gecometry.
Since the CLADD approaches the pulley surlace tangentially, the slope of the line
that describes the current CLADD position is perpendicular to the slope of 12 with
respect to the Base, m) = — col ¢,. To solve for by, we use the coordinates ol the end
point of Ry, {z1,31) = () cos ¢y, I2) sin ¢by), and substitute them along with n) into

the line equation y = m,2 + b, to get

by = R, (sin¢) + cos ¢y col ). (3.17)

By keeping the pulley fixed and incrementing the Arm by de from its initial angle,

the various descriptions of CLADD positions encapsulate the desired pulley surface,
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Fig. 3.11(h). We generate a set of equations describing the positions of the protagonist

CLADD,
sel
8 arctan (Oé;{ k ) :
se
‘Qpr‘m_1
) arccos (_.--'hvn :
b= % B — 1)
iy mjr + by
m; = —coldgy; (3.18)
b; = R;(sin¢; + cos @; cot ¢;); (3.19)
Oprat, = %ff{j + 0o and,
T, dl
Rpr'al = =2 —
! 7 dl boren, !

where 7 = | 1, and m is the number of increments of d¢ over the pulley range ¢.
Finding the intersection of two successive lines gives a point describing the pulley
surface. This intersection approach results in a smooth transition between successive
varying radil. The increment d¢ should be made small enough to maximize pulley
surface continuity. The pulley X and Y surface coordinates are given as a [unction

of two successive slopes and y-intercepts,

O

o b
Mj — Mjy

mbity -—177.J-+|bj) - (3.20)
n; -+ Mmj4a
For the antagonist CLADD, we apply the same procedure as above and substitute ¢
with Oy = 00, + 00,00 ~ Oprar.
The algorithms that generate the pulley surfaces for the protagonist and antagonist
CLADDs are coded in a MATLAB® program given in Appendix E. The program
generates the necessary pulley X and Y surface coordinates that are then loaded in

a CAD program for final pulley design. In addition, the program generates the tool

path given the tool diameter and rotates the pulley surface coordinates, if so desired.
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The required inputs to the program are ATLAS vaviables: = /7. L. Doong Lo Doon,
[w [} i 1 b [] t . v
] o . MY N Lo, “wr oy r o T fiyy e ., el e \ . .
Opvots Oty Base, Of fsel, déand pulley range ¢ The tinal CAD design is downloaded

to a numerically controlled milling machiue for fabrication,

3.2.2 VRP Detail Design

The VRP design required a compromise belween torque ralio 7, /% and pulley range
¢: more ol one, meant less ol the other. A torque ratio of 25 1 1 is achieved between
the CLADDs and VRP for both ATLAS packages. This pairs with a pulley range o
ol 110° and 30° for the knee and hip respectively. A pretwist @ of 720 was assipned
to each CLADD to deal with near zero pulley radii al small CLADD input angles. An
Of fset of 30mm, and Base of 374mm and 215nnn [or knee and hip were imposed
by leg design constraints. CLADD variables are given in ‘Table 3.1, T'he Lotal input
rotation to the knee and hip CLADDs are 9.6 and 7.5 revolutions respectively.

An unsuspected problem with the VRP detail design was CLADD compliance,
Farly experimental work with CLADDs revealed that the contraction rade df/df) was
load dependent. Therelore, we replaced (3.3) with experimental data of CLADDs
loaded with a 15kg load. Data from cach pair of similar CLADDs was averaged
for their respective pulleys. Further details on CLADD complhiance is included in
Chapter 4.

Detail designs of both VRPs are given in Iig. 3.15. The pulleys were desipned
compact and of minimal mass; 89¢ for the knee and 77¢ for the hip. The CLADD
load ends are connected to the VRP with a cable to take ap the end rotation of the
CLADDs. The cable loops around a pin thal is tightened with a wrench and then

locked with a nut.
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Fignre 3.15: Knee (left) and hip (right) VRP detail designs with cable tightening

systems.
3.3 ATLAS Packages

The ATLAS transmission honsing provides the gearing that allows the single electric
motor to drive the two antagonistic CLADDs. Details of the housing are shown in
Fig. 3.16. 'The housing {part 75) provides support for both hip and knee motors
(part 18), in addition to their vespective CLADD pairs. The leg processor board
(part 1), that provides low level servo control, is conveniently mounted on the housing.
The knee ATLAS package is shown in Fig. 3.17. The hip ATLAS package is similar
in design except for the hip requiring guide wheels (part 33, see Fig. 2.7) to redirect
cables back up to the hip VRP. This configuration houses both motors near the hip,
lowering the leg inertia significantly.

Combincd needle roller/axial ball bearings (INA NX 7) (part 108) support the axial
load on cach CLADD while allowing the torque input through spur gears (parts 94,97).
The spur gears are double supported, on one end with the roller/axial ball bearings and
the other with langed ball bearings (part 109). This ensures proper gear alignment

under heavy operation. The spur gears between the motors and CLADDs provide
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Knee Transmission Gear Ralio | Mass [kg] | Efficiency [S0] Inerease in

Leg Inertia [9%)

Current. ATLAS 50 1 0.9 85 ~ u0r h
Optimized ATLASH 50:1 0.7 8H ~ 907 N
Harmonic Drive [, 4] 60 : 1 1.2 S0~ 90 N
Planctary Gearhead [5] Tl b6 70 G

Table 3.3: Comparison of selected CARL kuee transmissions. (" lExpected ATLAS
efliciencies based on CLADD efficiencies presented in See. 4.6, 'Mass saving are

achieved with material substitutions given in Appeudix ).)

additional gear reduction of 2 : 1, bringing the total torque ratio hetween motor and
joint to 50 : L.

The two packages, without motors weigh 0.9kg and 1.0kg respectively, assiing
the mass of the shared parts is equally divided between them. These mass savings
lavor considerably with the 1.2hk¢ harmonic drive lateral actuation. The gquadraped
weight savings are 2.0kg with ATLAS as opposed to all harmonic drive. Additional
mass savings through material substitution are given in Appendix 1, reducing hoth
packages to 0.7kg.

Positioning of motors is critical for minimizing inertia in multi-limbed robols. A
comparison of our current knee ATLAS package and optimized one, against knee
actuation with a harmonic drive or planctary gearhead suitable for the Maxon 2260
(1.3kg) is given in Table 3.3. The latter two require the motor in close proximily of
the joint, significantly increasing the leg inertia (0.4kgm? without actuation) by 58%
and 65% respectively. This is an order of magnitude larger than the knee ATLAS
package that increases leg inertia by only 5%. CLADD cfficiencies (sce See. 4.6) are

comparable to harmonic drives and favorable over planclary gearheads.



o CHAPTER 3. ATLAS DESIGN AND CONSTRUCTION 48

- 14

~—

I Figure 3.16: Exploded view of ATLAS transmission housing. Refer to Appendix B

for CARL’s list of parts. Fasteners and keyways are not shown.
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Chapter 4

(C)LADD Modeling

Accurate kinematic models of LADDs and CLADDs are vital to both the design and
control of ATLAS, The inclastic LADD and CLADD models presented in Sec. 3.1.2
upon which we based our CLADD design are experimentally tested in See. 4.3, ind-
ing the inelastic models inadequate, in Sections 4.4 and 4.5 we propose and vali-
datle improved kinemalic models for both LADDs and CLADDs. Finally, we review
CLADD efficiency and LADD manufacturing repeatability in Sections 4.6 and 4.7

respectively,

4.1 Experimental Set-Up

4.1.1 Mechanical Hardware

Kinematic validation of the CLADDs and their respective inner and outer LADDs (see
Pable 3.1) involved testing them under a variety of static loads with the mechanical
sel-up illustrated in Fig. 4.1. A 19mm thick aluminum plate with equally spaced M8
tapped holes serves as a fixture for all experimental work, All mechanical components
are fixed to the plate with bolts, allowing for quick set-up and turnover.

