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Abstract

Typically, when a robotie manipulator undergoes rapid acceleration, there is a

commensurate loss in end-effector positional accuracy. To aehieve high aecuracy ofthe

working end, massive links are usually required. Conversely, to aebieve high

aceelerations, thin and flimsy links have to be employed, only to be plagued by large end

effector vibrations and long settling tÎmes. However, this traditional tradeoffcan be

circumvented through the application ofhigh-perfonnance materials such as

graphitelepoxy which exhibits high stiflhess-to-weight and strength-to-weight ratios as

well as good damping properties. This thesis describes the process ofdesigning and

fabricating the three principal mechanisms ofan anthropomorphie lightweight robotie arm:

the shoulder joint, elbow joint and wrist. Each mechanism comprises various components

which were individually optimized for strength, stiffitess and weight by finite-element

analysis. The components were then synthesized into shoulder, elbow and wrist

mechanisms that exhibited excellent workspace, low backlash and low friction. This

lightweight composite manipulator was developed as a multi-purpose arm for possible

applications in the remote repair ofhydroelectrie power lînes, minesweeping and the

bandIing ofhazardous materials.
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Résumé

Normalement, lorsqu'un bras robotique accélère rapidement, il perd en

conséquence de la précision. Pour atteindre un bon niveau de précision, la structure du

bras doit être massive. A l'inverse, pour atteindre de hautes accélérations, la structure

doit être mince et donc flexible. Néanmoins, en utilisant des matériaux composites,

comme les fibres de carbone, ayant des excellentes qualités au niveau de force et rigidité, il

est possible de concevoir et fabriquer un bras robotique très léger et performant. Cette

thèse décrit le processus de concevoir et fabriquer les trois mécanismes principaux d'un

bras robotique, c'est à dire l'épaule, le coude et le poignet, ayant les dimensions, la

mobilité, et la performance approximatives d'un bras humain. Chaque mécanisme

comprend plusieurs pièces qui ont été optimalisés pour la force, rigidité et poids par

l'analyse d'éléments finis. Ce bras robotique a été conçu comme un bras polyvalent

pouvant servir à plusieurs fins, notamment l'entretien des lignes hydroélectriques, la

chasse des mines ainsi que la manipulation des objets toxiques ou dangereux.
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Introduction
-

One ofthe primary objectives ofroharies engineering is ta design a manipulator

capable ofhigh link accelerations without saerificing positional accuracy. For industrial

robotic applications, such as automated assembly, productivity is related to the speed and

settling time ofa robotie ann while the positional accuracy determines the quality control.

These two attributes, high link acceleration and positional accuracy, were once considered

mutually exclusive. Precise robatie manipulators were traditionally massive and slow

whereas fast ones were light and flimsy, and affIicted with unwieldy end-effector

vibrations. However, the traditionai tradeoff cao been circumvented by two methods.

• Frrstly, the dynamic response ofeach Iink can be incorporated into the control algorithm

for the entire arm. This is achieved by carefully quantifying the flexure and damping of

each link and then using a computer control system to correct for the end-effector' s

vibrations [1-5]. The performance ofrobotic manipulators can aIse be dramatica11y

improved by reducing the inertia ofthe links while maintaining stiffuess and strength [6-8].

This can be achieved by utilizing materials with very high stifihess-to-weight and strength

to-weight ratios, such as composite materials, and by optimizing the geometry ofvarious

components to m.inimize deflection and stress.

Another fundamental concem ofcurrent robotics research bas been to develop

anthropomorphic (human-like) arms capable ofemulating the dexterity, manipulability,

workspace volume and payload-to-weight ratio ofa buman arm. Not only would

anthropomorphic arms be ideal prostheses, but they wouid also make teleoperation in

space, undersea and in bazardous environments that much easier for the human controller.

•
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The advent of high-performance composite materials, with very high stiffuess-to-

• weight and strength-to-weight ratios as weil as excellent damping properties, have made it

possible for robotics engineet"S ta build manipulators with excellent stiffuess, strength,

damping and low inertia. This thesis describes the process ofdesigning and fabricating a

lightweight, anthropomorphic, seven-degree-of-freedom manipulator using

graphitelepoxy, aluminum and stainless steel to achieve human-like payload-to-weight

ratio, dexterity, manipulability, workspace volume as well as good positional accuracy

without sacrificing Iink: accelerations.

1.1 Definitions: What is a robot?
From an etymological standpoint, the term "robof' was derived from the Czech

"robotnik" or "rabota", meaning slave or subservience, and gained prominence from the

science fiction play RUR (Rossum 's Universa/ Robots) by Czechoslovakian playwright

• Karel Capek [9]. Nowadays, robots come in every imaginable shape and size. This bas

undoubted1y contributed to the apparent confusion regarding what exactly a robot is. For

instance, what distinguishes a rohotie arm from a crane, gantry or an excavator?

Numerous robotics organizations around the world have attempted to clarifY the issue by

proffering definitions ofa robot. In 1987, the Robotics Industry Association (RIA) ofthe

United States [10, Il] defined a robot as a "reprogrammable multifunctional machine

designed to manipulate materiaI, parts, tools, or specialized devices through variable

programmed motion for the performance ofa variety oftasks." The Swedish Industrial

Robot Association [10] defined a robot as "an automatical1y controllecL reprogrammable,

multi-purpose manipulative machine with or without locomotion for use in industrial

automation applications."

Lest there be any confusion, the terms "robatic arm." and "manipulator" shall be

hereafter treated as synonymous and often referred to simply as an "arm." While on the

• topie ofterminology, "end-effector" shall be taken ta mean the endpoint ofthe arm, which



could be the tip ofa tool, the center ofmass ofa payload or in the absence ofany such

• abject, merely the geometrica1 center ofthe gripper or band.

1.2 Classifying Robotic ArBIS:

3

1.

2.

3.

4.

5.

6.