A S0W brush DC motor (Maxon 2260) is used to actuate the LADDs. A combined
needle roller/axial ball bearing (INA NX 7) supports the axial LADD load on the

50
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Figure 4.1: Mechanical set-up lor kinematic validation of LADDs.

motor while allowing the torque inpui. A lincar motion guide (THR RSR scries)
maintains the torque dilferential across the LADDs allowing the free end Lo translale,
For CLADD testing, the linear motion guide is removed. LADD displacements are
measured via a pulley assembly instrumented with an incremental optical encoder
(Hewlett Packard’s HIEDS-6010). An identical sensor fixed to the molor shalt is nsed
to monitor motor displacements. The motor torque is available as a lfeedback signal
from the servo amplifier. A Kevlar® line rated at 272.7hg break strength altaches
to the translating LADD end, loops around the pulley and over an idler to a fixed

load.



| S%4

CHAPTER A (CHADD MODELING 5

Datu for constant Joad runs (weights attached to the LADDs as shown in Fig. 4.1)
were collected over ten periods of full LADD contraction and extension. The actuation
rale was kepl al o low 0.0z 1o avoid dynamic ellects. The maximum load applied
was sch by the maximum allowable continuous motor torque ol 0.4Nm, while short
term peak motor torques were allowed up to L.8Nm.  As a result, the maximum
loads for both outer and inner LADDs were 25kg and 35kg respectively, and 50kg
for CLADDs. A lower bound on the input angle 0,,;, was established to avoid data
scatter ab low sensor values, while an upper bound 8,,,, avoided LADD knotting
(sce See, 3.1.3). These bounds were different for inner LADDs, outer LADDs and

CLADDs, and limited the modeling range of cach device.

4.1.2 Electronic Hardware

The clectronic interface to the mechanical hardware is illustrated in IMig. 4.2, A single
XP/DCS transputer node [3] is used to read and process sensor signals, compute
control outputs, log data, and interface with servo amplifiers. The XP/DCS cousists
of a processor hoard and a custom 1/0 board which links sensors and servo amplifiers
to the XP/DCS. 'This custom 1/0O board performs analog to digital data conversion
for servo amplifier feedback signals, quadrature decoding of raw encoder signals, and
digital to analog conversion of controller output signals.

Softwarce is developed and compiled on a Sun SPARCstation and downloaded through
an cthernet link (IMS B300 TCPlink) to the XP/DCS board before an experimental
run. There is no communication between the XP/DCS and the SPARCstation dur-
ing the run. Aflter the experiment is completed, logged data is downloaded to the
S f’.fi RCstalion lor oflline analysis by the user.

Power for the motor comes from the grid through a single Advanced Motion Con-
trols PS2x300W unregulated DC power supply which feeds an Advanced Motion Con-
trols 254 PWAM servo amplifier. The servo amplifier can provide 2kW peak power

and servo the motor current at a 2.5k H = closed loop bandwidth. The servo amplifier
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Figure 4.2; Electronic hardware connection diagram.

operates in a current feedback mode allowing motor torque Lo he specilied directly.

4.1.3 Software

C coded software is developed and compiled on the SPARCstation before being toaded
into the transputer. The soltware consists of an initialization routine, a main loop
and a dala recovery routine which downloads data [romn the transputer memory Lo
the SPARCstation I'olldwing the experimental run. The main loop is exeented once

cvery millisecond and performs the following functions:

o keeps track of real time used Lo compute time dependent physical quantities and

to synchronize the controller frequency;

e reads raw sensor data through the 1/0 board;
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o processes raw sensor data into usable form including differentiation and filtering

of position data to obtain rates;

o maintains a watchdog timer signal which disables the servo ampliliers when the

signal is nol present;

e controls an audible alarm which informs the operator of the beginning and end

of an expertmental run;g
e runs the control algorithms to determine desired torque values;

¢ sends desired torque values to the servo amplifiers which control and power the

motors; and,

o records experimental data into an array for later recovery into the SPARCsta-

Lion.

4.2 Experimental Issues

Issnes relating to experimental error and properties unique to LADDs arc addressed

before evaluating the experimental data.

4.2,1 Hardware Experimental Error

Sensor Resolution

Motor and LADD displacements are measured with incremental optical encoders
(Hewlett Packard’s HEDS-6010) which have a resolution ol 1024 quadrature counts
per revolution. A quadrature decoder-counter interface IC (Hewlett Packard’s HCTL-
2016) quadruples the resolution to 4096 counts per revolution, equivalent to 0.001534
radians per count. With a pulley radius of 40.2mm (including cable thickness), a
maximum resolution of 0.062mm for LADD displacements and 0.001534rad for motor

. displacements are oblainable.
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Cable Crec.ap

Two types of lines woere available to attach the translating LADDY end 1o the loids
S;ncclra® £36.4kg linc and a Kerlar® 270 Thg Tine, Any stretelin the cable hetween
the LADD and pulley would afleet recorded LADD displacements. Therelore, their
creep properties were evaluated.  One sample of each Tine, 91000m in length, was

monitored for a 12 hour period under a 60A¢ static load, Mg, 1.3,
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FFigure 4.3: Kevlar® 272, 7kg (solid curve) and .‘:'pcclm® 130.4kg (dashed curve)
line creep. One sample of each, 940mm in length, was loaded witli o G0kg static ioad

over a 12 hour period. Sensor resolution was 0.062mm.

The K evlar® line crept 105z (0.11%) and remained steady for a 33 honr period.
The S;Jech'a@ line, in contrast, crept over 1343 (1.43%) in 12 hours and worse,
still exhibited a steady creep rate of 0.5 mmn/hr (0.054%/ hr) ab that time. A repeated
test on the 272.7Tkg Kevlar® line revealed cven less creep of 0.68man (0.072%) over
the same period. As a result, we used the Kevlar® line for all our experimenlal
work.

Using this last data set and linear interpolation for diflerent. line lengths and weights,

we estimate creep values. With a maxirnum cable length linking the LADD to the pul-
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ley of 2500 and maximum static load of 50kg, we expect a maximum creep during
I hour break-in and 10 minute experiment vuns of 0,060 and 0.01mm respectively.
Since these values fall below the 006200 resolution of LADD displacement measure-
ients, we need not Lo be concerned with ereep eflects. However creep for fonger term

experiments will have to be addressed separately.

4.2.2 LADD Break-In

In order to verify LADD models, repeatable experiments arc a basic prerequisite. We
[ound two dominant “break-in” phenomena which have to be eliminated or charac-
terized before modeling can begin. The (irst one, fiber creep, has been documented in
Sce. 3.1.3 for individual links. The second cffect, glue shaping, is caused when the cell
links slowly work away the corners of the glue that bond them to the LADD rings and
end pieces. Both eflects can be minimized by proper break-in procedures described
below. However, both effects show non-vanishing steady state changes which, though

small, may contribute to the current modeling limits.

LADD Fiber Creep

We applied a 50kg static load to each LADD at lull extension for a 12 hour period.
Sinee each LADD was designed with 24 .5'pec£7'a® links, this loading represents 9.2%
of cach line’s 22.7kg break strength. The results are shown in Fig. 4.4: LADDs 1
through 3 exhibited a total “break-in™ creep of 1.54mm (0.64%), while LADD 4
was slightly larger al 1.73mm (0.72%). LADDs 1 and 4 approached a creep rate of
0.04mam fhe (0.017%/br) versus 0.05mm/hr (0.021%/hr) for LADDs 2 and 3.

This data shows that there is substantial break-in creep which must be eliminated
belore model validation. Unflortunately, the creep continues at a slow, but steady rate.
This does not affect our relatively short experimental runs, but could be a problem

for long term LADD operation.
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Figure 4.4: LADD fiber creep at full extension under a 50kg load over a 12 hour period,
With each LADD designed with 24 S'peclra.® finks, this loading represents 8.2% of
each line’s 22.7kg break strength. Steady creep rates of 0.04num [ and 0.05m0m fhr
were recorded by LADDs [ 4 and LADDs 2,3 respectively.  Sensor resolution was

0.062mm.

LADD Glue Shaping

Glue shaping arises because the epoxy that honds the .S‘pm:!.-m® fibers to Lhe
aluminum rings gives way as the cells are twisted and nntwisted repeatably. We
operated the LADDs for 30min at 0.1//= over the maximum operating range of each
LADD under loads of 12.5kg and 23kg for ouler and inner LADDs respectively,

The first 30min tests on the four LADDs showed thal the kinematics varied no-
ticeably (“break-in” effect) while the second showed immediale convergence. Mg, 4.5
illustrates this behavior for LADD 1. We plot the LADD contraction df for every
contraction input angle 0 of I6rad. The first run shows a large initial bhreak-in fol-

lowed by a steady rate of 0.35mm/hr (0.15%/hv). In the scecond 30min run, the
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convergence is quicker and a rate of 0.30mm /hr (0.13%/hr) ts recorded. These rates
are an order more Lhan those obtlained from fiber creep, making LADD glue shaping

the dominating “break-in” effect,
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Fignre 1.5: LADD 1 glue shaping tests. Variations in LADD kinematics were verified
with break-in tests that ran for 30min at 0.1H z over the maximum operating range of
cach LADD under foads of 12.5kg and 25kg lor outer and inner LADDs respectively.
We plot the contraction dl of LADD 1 for every contraction input angle 0 of 16rad,
where “o” and “+” refer Lo the first and second tests respectively. The first run shows
a large itial break-in followed by a steady break-in rate of 0.35mm/hr (0.15%/hr ).
In the second run, the LADD immediately approaches a steady rate of 0.30mm/hr

(0.13%/ ).

4.3 Inelastic (C)LADD Model Validation Results

Inelastic LADD Model
Motor torque plots for LADD 4 are shown in Fig, 4.6 along with torque predictions

by the inelastic LADD model (3.3). Torque scatter for the 1kg load is a result of
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the torque leedback signal resolution (0.028m) being of the same order as the daia.
The offset in the motor torque data between extension and contraction is due (o
the combined friction torques in the bearings of the motor, thrust hearing assembly,
linear motion guide and pulleys. Given the limited accuracy of the measured data,
the model matches the data and is acceptable, even thongh it deviates inereasingly
towards large motor angles.

More problematic is the kinematic relationship between motor input angle and
LADD length. The experimental contraction length df of LADD 4 is plotted with the
inelastic LADD model (3.2) in Fig. 4.12. LADD 4 had a [ull scale mode! ditlerence
of 18.3% at a lkg load and 9.2% at a 35kg load. We notice as the motor angle ¢
increases, the magnitude of crror increases as well and in contrast, as Lhe load [
increases, the error reduces. The other LADDs illustrale the swme behavior with
similar errors. Clearly an error of up to 20% is not acceptable as a basis [or design
and control with LADDs.

The motor torque predictions, IMig. 4.6, show that the model predicts the general
trend with noticeable deviations at large motor angles. This is the same trend as
with the kinematic validation. This is to be expected since the torque relation (3.3)
is derived from the kinematic relation (3.1). Therefore, we can expect Lhal an im-
provement in the kinematic model will undoubtedly bring about, improvements in the

motor torque predictions.

Inelastic CLADD Model

Similar kinematic validation experiments were conducted on CLADDs | and 2 (sce
Table 3.1). Results for CLADD 1 are shown in Figures 4.7 and 4.13. Just as for the
LADDs, the inelastic model for the CLADDs fails to match the experimental data by
as much as 20% full scale, and the crror is a function of both input angle as well s

load. Again, an improved model is necessary.



CHAPTER 4. (CH.ADD MODELING 60

0.06

Load:1k§

0.04k | AT P ST S P T I

0.02

T

Motor Torque [Nm]

5 10 15 20 25 30 35 40

Motor Torque [Nm]
© o o
> o

o
o

o

Theta [rad]

Figure 4.6: LADD 4 Statics. Experimental motor torque data {:) for the lkg and
35kg runs of IFig. 4.12 are shown with torque predictions given by the inelastic LADD
model (3.3) (solid curve). Torque scatter for the 1kg load (:)(upper plot) is a result of
the torque feedback signal resolution (0.02Nm) being of the same order as the data.
A look at the 35kg load data (:)(lower plot) shows that the model predicts the general
trend but deviates atl large motor angles. The offset in the motor torque data between
extension and contraction is due to the combined [riction torques in the bearings of

the motor, thrust bearing assembly, linear motion guide and pulleys.
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Figure 4.7: CLADD 1 Statics. Experimental motor torque data (:) for the 10ky (upper
plot) and 50kg (lower plot) runs of Fig. 4.13 are shown with lorque prediclions given
by the inelastic CLADD model (3.14} (solid curve). Both plots show that the model

predicts the general trend deviating al large motor angles.
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4.4 New LADD Models

The results from the previons model validation section establish a clear need for a com-
pliznee model, since the modeling error is directly related to the applied load. While
previous work on compliance models [22, 33] siimply attributed this to liber clasticity,
both our experiments with fiber ereep and others [13] show that Speetra®7s high
] ! B

stilfness eannol account for this effect.

I'iber Bending

A close look at a LADD cell in operation shows that the links have a finite cur-
vature at the boundaries to the rings due to the clamping action of the epoxy, as
illustrated in Fig. 4.8, This contradicts the inclastic model’s assumption that LADD
cell links remain straight during operation. We observe that {iber bending becomes
more apparent at large cell twist angles and vanishes at near zero Lwist angles. Pur-
thertmore, the effect diminishes with increasing LADD loads. This explains very well
the increasing errors al large angles and decreasing crrors at large forces between the
inclastic models and our experiments, as shown in Figures 4.12 and 4.13. Thus we
are molivated to include a force dependent “fiber bending term™ in the inelastic the-
ory, captured in the “Local Compliance Model” described below, to improve model

predictions.

4.4.1 Local Compliance Model (LCM)

The LCM identifies an effective fiber link length L as a function of both LADD an-
gle 0 and load F. It is titled “local” because it addresses the previously identified
modeling problem due to fiber bending at the source, locally at the level of the indi-
vidual cell kinematics, before the overall LADD kinematics are developed. Motivated

by the particular form of the errors (sec Fig. 4.9) between the inelastic model and
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Figure 4.8: Cell link liber bending.

experiments, L(0, I7) was chosen Lo be ol the form
WOF g
Lo, M=1 - u(l");;, alFY = byeap™t 4 by (-1.1)
where L° is the design cell length L.
Using the same approach as the inclastic LADD model, we derive the kinemalie

ancl static relations of the LCM as

13

02\ 0
Ho, M = ‘NJ (L"’ - u(l")_”j) — D2sin? (;;) (4.2)

lef T _ _ﬂ _ ‘Za(li')?; (L“ — af /")gl.—:) + L:isiu (%)
i v \/(Lu - "‘“P)%)z — Desin® (%) .

Rewriting the inclastic LADD model kinematics (3.1) as

£ \* 0
L(0, FYemp = \j (TI) + Dsin? (—21-"—) (1.4)

we know, from experimental data, the eflcctive cell link length as a lunclion of both

and

(1.3)

LADD angle ¢ and load /7. We then find the coeflicients b;, j = 1,3, in (4.1) by eurve
fitting to experimental data (sce Fig. 4.10).
The improvements, shown in Fig. 4.12 arc dramatic: The worst case error was

decreased from 18.3% full scale to 1.3% over the entire load and angle range! We



’ CHAPTER 4. (CJLADD MODELING 64

T
Load: 1kg

-
L=

Cell Length L (mm)
o
(1]

15.8
15.7 1 1 1 1 L L] i
2 4 6 8 10 12 14 16 18
Thata [rad)
: : : : Load;25kg
E 16 U U —
) : . : . : :
S B : : . 13 :
2 z z t : Rhiad. 1T
ﬁ 159} - . Do D T mw
© : : i : : S
15.05 : ; ; : . ; ;
2 4 6 8 10 12 14 16 18

Theta [rad]

Vigure 1.9: offective fiber link length L(0, FF) for LADD 1 from the Local Clompliance
Model given by (4.1) (solid curve) plotted with the inelastic model (dashed curve)

and experimental data (:) for loads of kg (upper plot) and 25kg (lower plot).
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Figure 4.10: Local Compliance Model a(F) for LADD 1. The LOM identifies au
effective fiber link length L given as L(0,F) = L — a(I)0/n):. The data trom

constant load experimental runs (o) is fitted to a(1) = bieap™ " 4 by (solid curve),

have thus developed and verilied an improved madel, paying attention Lo the physical
realities. Given the resulting complex model, the question arises: Can we simplily the

model and still maintain accuracy? This question is answered in the next seclion,