•

•

There are endless ways ta classify robotic anns: by structure, by functio~ by the

number ofdegrees-of-freedom (DOF), by the type ofactuation, by whether the joints are

seriaI or paralleI, et cetera. The Japanese Industrial Robot Association (JIRA) classifies

robots according ta their capability [10]:

• Class l is a simple manual, teleoperated manipulator

• Class 2 is a fixed sequence robot that can only perfonn a single preordained task

• Class 3 is a variable sequence robot whose single task can be easily reprogrammed to

perform a different task

• Class 4 is a robot that can replicate a sequence of steps shawn ta it by a human

operator

• Class 5 is a numerically controlled robot

• Class 6 is an intelligent robot capable of sensing and navigating tbrough its

environment

Outside Japan, perhaps the most common approach [12-14] is to classif)r

manipulators according to their structure. Accordingly, there are essentially six types of

robot arms:

Cartesian Coordinate Arms (all prismatic joints)

Polar Coordinate Arms (3 revolute degrees-of-freedom)

Cylindrical Coordinate Arms (2 prismatic joints and 1 revolute joint)

Revolute Coordinate Arms (4 or more revolute nüf)

Serpentine Anns (numerous joints articu1ated in series like the human spine)

Anthropomorphic Arms (consisting ofshoulder, elbow and wrist joints)
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1.3 ProbleD1s Associated with Current
Robotic Arms

Most current robotie arms possess poor payload-to-weight ratios, paor damping

and laek anthropomorphie manipulability and dexterity. Futhermore, the essential dY11aIllÏe

tradeoffbetween link acceleration and positional aecuracy hasn't been properly addressed.

Conventionally, to design a fast-moving arm required that the links have low inertia.

Inevitably, this resulted in large end-effector vibrations and long settling tîmes.

Conversely, to achieve high positionai accuraey required bulky, massive links. Due to the

large inertia ofthe links, these robotie arms cannat move rapidIy and require inordinate

amounts ofpower. However, robot researehers the world over have already begun ta

offer many design solutions to these problems. Ta achieve the manipulability and

dexterity ofa human~ innovative new joint mechanisms have been studied. The

advent ofhigh stifihess-to-weight composite materials bas aIso had a significant impact on

overcoming the conventional tradeoffbetween link acceleration and positional aecuracy.

1.4 Objectives
Bearing in mind the aforementioned shorteomings, the objectives ofthis thesis

were ta design and fabricate a lightweight anthropomorphie rabotie ann that bas a

payload-to-weight ratio of 1: l, a maximum statie deflection of 1 cm while lifting its

maximum paylaad of 10 kg and, furthermore, exhibits the manipuIability, dexterity and

workspace volume approaebing that ofa human arm. Ta aehieve these design criteria,

each component ofthe shoulder, elbow and wrist mechanisms was optimized for

maximum. strength-to-weight and stifihess-to-weight ratios.
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1.5 Potential Lightarm Applications
Lightann was designed as a general-purpose ann with a wide variety ofpotential

applications ranging trom repairing high-voltage power lines to minesweeping [15]. Spin

offapplications may include bomb disposai and handling hazardous materials, both

ehemica1 and nuclear [16]. In the nuclear industry, however, radiation is known to have a

deleterious effect not only on the robot's electronic circuitry but aIso on the mechanica1

properties ofcarbon fiber reinforced plastics [17]. Yet another possible application for

Lightarm is in medicine where surgeons have already begun ta use robotic manipulators

such as the AESOP arm for certain simple procedures [18,19]. Ta perform sueh a wide

gamut oftasks, the rohatie arm must be able to emulate the speecL precision, payload,

dexterity and workspace volume ofits human eounterpart.
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Chapter 2

2.1 Survey of Current Robotic Arms
Due to the sheer number of manipulators currently in existence, it would not be

feasihle ta discuss and describe each one. So, in the interest ofbrevity, the foHoVfing is a

Mere sampling ofsorne interesting anns that bave bearing on the current work.

.A. payload-to-weight ratio of 1: [ has already been achieved with the ROTEX

manipulator, shawn in Figure 2.1, designed by Gombert et al. at the Gennan .Aerospace

Research Establishment [20,21] .

,- ~~~==..:.;;..-~.. ~._=-'-:...:.' --:·...::.:-7~~o _::'::'-' ;

- -0- o~0-1_~_

...--~- ..--

Figure 2.1: ROTEX
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The Canadian Space Agency and SPAR Aerospace used graphite/epoxy ta design

the space shuttle's remote manipulator system, the Canadann., shown in Figure 2.2. For

space applications, Iightness, high stiffitess-to-weight ratio and good damping properties

• are typically the driving factors in the design. The nexr generation ofspace robots, such



•
as the Space Station Remote \1anipulator System (SSR\-fS). are using graphite/epoxy to

make even lighter. stitfer and better performing arms.

! '.:

1 •

~ :

Figure 2.2: Canadarm

7

• Schilling Robotie Systems has developed a high-performance six-degree-of-

freedom titanium arm caIled the Titan U. Powered by hydraulics running at a pressure of

3000 psi (20.7 l'vfPa), the Titan II has an excellent lift capacity of 240 pounds (109 kg) at

its full extension of 76 inches (1.9 m) and is designed to operate in radioactive, toxic

chemicaI, high-voltage and undersea environments [22] _ Schilling's latest refinements are

embodied in the Titan III, shawn in Figure 2.3 .

•
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Figure 2.3: Titan m © 1997 GEe Alsthom Schilling Robotic Systems, fnc.

Mitsubishi Heavy Industries produce the six-degree-of-freedom Paint Coating

Robot. Powered by hydraulics running at a relatively low 7.4 rvfPa, the 450-kilogram ann

is rated for a payload ofonly 5 kilograrns [23]. This is a typical example ofan industrial

robotic manipulator which is designed for simple, repetitive manufacturing tasks. In many

ofthese applications, the introduction ofhigh-perfonnance manipulators \vould not be

justified because the task the arm performs (e.g. spray-painting) requires neither speed nor

preCISIon.
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6Axes

Figure 2.4: Mitsubishi Paint Coating Robot

The six-degree-of-freedom., servo-hydraulic MTS 200A was designed as a general

purpose industriaI manipulator for handling tool5, [oarling and unloading machines and

performing inspection on production lines. The MTS arm i5 capable ofachieving a

repeatable end-point precision of ±G.l3 mm \\Iith loads up to 100 kg [24] .
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The ASEA Industrial Robot System !RB 6/2 is another general-purpose six-

• degree-of-freedom industrial robot. Designed for grinding, polishin~ arc welding,

deburring.. and assembly. this ann has a rated payload of6 kg and a repeatability of±O.2

mm [25].

•
Figure 2.6: ASEA !RB 6/2

Advanced Automation Products produces the BASE Robot which is a Cartesian

coordinate arm coupled with a revolute gripper. Constructed of alurn.inum, stainless steel

and bronze.. the BASE Robots are actuated by a pneumatic pressure. At 80 psi (552 kPa).

forces generated in the x-y-z directions vary fram 55 ta 90 paunds (25 to 41 kg) [26].

•
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Advanced
Automation

Products
Figure 2.7: Advanced Automation Produets BASE Robot
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•
The Sôrcos Dextrous~ one ofwhich can be found at the McGill Center for

Intelligent Machines~ bas ten degrees offreedom and operates at 3000 psi (20.7 MPa) of

hydraulic pressure. The tele-operator of the Sarcos Dextrous Arm "wearsn the master

arm and by moving bis human arm inside the master arm., the motion is replicated by the

slave arm. The load ceUs in the Sarcos arm can sense forces as small as one ounce.

pernùtting the operator to engage in delicate manipulations [27].

Wire guide
for shoulder flexlextend

Twodegree
of-freedom

thumb Spreadlng
second flnger

Arm control wlres

Shoulder abductladduct actuator

Wire guide for humerai
rotation

Wrfstnexl
extendand

abduCfl
adduct

ae:tuators

•

Figure 2.8: Sarcos Demous Arm

Spine Robotics of Sweden has developed a serpentine manipulator for industrial

applications ranging from spray painting to arc welding. With its electro-hydraulic servas

and seven degrees offreedom., it is a highly dextrous ann [28] .

•



• Figure 2.9: The Spine Robot spray painting the interior cfa car body
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Barrett Technology has developed a Iightweight, highly dextrous.. zero-backlash,

• seven-degree-of-freedom manïpula!or. The four OOF ofthe 7-pound (3.2 kg) aluminum

and steel shoulder/elboware powered by brushless DC electric motofs and generate a

terce at the tip of5 lbs (22 N). The 3-00F wrist.. construeted ofmagnesium and a

carbon/Kevlar composite, weighs only 4 lbs (1.8 kg) yet generates pitch and roll torques

of42 in-lb (4.7 N-m). The multi-fingered Barrett Hand exhibits similarly impressive

dexterity, with the capability ofmanipuIating objects as large as 1 meter in diameter or as

small as l centimeter [29J.

IS

•

• Figure 2.10: Barret! Wrist (1eft}, Barrett Hand (top right) and Barret! Arro (bottom right)
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Sorne fascinating innovations in anthrorobotics (the area ofstudy concerned with

• robots ofhuman-like foon and funetion) have aIso come from Ross-Rime Designs.

Possessing remarkable dexterity, the Omnï-Hand and the Omnî-Wrist are rugged enough

to be used in everything from for nuclear materiai handling to underwater manipuIators.

Both are rated for a payload of25 pounds (11.4 kg). The Omni-Wrist allows for 1800 of

pitch and yaw as weil as 3600 of continuous roll which makes it ideai for manipulating

tools [301.

Popular examples ofrevolute coordinate manipulators are the Programmable

UniversaI ManipuIator for Assembly (PUMA) designed by Unimation [31], Cincinnati

Milacron arms [32], and the Selective Compliance Assembly Robot Ann (SCARA), like

the French Scemi [33]. There are aIso numerous anthropomorphic anns currently on the

market: the Inteiledex 660 [34], the ABB !RB 1000, ,!etrabot, and the Martin Marietta

Flight Telerobotic Servicer (PTS).

•

•
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Figure 2.11: Omnï-Hand (Ieft) and Omnï-Wrist (right) ofRoss-Hime Designs, Inc.
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2.2 Anatomy of an Anthropomorphic Arm
Essentially, an anthropomorphic robotic arm, such as Lightarm, consists ofa

shoulder, elbow, wrist and a band or gripper as illustrated in the schematic below. These

mechanisms are typically not mere prismatic or revolute joints but comprise gimbals, ball

and-sockets, universal joints and cams. These provide more fluid and dextrous motion,

the better to emulate the kinematics ofa human arm. To be truly anthropomorphic, the

kinematics ofan anthropomorphic ann should replicate thase ofits human counterpart in

its full seven degrees-af-freedom. The shoulder should be able to achieve 2700 ofpitch,

1800 ofyawand 900 ofroll while the elbow should be able to achieve 1500 ofpitch.

Fmally, the wrist ought ta produce singularity-free movement through 1700 ofpitch, 700

ofyaw and 900 ofroil. The addition ofa band or gripperprovides yet more dexterity.

End-effectof

•
Rand
or
Gripper \

I-----_~

/~

,----- Wrist
Joint

---Elbow
Joint

--- Shoulder
Joint

•

Figure 2.12: Anatomy ofan Anthropomorplùc Arm
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2.3 Survey of Composite Robot Research
For at least a decade now, researchers have explored the application ofIightweight

materials such as graphitelepoxy to the design ofrobotic arms. As mentioned earIier,

Gombert et al. at the Institute for Robotics and System Dynamics ofthe German

Aerospace Research Establishment designed and bullt ROTEX, an ultra-Iight carbon-fiber

grid structure manipulator having a payload-to-weight ratio of 1: 1. At the Technion in

Israel, Salomonski et al. [35] have designed a light manipulator with a 1: 1 ratio ofpayload

to weight based on an inflatable thin shell structure. Such an arm could be folded into a

compact package, Iafted into space and then deployed by inflating it with compressed air.

Yet another lightweight space robot, dubbed the SeJf.Mobile Space Manipulator, bas been

developed by Yangsheng Xu et al. [36] at Carnegie MelloD. The 7-DOF arm is intended

for inspectio~maintenance and construction ofthe trusswork of Space Station Freedom.