4.4.2 Global Compliance Model (GCM)

The GCM identifies a global compliance Lerm g( /). 1t is cousidered “global® hecanse
it attempts to improve modeling by multiplying the overall contraction LADI lenglh
(3.2) by a factor that accounts for [iber bending as a function of LADD loading.
Unlike the LCM, the GCM is developed afier the inelastic model is developed, and is
of the form

Al(as F) = Al(o)im:fu.ﬂic (}( ]'.') (’15)
where

g(F) = ayexp™” 4+ ay (1.6)
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and the coeflicients ¢, § = 1,3, are determined using enrve fits to experimental data
(see Fig, 411). We derive the lead », with =1, as

. I 0
o, 1y T —lr)-sl'n( )g(ﬁ'). (4.7)

FTTd T3 n

For cach constant load run, we used the experimental data and inelastic model pre-
dictions with least, squares to evaluate a single value Tor g( 1) {or (4.5). By evalualing
respective g(17)s for various loads, the cocllicients to (4.6) were evaluated through
curve fitting. The results for the simplilicd GCM are shown in Fig, 4,12, Surprisingly,
with 1.5% crror the accuracy is only minimally worse than that of the physically mo-
tivated and more complex LCM. Therefore, we prefer to use the simpler GCM for

further modeling elforts.

L1

1.09-

1.051

50 100 150 200 250
Force [N}

IFigure 4.11: Global Compliance Model g(I*) for LADD 1. The GCM accounts for
inelastic LADD modeling errors by multiplying (3.2) by g(I'). The data from constant

load experimental runs (o) is fitted to g(F) = ajexp®” + as (solid curve).



CHAPTER . (C)LADD MODELING

0 Load: 1kg
W\ |nelastic
'g‘_zo ........... 1
E : :
T —30F e LCM .. %N ...
e GCM
40t b éxpe"mef\4
_50 N " .
10 20 30
0 Load: 35kg
ok N SRS
Inelastic
E_zo ........................ R NEERIEITRIRS
£ : |
TS —80F LCM ... .
© oM
P S R xperiment \
&0 : : ;
0 10 20 30

Figure 4.12: LADD 4 Kinematics.
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The experimental contraction dl of LADD d

(:)(lower curves) is plotted against the inclastic LADD model (solid carve) given

by (3.2). LADD 4 had a maximum full scale model diflerence of 18.3% at a Vkg load

(upper plots) and 9.2% at a 35kg load (lower plots). We notice thal as the motor

angle 0 increases, the magnitude of error increases as well and in conbrast, as the load

I" increases, the error reduces. In the left plots, both LCM and (CM nodels are

indistinguishable from the experimental data. The error plots on the right show an

error reduction down to 1.5% full scale independent of the applicd load.
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4.5 New CLADD Model

The new CLADD model is based on the GCM (CGCM) and is developed in a similar
tnanner as the inelastic model presented in Sec. 3.1.2. However, due to the number
and complexity ol the equations involved, a purely numerical relationship between the
exterial load #, motor torque 7, the CLADD contraction Al and total input angle 0,
is derived,

From (4.5), assuming the outer and inner LADDs are made to be of equal length

al zero relative rotation. the change in length for cach LADD is given as

AL, 1) = {n,-f),-J;z? — sin? (9—0'—) - n,-L;} ai( ) (4.8)

AT

and

AL, F) = [D\]’ — sin® (,i—-) - noLa} go( F.). (4.9)

2,
Pquating the contraction length of the inner to that of the outer and giving both

LADDs an aspeet ralio of unity, simplifies to
1

0:’ o
[cos (X) - I} gi(I) = [cos (2011 ) - l] Yo 1), (4.10)

Unlike the simple CLADD model presented in Sec. 3.1.2, we are not able to obtain a

simple relation between 0; and #,. As belore, the total input rotation ¢ of the driving

source, the motor, is shared by both LADDs,

0=10+40,. (4.11)
In addition, we have

F=Fr+F, {(4.12)

As with the inclastic model, the load distribution over the two CLADDs can be
derived from the principle of virtual work, dW, = Fidli 4 7d0) = 0, and the derivative

of liquations 4.8 and 4.9, dl/db, k =1, 0, as
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I °T L)
C Dasin () w(F) e
and
. 7
I, = (11D

Dy sin (&) g.(22)

To verily the model, we solve numerically the set of equations (4, 10), (111, (L12).
and cither (4.13) or (4.14), with experimental data for load I, inpul torque r and
input rotation ¢ to get CLADD displacement AL The results are shown in Fig. 1038
For large loads of 50kg both the tnelastic model £3.13), as well as our new C1LADD
model (CGCM) derived from the two LADDs" GUM model are within 4% of the
experitmental data. But again, just like with the individual LADDs, the dilferences
increase with decreasing load, since the fiber bending eflect is increasing. Al a load of
10kg, for example, the inelastic CLADRD model results in o worst. case error of 20%. In
contrasl, with our new model, the error is substantially reduced, and remains bonneded
to within 5%.

A global CLADD model could be identified, which might match the experimental
data even better. However, such a model would not allow us to derive the load
distribution for individual LADDs (LEquations 4.13 and 4.14), which is necessary Lo
monitor the individual LADD’s operating conditions. On the other hand, one might,
ask why our model is not predicting the CLADD response better, being butll upon
LADD models which are accurate to within 1.5%. Besides the additive nature of both
LADD models’ inaccuracies, the main cause can almost certainly be attribnted Lo our
novelty to LADD manufacturing: the inner LADD is a small amount longer than
the outer LADD (= lmm or 0.4%) - the CLADD thus violales assumption (3.7).
A better match between inner and outer LADD length should Turther improve onr
model’s accuracy.

The new CLADD model might lead to advantages in the design of ATLAS. First,
compliance in the two antagonistic CLADDs alleviates the need lor a highly acen-

rate VRP. Second, the model can be used to caleulate bounds on the internal lorce



o CHAPTER 1. (C)LADD MODELING 70

Load: 10kg Z Load: 10kg
0] 1 20 : S ]
'_‘_10 o PR \6 15 ....................................
£ Inelastic u“i
5_20 b R 0 A0 o e P
S Experiment i
-30 AR T 5t
50 : ‘ -5 : ‘
0 20 40 0 20 40
, 6 :
b Load: 50kg Load: 50kg
'_-'_10 o ........ ............ E
g ; Inelastic IE """"
é_go ............... ‘_CGCM R, o
o Experiment i
30t e P SN k!
40 e
- CGCM
_50 N " _4 H H
0 20 40 0 20 40

Theta {rad] Theta [rad]

Figure 4.13: CLADD 1 Kinematics. The inelastic CLADD model (solid curve) given
by (3.13) is plotted together with experimental contraction dl of @ CLADD (:)(lower
curves) and our new model (CGCM)(:){top curves) based on the individual LADDs’
GCM. For large loads of 50kg both the inelastic model (3.13), as well as our new
CLADD model are within 4% of the experimental data. But again, just like with
the individual LADDs. the differences increase with decreasing load, since the fiber
bending effect is inciczning. At a load of 10ky, for example, the inelastic CLADD
miodel results in a worst case error of 20%. In contrast, with our new model, the error

is substantially reduced, and remains bounded to within 5%.

. '



CHAPTER - (C)LADD MODELING 7l

necessary to keep the system from going slack.

4.6 CLADD Efficiency

One of the key figures of merit of a transission is its efficiency. Referving to g
ures 3.13 and 4.1, we define the overall CLADID efficiency as the total output uselnl

work in the form of weight displacement F'dl, aver the total inpul. motor work 7df),

Wou P [l
Wi © ["rdo’

The efficiencies of both knee CLADDs (see Table 3.1) lor increasing load using the

= (1.10)
experimental model validation data are given in Fig. 4.14. Average efliciencies over
[ull contract'ons of CLADD 1 varied from 38% lor a Hkg load to 93% for a H0kg load,
with sipular results for CLADD 2. Efficiency increased with load because system
frictirn plays a smaller role at higher loads. At low loads, a larger portion of the
mc or torque is used to overcome friction. These elliciency resulls of CLADDs place
t!.em within those of traditional devices: standard harmonic drive gearing efliciencies

e normally in the 80 ~ 90% range [1, 4] and ball screws under normal operabion

" olfer 90 ~ 95% [2].

4.7 LADD Manufacturing Repeatability

To simplify modeling we look to improving the imanulacturing repeatability of LADDs
and CLADDs. This will replace the need to “lingerprint” every LADD manufactured,
with a generic LADD model which is a function of system variables L, D, n, and d.
We establish LADD manulacturing repeatability with the results of the LADD GOM
given in Scc. 4.4.2, Fig. 4.15 plots the GCM cocflicient, g( ) for LADDs | through 4.
LADDs of identical system variables (sce Table 3.1), should illustrale similar curves.

Curves for LADDs 1 and 3 overlap but do not illustrate the same decay for increasing
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Figure 4.14: Load dependent CLADD elfficiency.

load. On the other hand, LADDs 2 and 4 exhibit similar decays but the curves are
olfset, considerably.

Short term operation of LADDs has shown that there are problems with LADD
liber creep and glue shaping, (see Sec. 4.2.2). But at the heart of the problem may
lie our manufacturing technique. We identify two areas of concern. First, there is the
application of epoxy to bond the Spectm® fibers to the rings and end picces. It is
feft up to the steady hand of the operator and his sharp eye to determine whether
the right amount of epoxy is applied to the ring: too much or too little? In the
four LADDs tested, a total of 8 end picces and 86 rings were applied with epoxy.
Repeatability is extremely problematic with manual application. This is especially
so for the smaller inner LADDs 2 and 4, where the densely packed links around the
rings make it dilficult to apply epoxy eflectively. In many instances the epoxy had
a tendency to run off the rings and up the fibers. Qur 8mm diameter inner LADDs
were very difficult to build for this rcason, and the results in Fig. 4.15 illustrate the
inconsistencies. Second, there is the equal spacing of links around each ring. The holes

in the end picces help to maintain this spacing locally. However, in the mid-section
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of the LADD. the fibers tend to wander off during the epoxy application. Again this
problem is most pronounced with the inner LADDs,

In conclusion, inconsistencies among inner LADDs are w tributed 1o manufacturing
issues where the small cell diameters make link spacing and epoxy application dillicult,
A remedy to this is to move away from small cell diameter LADDs (< Snon) and
use larger ones (> 10nmmn) or use a fewer number of links (< 20). The outer LADD
inconsistencies derive from the break-in phenomena of fiber ereeping and glne shaping

that affect all LADDs.
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Figure 4.15: Usiug the GCM to cvaluate LADD manufacturing repeatability.
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Conclusion

The subject ol this thesis is CARL: a new articulated leg prototype, targeted lor an
clectrically actuated, autonomous quadruped. It consists of three limbs - an upper
leg, lower leg and a foot, with four degrees of lreedom - an unactuated ankle, a knee,
a hip and a lateral joint. CARL’s key leature is ATLAS, a LADD based actuation
package that integrates along robol limbs in a similar fashion as muscles do in bio-
logical systems. ATLAS exploits small 801 DC motors, weighing 1.3kg to provide
more than 60N m peak torque at the knee and hip joints. The current knee and hip
packages, without motors, weigh 0.9k¢ and Lkg respectively, a favourable comparison
lo the 1.2kg harmonic drive lateral actuation. When considering the quadruped, this
reflects o mass savings of 2kg with considerable reduction in leg inertia due to motor
positioning.

Since LADDs are not commercially available, 1 had to construct my own. Despite
the difficulties encountered, I felt my ability to customize these devices to changing
future needs was well worth the investment. I have described my manulacturing
process which is readily duplicatable and shown experimental data. In addition, I
have selected LADD design parameters according to the simulation of a planar two-
legged compliant robot to meet ATLAS torque ratios of 50 : 1. Current concentric

LADDs employed in the knee ATLAS weigh = 72¢ and can displace a 50kg load



CHAPTER 5. CONCLUSION ™

through a 40mm excursion with 3% elliciency.

Based on experimental work with LADDs, 1 have identiticd a substantial error
between the traditionally used ineclastic kinematic model based on a simple geometric
derivation and the experimentally observed data. 1 have identifiecd the underiving
effect to be not fiber elasticity, but fiber bending.  T'wo new complianee inodels,
a Local Compliance Model (LCM) and a Global Compliance Model (GCM) were
introduced, the first modeling the fiber bending elfect explicitly. Both models resulted
in a reduction of the worst case error by an order of magnitude lor LADDs.

These improvements were achicved despite some elfeets which limit LADD modeling
accuracy. First, while Speclra®, is exiremely durable and has negligeable complhiance
for cell links, it exhibits a persistent creep rate. Sccond, glue shaping of the epoxy that
bonds the links to the rings and end picces has a similar effect on the LADD kinemalie
model. Both of these ellects are extremely slow but will have to be eliminated for
long term operation. Finally, the manufacturing tolerances have to be kept tight,
particularly for concentric LADDs, where the model predictions depend eritically on
the inner and outer LADDs matching lengths. These challeiiges may explain why
these devices have not been used in the past.

With our improved knowledge about LADDs’ properties, their manufacturing chal-
lenges, and more accurate models, these interesting devices could find many applica-
tions in electrically actualed autonomous systems or any other motion control appli-

cation where mass is critical and suitable space is available.

Future Work

Before control wor.. on a CARL based quadruped can begin, improvements should
be carried out on two areas of design. First, to satisly quadruped specifications,
CARL’s mass is to be reduced to 8kg. A first step includes a review of the materials
used for various mechanical components such as gears, joint shalls and bushings.

Material substitutions for these components are given in Appendix D and save 0.9%kg
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per leg, Prof. L. Lessard of MeGill's Composites Laboratory proposes to substitute the
aluminum limbs with graphite-cpoxy ones for further mass reduction. An additional
savings of 0.7kg is achicved with modifications to the control electronics combined
with removing the heat sinks from the servo amplifiers, using the body and limbs as
stbstitutes,

The most significant mass savings results from replacing the current Maxon 2260
motors with fnfand 1203, The same torque-speed characteristics are available with
mass savings in the order of 2.2kg per leg and 8.8%¢ for the quadruped. Provisions
have been made in CARL’s design to incorporate these motors. At this point ARL
must decide as to whether the mass savings outweigh the cost of these motors ($1200).
As it stands, the cheaper ($390) but heavier (1.3kg) Maxon motors are doing a fine
job.

secowed, improved LADD design for relinble long term ATLAS modeling requires
allernatives to .S'pccl‘m® which show less long term creep. Aew! wr® is a possible so-
lution at the expense of durability. In addition, to reduce gluc shaping a tougher epoxy
than CIBA-GEIGY Araldite® must be used. Improvements in LADD manufactur-
ing repeatability require larger cell diameters (> 10mm) or fewer cell links (< 20).
Further, superior dynamic operation of CLADDs can be achieved by substituting alu-
minum for the stainkess steel end picees and graphite-epoxy for the aluminum rings,
reducing current LADD mass by 50%.