In South Korea, Dai Gil Lee et al. [37] have designed and built a SCARA-type direct

drive robot using graphitelepoxy. They have shawn that, in addition to weight savings,

the staric deflectio~ naturaI frequency ofvibration and damping ratio were superior in the

composite arm compared to its aluminum predecessor. The same authors [38] later

developed a carbon-fiber anthropomorphic arm which bas 6 DOF, a 70 N payload and a

positional accuracy ofO.l mm. The composite arm weighed a quarter ofits steel

predecessor and exhibited a natural frequency double that ofthe steel anD.. The optimal

angle for the filament-winding ofthe graphitelepoxy was determined to be 150
• Finally,

these same authors [39] aIso designed and fabricated the third arm ofa 6-DOF articulated

robotic manipulator with graphitelepoxy. The cylindrical structure is rated for a payload

of60 Newtons and can achieve a positional accuracy of0.1 mm. Once again they

observed that the composite arm exhibited superior damping and stiffuess charaeteristics

compared to the original aluminum prototype.

Thompson and Sung [40] have investigated the performance improvements

achieved by replacing the steel forearm. ofa General Electric P50 industrial process robot

with unidirectional or ±45° graphitelepoxy Iaminates. Their findings indicate that
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graphitelepoxy radically improves the damping and reduces the settling time. The

• damping ratios were caIculated to he 0.2 at 500 Hz for the unidirectianal and 1.1 at 500

Hz for the ±45°. Since the natural frequency ofthe graphitelepoxy forearm was estimated

to be approximately 500 Hz higher than its steel counterpart, the composite forearm has a

larger bandwidth and is thus easier to control. The same authors [41Jhave developed a

mathematical methodology for optimizing the lay-ups ofcomposite rohotie arms, taking

inta account stiffuess, strength, damping, and mass. Another Iaminate optirnization

technique for minimizing tip deflection ofa robot link has been presented by Chao [42].

While sorne robatic anns move slowly enough that they may be considered quasi

staric, others aceelerate and decelerate rapidly and thus require full dynamie analysis.

Gordaninejad et al. [43 -46] have addressed this issue using Hamilton's Principle and

Timoshenko beam theory to derive equations ofmotion ofa laminated composite flexible

rohotic ann that take into account the effects o.fgeometric nonIinearity, rotary inertia and

shear deformation. In subsequent papers, they investigated the effects offiber orientatio~

• stacking sequence and damping on dynamie properties. Sung and Shyl [47] studied the

dynamic response ofa box-beam link ofa robotie arm. A ply orientation of36.8°

optimized the specifie damping capacity ofthe link. Caprino and Langella [48] optimized

a rohotie arm for maximum fundamental frequeney using the Rayleigh-Ritz energy method

to find an expression for the flexure ofa beam.

Finally, the issue ofcontrolling a flexible composite arm has been addressed in

numerous papers. Ghazavi and Gordaninejad [49] used nonlinear controllers with PID

compensators to control a graphite/epoxy ann. They observed the effect ofthe control

system on the new lighter, stiffer composite structure and eompared it with the previous

dynamic performance ofthe aluminum aTm. The relative advantages ofactive and passive

control were examined by Gordaninejad and Vaidyaraman [50] with an eye to reducing

end-effector vibration and settling rime. Lastly, Choi et al. [51] investigated the vibration

attenuation ofa composite robatie arm using a non-linear state feedbaek controller.

•
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2.4 Survey of MateriaIs
The following table provides a summary ofvarious high-performanee engineering

materials that were considered for critical components ofthe Lightarm manipulator. Of

particular interest were materials with high stifihess-to-weight ratio (i.e. specifie stiflhess)

and high strength-to-weight ratio (i.e. specifie strength). The anisotropie nature of

graphitelepoxy is evident in the radical difference in the strength and stiflhess in the fiber

direction vis-à-vis the matrix direction. In the fiber direction, graphitelepoxy exhibits

vastly superior specifie stiflhess and specifie strength than do the metals. In the matrix

direction, however, graphitelepoxy bas relatively poor specifie stifihess and specifie

strength. Thus, to design a graphitelepoxy structure requires carefuIly tailoring the

orientation ofeach constituent ply to provide aggregate strength and stiflhess properties

that are optimized for the loads and the geometry ofthe structure.

Table 2.1 = Mechanical Properties ofSorne High-Performanee Engineering Materials
lultimate
2yield

•

•

AIuminum 6061-T6

Aluminum 7075-T6

Titanium 6AL-4V

Steel AISI 4340 Q&T 350 oC

Stainless Steel Type 440C
Tem ered 315 oC

E- sie 0 fiber ass
Graphite/epoxy .

T3001N520S fiber direction
GraphiteJepoxy

T300/N5208 matrix direction
Graphitelepoxy

LTM25 tiber direction

2710

2800

4730

7860

7800

1800
1600

1600

1547

70

72

115

207

200

39
181

10

126

26

26

24

26

26

21
113

7

82

40

1724

26

1114
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Although the mecbanical properties tabulated above were considered paramoun~

they were not the sole factors in the material selection for the various components of

Lightarm. Cost, manufacturability, wear and corrosion were aIso determining factors.

For instance, aIthough titanium bas excellent strength and corrosion properties, it is not

only costly per unit weight but it is also difficult to machine which, in tum, translates into

a high manufacturing cost per part. Aluminum is considered a soft metaI and, as such, is

easy to machine. The downside ofthat is, ofcourse, that aluminum wears rapidly in

contact with harder metals such as steel. OfaIl the tabulated materiaIs, graphitelepoxy is

by far the most difficult to machine. Machining operations such drilling, tapping, sawing

and milling are difficult with conventional High-Speed Steel (HSS) toois due ta the

intrinsic hardness ofthe graphite fibers. Tungsten carbide-tipped or diamond-encrusted

tools are necessary ta eut graphitelepoxy without inducing delamination, fraying or

splintering between the plies. In summation, for the Lightarm manipulator, the optimal

materiaIs were stainIess steel, aluminum and graphitelepoxy. Dynamically, the mass ofthe

shoulder mechanism contributes very little ta the overall inertia ofthe arm. Thus, stainIess

steel proved ta be ideal for the shoulder where high stren~machinability, low wear and

corrosion-resistance were ofparamount importance. Unlike the shoulder, the mass ofthe

upper arm creates significant inertia. Therefore, the high strength-to-weight ratio of

graphitelepoxy was optimal for the main upper arm structure while aluminum, being light

and easy to machine, proved to be ideal for the numerous smalIer components that

comprise the elbow mechanism and the forearm.
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• Chapter3