Besides these design changes, future work needs to address some unanswered ques-
tions. What is the cause ol LADD knotting and how can it be modeled? How does
LADD cell link fiber bending elfect the onset of 1717 How can the improved CLADD
compliance model be exploited in the VRP design for ATLAS? It is apparent that
CARL, along with ATLAS, offers a virtually non-cxhaustible platform for the study
of dynamic legged locomotion design and control, that ARL can exploit for time to

come.
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Pavameter | Deseription Units
T LADD torque (lig, 3.2) N
I3 LADD axial load (lig. 3.2) N
1) LADD cell diameter (fig. 3.4) m
{, LADD cell length (fig. 3.4) m
/] LADD input rotation (fig. 3.4) rad
w LADD cell ring width (lig. 3.4) m
{ LADD eell ring thickness (fig. 3.4) m
{ LADD length (3.1) m
n number of LADD cells (3.1)
7 LADD cell aspeet ratio: L/ (3.1)
Al LADD length change (3.2) m
r LADD mechanical lead (3.3) mfrad
m LADD raechanical advantage (3.4)
d LADD celi link diameter (3.5) m
v spacing of LADD links around cell rings {3.5) rad
¢ number of LADD cell links (3.5)
i LADD input torque (fig. 3.13) Nm
To VRI output torque {fig. 3.13) Nm
R VRP radius (fig. 3.13) m
& VRP angle (lig. 3.14) rad
¥ angle between Base and R (fig. 3.14) rad
A angle between Arin wid Base (fig. 3.14) rad
Base perp. distance rom CLADD beginning to VRP center (fig. 3.14) | m
Of [set perp. tistance from Base to CLADD beginning (fig. 3.14) m
Arm distance lrom center of VRP to CLADD beginning (fig. 3.14) m
m slope (3.18)
b y intercept (3.19) m
(X, YY) VRP surface coordinates (3.20) m
Al design LADD cell length (4.1) m
a( 1) LCM cocflicient (4.1) rad=?
b;, 7= 1,3 | coeflicients to e(F7) (4.1)
g(I) GCM cocliicient (4.5)
a;y, j = 1,3 | coefficients to g(F") (4.6)
) CLADD efficiency (4.15)
W total work (4.15) Nm

Table A.1: Nomenclalure (in order of eppearance).




APPENDIN AL

NOMENCLATURE

Acronym | Description

CARL Compliant Articulated Robot Leg
ATLAS | AnTagonistic LADD Actuation System
LADD Lincar-to-Angular Displacement Deviee
CLADD | Conceniric LADD

VRP Yariable Radius Pulley

LCM Local Compliance Model

GCM Global Compliance Model

CGCM | CLADD GCM

Table A.2: Acronyms (in order of appearance).
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CARL PARTS LIST

o

,_
!

Part, No. | Deseription Qty | Materjal Mass [g]
I [egrated Transputer w/ 10O 1| Stock 450
2 M3x12 Hexagonal Cap Screw 13 | Stock 13
3 [ o Shalt Retaining Ring 1| Stock l
1 ATLAS NX T 7 Bearing Bushing 4 | Stainless Steel 168
5 CLADD Outer Motor lind Piece 4 | Stainless Steel iy
G Pulley Tightening Bolt 4 | Stainless Steel 48
7 Hip Variable Radius Pulley I [ Aluminum 6061-T6 T
8 M3 Washer 4 | Stock 6
9 M8 Nut 4 | Stock 18
Lo M5Hx12 Hexagonal Cap Screw 10 | Stock 28
11 Lateral HIX 1412 Bearing Housing I { Aluminum 6061-"16 130
12 M6x8 Dog Point Setscrew 3 | Stock 3
13 Lateral Hard Stop [ | Aluminum 6061-T6 8
11 HxHx20 Key l | Key Stock 4
1h AM.C. 250 PWM Servo Amplifier 3 | Stock 346
16 M4x12 Hexagonal Cap Screw 8 | Stock 14
7 I'TD Timing Belt Puliey 2 | Atuminum Alloy 102
18 Maxon 2260 80 Wati DC Motor 3 | Stock 3780
19 Makeshift Body I Aluminam 6061-16 f

20 ltarmonic Drive lnput Housing I | Aluminum 6061-'1'6 242
21 HTD Timing Belt Pulley Flange 2 | Aluminum 6
22 H'TD Timing Bell 1 | Neoprene 18
23 Lateral Hip Shaft 1| Steel 4340 HT 270
2 M4 Washer 2 | Stock 1
25 MAx8 Hexagonal Cap Screw 2 | Stock 3
26 Hip Spring: Right End Plate I | Aluminum 6061-'1'6 "
27 Torsional Compliance 3 | Elastomer -
28 Hip Spring: Left BEnd Plate I | Aluminum 6061-T6 -
29 HK 1512 Bearing 1 | Stock 11
30 HIK 1516 Bearing 2 | Stock 30
31 Dummy Force Sensor 4 | Stainless Steel )
32 MS8x30 Hexagonal Cap Screw 2 | Stock 30
34 A TY16-2 Guide Wheels 2 | Stainless Steel 79
3 Upper Limb 1 | Aluminum 6061-T'6 581
36 Bearing Cap 3 | Aluminum 6061-16 72
37 IXnce Shall 1 | Steel 41140 Q&T 108
38 CP-2FK(B) Angle Sensor 5 | Stock 75
39 M2x0 Setscrew 5 | Stock 1
10 12mm ¢ Shalt Retaining Ring 4 | Stock 1
11 NKIB 5901 Bearing 3 | Stock 129

Table B.1:

CARL parts list: I of 3.

Numbered parts are illustrated in Fig-

ures 2.7, 2.8 and 3.16. (*Mass included as an assembly. Mass not included. *Not

available.)
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CARL PARTS LIST

Part No. | Description Qty | Material
42 NKI3 5801 Bushing 2| Stainless Steel
43 Lower Limb I Aaminwm 6061-716
44 Ankle Spring: Lelt End Plate L[ Aluminum 606116
45 MO Washer 4 | Stock
46 M6x16 Hexagonal Cap Screw b | Stoek
47 Ankle Spring: Right End Plate [ Alominum 606116
18 Ankle Index Coupling o Aluminum 6061-16
49 Axdx15 Key I | Ney Stoek
50 M5x10 CSK Cap Screw 8 1 Stock
51 1K 1212 Bearing I | Stock
52 HK 1212 Bushing I | Stainless Steel
53 Toe w/ Switch I | Stock
54 HK 1412 Bearing w/ IR 10x14x13 I | Stock
55 oot Pl Aluminom 606116
56 Ankle Shaft I ] Steel 4140 QLT
59 Knee Variable Radius Pulley o Alwminam GOGL-'T6
60 Knee Spring: Leflt End Plate I | Alaminum 6061-T6
61 NX 10 Z Bearing I 1 Stock
62 10mm ¢ Shall Retaining Ring 2| Stock
63 HIC 1516 Bushing I | Stainless Steel
64 IKnee Spring: Right End Plate I Alaminum 606116
65 Mdx12 CSIK Cap Screw 3 | Stock
66 136.4kg Linc nal S[)L‘(fll‘(’l® IFiber
67 Sensor to Fiber Connector A4 | Stainless Steel
68 CLADD Outer Rotating End Picce | 4 | Stainless Steel
69 1P HEDS-6010 Optical Encoder 3 | Stock
70 22.7kg Line nat | Spectral Fiber
71 CLADD Outer Ring 50 | Aluminum 6061-1'6
72 CLADD Inner Ring 104 | Aluminum GO61-"T6
73 Hip Bushing I | Stainless Steel
74 Itip Fore-Aft Shalt 1| Steel 4140 Q&T
75 ATLAS Housing T Aluminum GO61-TG
76 ATLAS Housing Cover I ] Plexiglass
7 Electronic Board Supports 2 | Plexiglass
78 M4x16 Hexagonal Cap Screw 2| Stock
79 Harmonic Drive Input Shaft 1| Stainless Steel
80 M4x10 Setscrew 2 | Stock
81 3200 ZZ Bearing I [ Stock
82 30mm ¢ Bore Retaining Ring I | Stock

AMass [g]

50

BEN

76

2230

210

Gl
197
329
[41

02
3

ne

Table B.2:

CARL parts list: 2 of 3.