The Shoulder Joint

3.1 KinelDatics of Lightarm

•

•

The Lightann manipulator bas seven degrees offreedom. The shoulder

mechanism bas three degrees offreedom, the elbow one and the wrist three. The arm is

effectively a hybrid seriallparallel mechanism. The wrist, elbow and shoulder joints are

seriai with respect to each other, meaning that each joint operates independently ofthe

others. But the joints themselves are paralleI mechanisms. In a parallel mechanism, there

are two "platforms" linked by two or more actuators working concurrently. For instance,

in the shoulder mechanism, illustrated in Figure 3.1, the H-Base and the SRC Flange are

the two "platforms" which are linked by the shoulder's four parallel actuators. SeriaI

aetuation has certain inherent shortcomings, such as Iack ofstructural rigidity, low natura!

frequency as weil as accumulation ofpositional error. Not only does paralIel actuation not

suifer from these three problems but, in addition, parallel actuation aIlows for high

bandwidth and workspace augmentation as well as backlash e1imination through the use of

actuator redundancy [52]. By arranging the three parallel mechanisms (shoulder, elbow

and wrist) in series like in a human anD, the advantages of both seriai and parallel

actuatÏon can be exploited to maximize the performance ofLightarm.

From a kinematic standpoint, the shoulder is a combinatorial mechanism in which

its four actuators work in paraIleL In CUITent robotics jargon, such an arrangement is

termed "actuator-redundant" although tms nomenclature is slightly misleading because in

fact no actuator is truly redundant and aIl contribute to the motion ofthe shoulder. The

term redundant arises from the fact that, in the event that one ofthe four actuators fails,

the shoulder will continue to function, albeit with a greatly diminished workspace.
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Moreover, actuator-redundancy enIarges the workspace, eliminates singularities and

• improves the overall structural rigidity ofthe mechanism [53-55].

The shoulder is capable ofproducing an acceleration of 130 rn/5
2 at the wrist joint.

The maximum velocity at the wrist was measured to he 0.45 mis. The theoretical

singularity-free workspace ofthe shoulder mechanism was calculated (assuming aIl parts

have zero thickness) ta be 1800 oftilt in both directions and 2700 ofswivel. The tirst

prototype achieved roughly 900 oftilt in both directions and 1800 of swivel.

•

•

Figure 3.1: Shoulder Joint Nomenclature

3.2 Redesign of the Shoulder MechanisOl
The initial shoulder prototype was designed and built by the Sarcos Research

Company ofUtah. Essentially, the design was successful. The shoulder develops a

surprising 200 Nm oftorque around all three axes over a bandwidth of 100 Hz and the
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moving mass ofthe shoulder is ooly approximately 1 kg. Despite this remarkable

• performan~ however, there were two problems with the design. First ofalI, the base was

tao narrow and consequently not particularly conducive for attachment to a boom or

vehicle. From a stability point ofview, it is preferable for the points ofattachment to be

spread further apart in order to diminish the moment applied ta the boom or vehicle as the

arm manipulates a heavy payload. Thus, a new H-Base (sa termed for its shape when

viewed from above) was designed ta meet this requirement. Retaining the key dimensions

and kinem.atic parameters of its Sarcos predecessor, the H-Base is more easily adapted to

mobile bases and booms. Constructed ofStainless Steel Type 304, the H-Base, shown in

Figure 3.2, bouses the shoulder's four aetuators which power the shoulder mecbanism.

•

•
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Figure 3.2: Redesigned Shoulder Joint
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The Animate Systems hydraulic actuators run at a mere 500 psi (3.45 MPa) which

• is a substantiaIly lower and safer pressure than the 3000 psi (20.7 MPa) most commonly

found in industrial robot hydraulics. Despite the low operating pressure, each actuator is

capable ofdeveloping 300 pounds force (1340 Newtons) while displacing the piston at up

to 10.2 cm/s. The mass ofeach actuator is 612 grams. With a damping factor of0.14,

the aetuators create a beneficial hydrauIic damping effect in each ofthe joints ofthe

robotic arm. The naturai frequency ofeach actuator is 394 Hz which makes control

feasible. Each actuator is equipped with Teflon-sealed pistons and is piggy-backed with

its own suspension electromagnetic jet pipe valve and an LVDT position transducer which

tracks the piston throughout its 7.2-cm stroke. The black horseshoe-shaped object at the

end ofeach actuator is a Hall Effect force transducer. Parenthetically, two identical

actuators drive the elbow mechanism [56-62].

Following the completion ofthe Sarcos shaulder prototype, tests condueted to

gauge the dynamic and kinematic charaeteristics ofthe new mechanism resulted in a

• broken central shaft. Consequently, a much stronger central shaft was needed. At the

same time, it became apparent that the actuaI workspace ofthe shoulder was not even

close ta what was theoretically possible. Thus, the challenge was ta design a central shaft

and universal joint that not only enlarged the workspace volume ofthe shoulder

mechanism, but aIso improved its strength and robustness.

In order to maximize the workspace volume ofthe shoulder mechanism, the gap

between the bearing mounts ofthe H-Base, A (shownin the figure below) had ta be as

large as possible. However, from a kinematic standpoint, it wouid not suffice to, say,

spread the bearing mounts further apart because this would only reduce the laterai

workspace ofthe shoulder. The distance, D, between the bearing centers had alreadybeen

optimized by graphical techniques and by constructing a wood and Lucite mode!. Thus, a

finite-element model was used ta determine the minimum wall thickness, 1, that would

safely withstand the loading ofthe actuators. Although it ultimately didn't prove to be a

• consideration, it shouId he notOO here that the minimum wall thickness is also govemed by
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the practicalities ofmachining. To accurately bore a hole to the tolerances required for

• the needle roller bearings, a minimum wall thickness is required or else the cutting force of

the boring bar or reamer will cause the metal to deflect locally thereby ruining the

cylindricity of the hale. The second design criterion was, ofcourse, ta ensure that the

deflection ofthe H-Base was as minuscule as possible sa as ta make control ofthe moving

links computationally simpler.