Numbered parts are illustrated in Fig-

ures 2.7, 2.8 and 3.16. (~Mass included as an asscinbly. 'Mass not included.  Not

available.)
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CARL PARTS LIST

Parl. No. | Deseriplion Qty | Matenial Mass [g
83 M3x30 Hexagonal Cap Screw 12 | Stock 2]
54 3xidx1H Kev 1 ey Stock 1
35 HI) CSI-20-160-2A-CGR ] Stock 227
86 Y o Shaft Retaining Ring I | Stock 1
87 MaHx10 Hexagonal Cap Screw S | Stock 99
83 Harmonic Drive Clamp Ring I | Stainless Steel 6
89 35mm ¢ Bore Retaining Ring I | Stock 3
90 Harmonic Drive Outputl llousing | Aluminum 6061-T6 364
9l 3202 77 Bearing I | Stock 72
92 3x12 Dowel Pin 2 | Stock 1
03 6x10 Dowel Pin 4 | Stock 3
94 30mm ¢ Fairloc Spur Gear 2 | Stainless Steel 78
95 M5 Washer § | Stock 3
96 ATLAS Shafi 4 | Stainless Steel 78
97 G60man ¢ Hubless Spur Gear 4 | Stainless Steel 220
98 M5x20 CSK Cap Screw 6 | Stock 17
99 CLADD Inner Motor End Picee 4 | Stainless Steel -
100 CLADD Inner Rotating End Piece 4 | Stainless Steel -
101 Model 31 Force Sensor 4 | Stock t
102 M5Hx31 Shoulder Bolt I | Stock 9
103 M2.5x8 Hexagonal Cap Screw 10 | Stock 4
104 Angle Sensor Clip 10 | Stock 1
105 M4 Nut, 2 | Stock 2
106 M3x8 Hexagonal Cap Screw 16 | Stock 12
107 [4man ¢ Shafl Retaining Ring 4 | Stock i
108 NX 7% TN Bearing 4 | Stock 56
109 Flanged Ball Bearing 4 | Stock 11
(10 M6x20 Hexagonal Cap Screw G | Stock 36
{11 Guide Wheel Bushing 2 | Stainless Steel 17

Assembled Knee CLADD 2 | Parts: 5,31,66,67, 144
68,70,71,72,99,100

Asscmbled Hip CLADD 2 | Parts: 5,31,66,67, 130
. 63,70,71,72,99,100

Assembled Ankle Torsional Spring 1 | Parts: 27,44,47 ~125

Assembled Knee Torsional Spring 1 | Parts: 27,60,64 125

Assembled Hip Torsional Spring 1 | Parts: 26,27,28 2125

Table B.3:

CARL Total Mass

= 11.Tkg

CARL parts list: 3 of 3.

Numbered parts are illustrated in Fig-

ures 2.7, 2.8 and 3.16. (*Mass included as an assembly. YMass not included. *Not

available.)
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APPENDIX O (CARL COSTS 34
Part No. | Deseription Oty Unit Price Tolal
l Integrated Transputer w/ [ l 2000.00 2000.00
15 ALNLCL 254 PWNM Servo Amplifier 3 445.00 75| 1335.00 US
L7 HTD Timing Belt Pulley 2 13.97 US 2004 U8
I8 Maxon 2260 80 Watt Motor 3 300.65 US| 90195 US
22 II'TD Timing Belt 1 9.90 US 9.90 US
29 HK 1512 Bearing | 4.53 4.53
30 I 1516 Bearing 2 4.75 9.50
33 A TY16-2 Guide Wheels 2 13.55 US 87.10 U8
38 CP-2FK(B) Angle Sensor 5 39.00 US| 195.00 US
41 NKIB 5901 Bearing 3 17.66 142.98
Hl HK 1212 Bearing ! 4.25 4.25
5y HK 1412 Bearing w/ IR 10x14x13 I 11.60 11.60
Gl NX 10 7 _Bearing l 10.91 40.91
66 Spectra\y 136.4k¢g Line 9l.4m 16.80 U'S 16.80 US
69 HP HEDS-6010 Optical Encoder 3 129.35 388.05
70 Spectral 22.7kg Line ~ 304.8m 38.00 US 38.00 US
3! 3200 77 Bearing 1 17.73 17.73
85 HD CSF-20-160-2A-GR 1 725.00 US| 725.00 US
91 3202 Z7 Bearing | 21.56 21.56
94 30rem ¢ Fairloc' Spur Gear 2 4.17 US 2834 US
97 G0mm ¢ Hubless Spur Gear | 13.14 US 5256 US
108 NX 77 TN Bearing q 30.08 120.32
109 Flanged Ball Bearing q 1173 US 46.92 US
Steel 4340 Heat Treated (assorted) na” ~15.00 ~15.00
Steel 4140 Annealed (assorted) na” ~25.00 ~25.00
Aluminum 6061-T6 (assorted) na® | 2200.00 ~200.00
Plexiglass (assorted) na“” ~220.00 ~20.00
Fasteners (assoried) na" ~50.00 ~50.00
Harmonic Grease HC-1 0.5ky 44.00 US 44,00 US
Polyurethane Elastomer na* 250.00 ~50.00
CIBA-GEIGY Araldite® 069 | ~30.00 ~30.00
Permabond™ Bonding Adhesive 28.4¢ =10.00 ~10.00
Machining Costs w/o LADDs 2500 30/hr 7500.00
Variable Radius Pulley Machining dhr 30/hr 120.00
LADD Machining 500 30/hr 1500.00
LADD Construction 32hr 10/hr 320.00
Quenching & Tempering na* 120.00 120.00
Grinding na™ 200.00 200.00
CARL Total Cost | = 517, 500

Table C.1: CARL costs dated June 1994. (Exchange rate: 1 US= 1.3 CAN. Cana-

dian duties on imports and taxes not included. = Not available)
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APPENDIN D,

PROPOSED CARL MASS SAVINGS

9l

1Yart, No.

Description

Quy

Substitniion

Savings [g]

1 Integrated Transputer w/ 10 I | Modifly design. 225
i ATLAS NX 10 7 Bearing Bushing 4| Aluminum 606 -T6 109
5 CLADD Outer Mator End Picce 4 | Aluminum 6061-T'6 -
5 AM.C. 204 PWM Servo Amplilier 3 | Remove heat sink. 450
18 Maxon 2260 80 Watt DC Motor 3 | Inland 1203 2214
23 Lateral Hip Shaft I | Titanium 108
3 Dummy Foree Sensor 4| Aluminum 6061-T6 -
33 A TY16-2 Guide Wheels 2 | Aluminwm 6061-T6 =0
37 Knee Shaft I | Titanium 43
12 NKIB 5901 Bushing 2 | Aluminum 6061-"1°6 32
52 1K 1212 Bushing I | Aluminum 6061-T6 24
56 Ankle Shalt I | Titanium 38
(3 HIK 1516 Bushing [ | Aluminum 6061-T6 30
67 Sensor to Fiber Connector 4| Aluminum 6061-T6 -
63 CLADD OQuter Rotating End Piece 4 | Aluminum 6061-T6 "
B! Ifip Bushing { | Aluminum 6061-T6 40
74 Itip Fore-Aft Shaft I | Titanium 79
04 30mm ¢ Fairloc Spur Gear 2 | Aluminum Alloy 51
97 GOman ¢ Hubless Spur Gear 4 | Aluminum Alloy 143
94 CLADD luner Motor End Picce 4 | Aluminum 6061-T6 -
100 CLADD Inner Rotating End Piece 4 | Aluminum 6061-T6 -
111 Guide Wheel Bushing 2 | Aluminum 6061-1'6 11
Assembled Ixnee CLADD 2 | Replace parts: 5,31, 62
67,68,99,100 with

Aluminum 6061-T6.