Figure 3.3: Kinematic Parameters ofthe Shoulder

•
A finite-element model was constructed using 8-node solid brick, 6-node solid pie

slice and 4-node thin-shell elements. The thin-shell elements were used to model the

bearing mounts sa that the wall thickness could be varied. The results ofthe seven

iterations are presented in Table 3.1. From the finite-element modeling, when the wall

thickness falls below 2.0 mm, the highest Von Mises stress is located on the thin wall of

the bearing mounts. When the wall thickness equals or exceeds 2.0 mm, the highest Von

Mises stress is no longer located on the thin wall ofthe bearing mount. Rather, the

highest stress migrates ta a point on the horizontal extension ofthe H-Base, as illustrated

in the figure below. It is manifest from the foregoing table that the Von Mises stress

becomes asymptotic at 212 MPa and that the optimal wall thickness for the bearing

mounts ofthe H-Base is 2.0 mm, a thickness beyond which the Von Mises stress remains

efIectively constant.

•
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0.5 0.198 1370

1.0 0.123 433

1.25 0.118 305

1.5 0.115 229

2.0 0.112 212

2.5 0.111 212

3.0 0.110 212

Table 3.1: Finite-Element Analysis Iterations for WaIl Thickness ofBearing Mounts

VON MISES SnESS
[MPa]

212

192

171

151

131

III

90

70

50

•

Maximum Stress

Figure 3.4: Stress Contours in H-Base for a Wall Thickness of2.0 mm

30
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• 3.3 Design of Universal .Joint
At the kinematic center ofthe shoulder mechanism is a universal joint whose small

size is critical in the perfonnance ofthe shoulder. Once again, to ensure that the shouIder

joint enjoys a large range ofmotion, the universal joint had ta he as small as possible, yet

be able ta withstand the large loads imposed upon it by the four actuators. AIl the

components of the U-joint are Stainless Steel Type 303 which bas high strength,

corrosion-resistance and contains a trace ofSulphur which makes it casier to machine than

the other 300-series stainless steels. The HK0408 TN drawn cup needle raller bearings

determine the minimum dimensions ofthe universal joint since they are the smallest

bearings capable ofsafely taking the loads imposed upon them by the four actuators. The

inside ofthe fodes ofthe U-joint have been rounded in orderto provide smoother motion.

In arder ta prevent the prongs ofthe "centercube" from sliding through the need1e raller

bearings, four conical black DeIrin spacers were machined ta mate with the conical section

of the centercube. These items are visible in Figure 3.5.

•

•
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•

Figure 3.5: Universal Joint at Kinematic Center of ShouIder

3.4 Stress Analysis of Centercube
The four-pronged "centercube" is shown in plan view in Figure 3.6. The part has

two planes of symmetry which are exploited to reduce the scope of the finite-element

mode!.
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Figure 3.6: Plan View ofCentercube
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Built ofhigh yield strength precipitation-hardened (PH) stainless steeL this

component withstands stresses of 183 :MPa as illustrated in Figure 3.7. The worst-case

loading ofthe centercube would occur ifthe controller mistakeoly drave both pairs of

aetuators antagonisticaIly. Sïnce each pair ofactuators operates at roughly 90° to the

opposite pair, the total force generated in the vertical plane is:

F = 2J2(l340N) = 3790N (3.1)

• This load is then divided between the central shaft and the two aetuator output

linkages. Therefore, only one-third ofthe totalload is felt by the centercube, ofwhich

only a quarter of that (or one tweIfth ofthe total) is felt by each prong. A finite-element

model ofone such prong was construeted using 8-node solid brick elements and 6-node

solid pie-slice elements. Assuming a yield strength of350 MPa, the factor of safety for

the centercube is 1.9. It should be recalled that this loading ooly occurs ifall the

actuators are mistakenly driven antagonistically. In proper usage, the centercube is not

subjeeted to such loads. In fact~ under normal operating conditions, the load on the

centercube is merely the centrifugal force due to the rotation ofthe ann about the

universal joint. This centrifugai force is practically negligible due to the low anguIar

velocity ofthe arm about the universal joint.

•
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VON ?\4ISES STRESS [MPa]

183

165

148

130

112

94

76

59

.1.1

23

5

Figure 3.7: Stress contours on one ofthe four prongs ofthe centercube

By rninimizing the dimensions ofboth the universal joint and the wall thickness of

the H-Base, the shoulder joint DOW exhibits an excellent range ofmotion as illustrated in

Figure 3.8.



•

•

•

34

Figure 3.8: Range ofMotion ofShoulder Joint



• Chapter 4

The Elbow Joint

4.1 Design of the Elbow Mechanism

35

Whereas the weight of the shoulder mechanism was not all that critical, the weight

ofthe elbow mechanism contributes very significantly to the overall inertia ofthe

manipuIator. Thus, the driving factor in the design ofthe various components ofthe

elbow mechanism was strength-to-weight ratio. There are essentially two critical

components that require extensive analYGis: the main actuator shafts and the box-beam

that houses the elbow mechanism. But before proceeding to the finite-element analysis

• iterations, it was fust necessary to determine the loads that act on these components.

4.2 Force Analysis

As a worst-case loading scenario, one can imagine the arm attempting to lift an

impossibly large mass. In such a case, the gripper (or end-effector) of the arm is

constrained and the ann bends under the load ofthe shoulder's four actuators. Thus, to

compute the worst-case loads acting on the box-beam, we sum vectorially the aetuator

forces. For the principal (strongest) direction, we get a force of3790 Newtons.

•
J2F

Figure 4.1: Vector Force Analysis
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Total Force =2.J2F = 3790 N (4.1)

For the weak directio~ the load can be caIcuIated by caIcu1ating the moment

produced when each pair ofactuators aets antagonistically, as illustrated in Figure 4.2.

F F

................ -_ ......---
Figure 4.2: Vector Force Analysis

for Weak Direction

d

Figure 4.3: Key Dimension of Shoulder
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•

d=37.5 mm

30
L=T+ 98 + 24 =137mm

(4.2)

(4.3)
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Figure 4.4: Veetor Moment Analysis

hF .Jd2 +L2 (4.4)
Ilxll = d

:.!lxl! = .fiFd (4.5)

.Jd2 +L2

• Tc =211xll.Jd 2 + L2 (4.6)

:. Tc =2J"2Fd (4.7)

Therefore, the equivalent load at point B that would produce this torque is:

F. = Tc = 2J2Fd = 2.fi(l340N)(37.5mm) =1037N
B L L (137lnln)

(4.8)

•

In summary, the loads acting on the box-beam ofthe elbow mechanism are shown in

Figure 4.5:
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•

3790N

Figure 4.5: Forces Acting on Elbow Box-Bearn.

4.3 Design of Composite Box-Bearn
The anatomicai anaiog ofthis box-beam is an insect's exoskeleton. The box-beam

houses and protects the upper arm.'s actuators which act antagonistically similarly to the

• biceps and triceps ofa human arme A rnaterial with rugh specifie strength and high specifie

stiffitess was sought to ensure that the box-beam is both rigid and strong yet light enough

to ensure that the inertia ofthe arm is kept to a minimum. The graphitelepoxy composite

used for this component was an Advanced Composites Group LTM25 prepreg with the

following properties [63]:

Ex 126.2 GPa
Ey IOGPa
Es 2.1 GPa
XT 1724 :MPa
Xe 1055 MPa
YT 401\1Pa
Yc 246 :MPa
S 93~a

p 1547 Kglm3

Table 4.1: MechanicaI Properties ofLTM25 Graphitelepoxy

•
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Using I-DEAS Master Series 2.1, a finite element model consisting of 1470 thin

shell elements was solved for a variety of lay-ups. Optimization was performed using an

intuitive trial-and-error approach. The optimallay-up was an 8-ply laminate, [02/45/-45]s,

which provided a worst-case factor ofsafety of 1.7 in matrix tension in the two -45°

layers. The addition ofthe 1 mm thick stainless steel end-fitting improved the factor of

safety in matrix tension in the two -45° layers from 1.2 ta 1.7. The [03/90]S lammate was

second-best with a factor of safety of 1.4 in matrix tension in the two 900 plies. 1t is

interesting to note the shear-strengthening effect of the 450 plies; while the [02/'45/-45]s

laminate had a minimum factor ofsafety of3.2 in shear, the [03/90]s had a uniform safety

factor in shear ofooly 2.0. Lastly, the angle-plies fared unexpectedly poorly. Neither the

[(±30h]s laminate nor the [(+ 15h1s laminate was able to withstand the loads. The

stresses in matrix tension in numerous plies were greater than its strength. Although the

[(±15hls lay-up was used with success by Dai Gil Lee et al. [38], it did not prove to be

• very effective in this application largely due to the fact that the largest stresses were not

due to bending but rather due ta the loads on the holes. For withstanding this particular

combination ofloading, a laminate composed of00 and ±45° plies provides the highest

minimum factor ofsafety, as shown in Tables 4.2 to 4.8.

-~PLY: ~d9:"ë:~. 2~-~S~T?~:'~i':~~~~·S:~4~Xè~~~=~'Y-_~~;:,~~~YiS::-.:-:~1:-i{ jL::~__i:"];Yé.:,~~f~.&.':- ~-:~:~;:=~S_:0_;.=t~3-~:

1 0 7.2 6.0 2.1 15.8 10.0
2 0 7.2 6.0 2.1 15.8 10.0
3 45 3.8 7.1 2.3 14.1 4.3
4 -45 13.6 5.6 1.2 12.2 3.6
5 -45 13.6 5.6 1.2 6.8 3.4
6 45 3.8 7.1 2.2 14.1 4.0
7 0 7.2 5.7 2.1 15.8 10.0
8 0 7.2 5.7 1.3 4.6 5.3

Table 4.2: Factors of Safety u5ing Maximum Stress Criterion for [02/'45/-45]5 with ~
inch core without stainless steel end-fitting

•
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~~l;"~i~f~~;i~~g~~t~~f2~~:§~~_~;F:S~;t~i~~':~;~!?~~:·:~~;::·;~~i~~~~;:;}~~c~iS:E
1 0 7.3 6.2 2.7 21.4 4.5
2 0 7.3 6.2 2.7 21.4 4.5
3 45 3.9 7.0 2.0 19.5 3.8
4 -45 13.4 5.5 1.7 10.8 3.2
5 -45 13.5 5.5 1.7 11.9 3.6
6 45 3.9 6.8 2.0 19.5 3.7
7 0 7.3 5.8 2.7 21.4 4.5
8 0 7.3 5.8 2.7 21.4 4.5

Table 4.3: Factors of Safety using Maximum Stress Criterion for [071451-45]5 with ~ inch
core and stainless steel end-fitting

~~È~~l1:ËJ:J~~~f:f~;;;;::;i;~3~r-~~':~~-~~~~~~i~~~~i_~:T:~~=~~?~:~~~F:J~~L2f5É~~~
1 0 5.0 5.6 3.4 15.3 2.0
2 0 5.0 5.7 3.4 15.3 2.0
3 0 5.0 5.8 3.4 15.3 2.0
4 90 19.0 6.1 1.4 16.6 2.0
5 90 19.0 6.1 1.4 15.5 2.0
6 0 5.0 6.4 3.4 15.3 2.0
7 0 5.0 6.4 3.4 15.3 2.0
8 0 5.0 6.4 3.4 15.3 2.0