Assembled Hip CLADD 2 | Replace parts: 5,31, 62
67,68,99,100 with
Aluminum 6061-T6.
EExpected Mass Savings | & 3.8kg | 32.5%
CARL New Mass ~ 7.9kg | 67.5%

Table D.1: Proposed CARL mass savings. (*Mass savings included as an assembly.)
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ATLAS FAludSE

- -

-

{1} Get Zatn
- CLACD Variables

- ZASE
- CFF3ET
- To_7i: Casired fixed 7

-,

{2} Casign VEP Surface For Pritegsnist CLADD
Calculata:
~ THEVA_SROT: Integrate Tsrque Ratio Tata
- dLATHETA_PAOT: Sukstiture THETA_PAOT
REFFET_PRST: Uslng CQLATHETA_PROT and ToTi
~ LINE EQUAT LATDS: Increcenting ARM by 2PHI
- X_PROT and Y_PROT: Intersecticn of twD successive

13} Cesign VAP Surfare For anzagonist CLADD

Caleutare:

- THETA_ANT: From THETALPRYY

- QLATHETA_ANT: Substlitute THETA_ANT

- REFFET_R Using dLITHETA_ANT and To T
LINE ECUATICNS OF CLADDS: Indrezancing ARM by deHI
X_ANT and Y_ANT: Intersesticn of two successive LINES

LA ] -,

-

3

Close Gff YRP Surface

-
-
2

#iscellanesus Calzulaticns

% 15} Assecble Vestor ¢ontaining Complete VAP Surface Coordinates
% (7} Generacte ®illing Tool Path

t {3} Rotate VRP Surface Ccordinates

% (9} Save VAP Surface Coordinates and Tesl Path

t HAIN Program

cle

clg
clear

% {1} GET DATA
L]

% Load AilAS Variables
Ioad cladd_data.data;

L_§ = cladd datall); v =)

p_§ = cladd _dacail): b [=]

n_i » cladd_daza(ld); % [inreger)

=_§ = cladd _cacals); % nu=ter of inner LADD links
L_5 = cladd dacalS): 1 (m]

D_o = cladd dazalé); t =)

n_o = cladd daca{?); Y {integer]

=0 = cladd_daca{g); % rusker of cuter LACDD linws
BASE » cladd_data{9}: v =l

¥ CLATD's Limired &
A_MAK = [3D*Ia_
THI_MAK = {PHI(I}:

T YEP EURTAZE

- o

THETA_FRIT 8 T Ti.t{FHI-FHILIY b -THITA_PEITS:

% EJUATIZNS CF LINES

= = langth{REFFZZ_PEITY ¢

= (BASE"2-GFFSET 2)175.5;
BETA = atan{CPFSET/BASEL;

GAMMA_PRCT » accs{PEFFET_PRIT./ARM)
PRI_REFFET_PROT = GRMMA_PRUT-BITA+FHI;
SLOPE_PACT = ~E./{tan{FHI_REFFEC_PETTIN;
B_PROT = REFFEC_PRCGT.- (5! £
L*tanlPHI_RETFED_PROT) +cas(PHI REFFEC_FRITH) ...
SAtan(PHI_REFFECLPRIGH)

= {B_PROTIJV-2_PROTLI-1) /7 I5L0F
2 {ELCPE_PRIT(I-1"B_PROTII) -
ZUSLAPE _PRZTLI-1) -ELOPE_FRITIIN;

frff“-"

’
]
s

I NIGUN

o
v

YO} JUHA

Vi

I

6

s



\ {3) ANTAGUNIST VRP SURFACE

SHETA_ANTO = =ax{THETA_PROT};
THETA_ANT = -THETA_FROT+ (THETA_ANIS «THETA_PROTI);

ALATHETA_ANT = =n_f°D_ . sinTHETA_ANT./(n_i-n o)) ...
LIS in_fen o).t {zun2- (Sin{THETA_RNT. . .
JHlZn_ien _0)))."2).40.5);

REFFEC_ANT s -T0_Ti.*dLATHETA_ANT:

§ ECUNTICNS OF LINES
n = lenpth{REFFEC_ANT);
ARM = [BASE“Z.CUFFSET"2)"0.5:
BETA = atan(CFFSET/BASE):

GAMMA_ANT w AcoS({REFFEC_ANT,/AFM);
PHI_REFFES_ANT & ~{GAMMA_ANT=BETA-FHI
SLOPE_ANT = ~1./(van{PHI_REFFEC_ANTIN;
B_ANT s REFFEC_ANT."{sin{PHI_REFFEC_ANT
.*tan(PHI_REFFEC_ANT) +cos{FH!
SATANIPHI _REFFEC_RNTH)

L] I:uERa__AIC‘- CF VA2 LINES

KJ-.\‘TI]'-H -ELIPELAI{IN:

Y AT{i-1) = {SLOPE_A B_ANTIi-11b...
FUSLOPE_ANT(I-3)-5L0PE_AN H

end

'9 r-"‘" n...

X IonER =

F_OENIER = -X_ 2

if ALPHAL < @
ALPHAS = ALPHAL « 2-pi;
en!
ALPHA » [ALPHAR-dPHI:APHIALPHAL-dPHIL:

¥_REC = ¥ _CENTER-ARC_FADIUS
Y_FRC & Y_CSNTEReARC_FARDIUSZ

o8 (ALPHAY
Sin(ALPHA) ;

% I5) u

SET/BASE) ;

A ESTIVE RAD
AUS_AEFTEC_ANT = mean(REFFED_

AVS_AEFFEC_PEST & meani{REFFEC_

S
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tH_FRTT = Aftan _PERY:
TOCL_FRYT = B_PPUTesign{FHO_PROT) *TOLL_FAD./zosIFHIL

w e

PHI_RT « atan{SLOPE_RT):
E_TULL_ANT & B_ANT-gign(RHO_jNT) tTOCL_RAD. foos [FHI_ANTY;

¥ INTERSICTION COF TwW2 LINZS

for 3 » 2:o,

X_TTOL_PRITUS-1) = (B_TTLL_PROTIFI-B_SICL_PRITII-LIM/...
{SLCPE_PROT(3-1)-SLCPE_FROTISIN;

T_TUCLLPRITII-1) o« (SUSPE_PROTIF-1) "B _TOCL_PRITLI) ~ELIPE_PRITII}?
B_TOCL_PRYTI-11)/ (SLGRE_RROT(J~I) -SLIPZ_PROTIS) ) ;

£ .

X_TOGLANT{I-1) = (B_TOCL ANT)-B_TIAL_ANTI3-101/...
(BLOPE_ANT(3-1)-SLCPE_RT (I}

YTOGL_ANTIT-11 = [SLEPE_ANT(§-1) "B_TOCL_ANT(j) ~SLEPE_ANT ()

B_TCOL_RNT(3-31)17 (SLOPE_ANT (§-1) -SLGPE_AX

% CLOSING CFF PULLEY
% LIKES
Y_PROT.Y ® (B_TCOL_ANT(R)-B_TOGL.PRUT (1) )/ (SLOPE_PACT(1) «5L0R
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T VRP -assii, save ONC.s

Y_PROT_i » (SLAPE_PROTII)*B_TOCL_ANT (0} -SLOPE_ANT{R) *5_TORL_PROT(LI}, ..

7 (SLQRPE_PROT{LI-SLCPE_AT (n) }:

X_PAUT_LINE » X_PROT_i:
Y_FROT_LINE = ¥_FROT_&;

X_ANT_LINE = X_PAUT S
Y_ANT_LINE = Y_FROUT_f;

% ARC
ARC_PADIUS] e ({X_CENTEA-X_TCCL_PROTI(N-1))42....
(Y_CENTER-Y_TCOL_PROTIN-11)42)70.5;

ARC_RADIUSZ a (IX_CENTER-X_TOOL_ANTIIM) "2« (Y_CENTER-Y_IIOL_ANT(IV) "2)°0.5;

ARC_PADIUS = {ARC_PADIMS1 « ARC_RADIUS2)/2:

X_ARC « X_CENTER+ARC_RADIUS. *cos(ALFHAD ;
YARC = Y_CEITEReARC_RADIUS.-s1nlALPHAI;

% MILLING VECICR
X_MILLING_VECTOA[1:8) = X_PROT_LINE(1:a};
Y_MILLING_VECTOR(2:8) = Y_PROT_LINE(L:a};

X_MEILLING_VECTCH{a-1:a+b) = X_TOCLFROT{1:b):
¥ _MILLING_VECTCR{ael:a+b) = Y_TCOL_PRUT(1:bt;

X_HILLING_VECTCR{A+bel:arhec) ¢ X_ARCIl:2):
Y_MILLING VECTCR{a+bs]:arbeg) = Y_ARC(1:c):

X_MILLING _VECTCR{a+becslzAebeced) = X_TOCL_ANT(I:d);
Y_MILLING _VECTOR{f+b-celzabec-d) » Y_TCOL_ANT(1:d}:

¥_FILLING_VECTCA(Asbeged~lzachbegeder) » X_ANT_LINE(I:e);
Y_MILLING_VECTGAla+becedelzasbecsder) s Y _ANT LINE{l:e);
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