Table 4.4: Factors ofSafety using Maximum Stress Criterion for (OJ90]s with ~ inch
core and stainless steel end-fitting

~~~~1~~~~~;b~~u:{§"]s~~r~~5F~~1;E·;~~~~~~":~
1 30 4.1 5.0 0.5 4.1 0.9
2 -30 7.0 3.7 0.7 3.4 0.9
3 30 4.1 5.2 0.6 3.8 0.9
4 -30 7.0 3.9 0.6 3.6 0.9
5 -30 7.0 6.4 0.7 3.3 0.8
6 30 4.1 7.1 0.6 4.3 0.9
7 -30 7.0 6.5 0.7 3.2 0.8
8 30 4.1 7.0 0.5 4.6 0.8

Table 4.5: Factors ofSafety using Maximum Stress Criterion for [(±30h]s with ~ inch
core and stainless steel end-fitting
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rnt!jg;E~~ç;;":~~;0~,'~~?~A~;~~~~~~f~;1~~\-·~-'~;~;~~~.'~;:~~i~;;;;~;2~2;:fd~.~·~~:=~~~:.~r~±~::i:~:-~~
1 15 4.0 9.0 1.8 9.2 2.3
2 -15 7.4 6.6 0.8 9.5 2.2
3 15 4.0 8.9 1.8 9.2 2.3
4 -15 7.4 6.7 0.8 9.5 2.2
5 -15 7.4 6.7 0.8 9.5 2.2
6 15 4.0 7.7 1.8 9.2 2.3
7 -15 7.4 6.6 0.8 9.5 2.2
8 15 4.0 7.6 1.8 9.2 2.3

Table 4.6: Factors ofSafety using Maximum Stress Criterion for [(±15)2]s with ~ inch
core and stainless steel end-fitting

[J5"'~~~-:~~;i~~~~=~t~~;[:~~~~î2?~~~;r~:'-:§;:~~!~t-:±f_~t~;I~'@i~~~~~r-~~~~:~~~:.~
1 15 4.9 6.2 1.4 10.0 1.6
2 -15 7.7 5.2 1.5 8.8 1.6
3 45 4.0 7.2 2.2 15.0 4.1
4 -45 15.5 6.1 1.2 11.8 3.5
5 -45 15.5 6.1 1.2 13.6 4.1
6 45 4.0 7.0 2.1 14.6 3.9
7 -15 7.7 5.2 1.4 8.3 1.5
8 15 4.9 5.6 1.3 8.9 1.5

Table 4.7: Factors ofSafety using Maximum Stress Criterion for [+151±45]s with ~ inch
core and stainless steel end-fitting

22~i3~!1~~~~;~~::l-:~~:=~J~\~Zf~E-;~~l;D~~~;j~~i~~Ji;::~~Ë~~~f:.~~rt(~;:~~~~~~~~~~~
1 0 7.0 6.8 1.3 11.3 3.9
2 0 7.0 6.8 1.3 11.3 3.9
3 30 3.6 8.2 1.6 12.0 2.8
4 -30 9.0 6.0 0.9 9.4 2.6
5 -30 9.0 6.0 0.9 8.3 2.6
6 30 3.6 7.4 1.4 12.0 2.8
7 0 7.0 6.8 1.3 11.3 3.8
8 0 7.0 6.8 1.3 11.3 3.8

Table 4.8: Factors ofSafety using Maximum Stress Criterion for [0~301-30]swith ~
inch core and stainless steel end-fitting

rs;l~\~?~;f~~;;~;~~~j:~~~;g;;;;;;;~;5;~~6:;:E~~2~iAÉi:;;=~;~~;~4~::~~:~~~:;;~;:~}~~~~;~";?j~;~:~:~:');~~~i::~~
1 0 16.0 10.2 4.5 22.3 23.3
2 0 15.8 10.1 5.3 27.3 22.7
3 45 8.9 21.6 2.2 21.2 4.0
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4 -45 36.1 12.3 2.7 11.7 3.4
5 -45 37.2 12.1 2.7 11.7 3.5
6 45 8.8 17.8 2.3 21.0 4.2
7 0 14.2 10.0 5.7 27.5 22.1
8 0 13.9 10.0 4.5 21.8 22.1
9 0 13.7 12.1 6.3 36.9 5.6
10 90 19.6 15.3 3.8 31.9 21.6
Il 45 8.4 15.0 8.4 27.5 38.8
12 -45 28.9 10.3 2.5 35.2 38.8
13 45 8.2 13.6 7.6 26.3 38.0
14 -45 26.3 9.6 2.5 32.8 37.7
15 0 12.1 10.6 6.4 34.8 20.0
16 90 24.4 14.4 3.4 27.3 19.7

Table 4.9: Factors ofSafety using Maximum Stress Criterion for [02/45/-45]s with
stainless steel end-fitting but no core including 4 woven patches over hoIe regions

•
RE5lA.TS: 6-B.C. 1.,~D 1., PLY STRESS_6
PLY STRESS - )( HIH:-1.œE+06 HAX: 1..8!5E+05
~ CF REF~ ttATERI$lL

/
Maximum Compressive
Stress

STRESS [kPa]

•

Figure 4.6: Fiber-Direction (X) Stress Contours in Top (0°) Ply ofa Simple Cantilevered
Box-Bearn. (Wrthout HoIes)



•
RESlI..TS: 5-B.C. ~...UlAD 1 ... PLY STRESS_5
PLY STReSS - )( HIH:-1..03E+œ tw<: 2..oeE-+<>5
~ OF REF: HAlERI"-
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STRESS [kPa] .

• 1.oeE+œ STRESS [kPa]

8.6Œ:+04

G.5!SE+04

4.44E+04

2.J:3E+04

2.Z2E+03

-:1..89E<t04

-4.00E<t04

'.11E+04

-8.22E+04

-:1..0JE+Oe

•

Figure 4.7: Fiber-Direction (X) Stress Contours in Top (0°) Ply ofa Cantilevered Box
Bearn. due to Transverse End Load and In-plane Load at the Holes

Figure 4.8: Close-up afFiber-Direction Stress Contours around Hales (Top Ply)
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6.97E+<>3

8.87E-+œ S1RESS [kPa]

-5.10E+03

• Figure 4.9: Close-up afMatrix-Direction (Y) Stress Contours Around H~le (Top Ply)

•

Shown in the table below is a comparison ofthe stresses due ta bending and

bearing. Clearly, the bearing stresses (stresses at the hoIes) are more severe and thus

dietate the design ofthe box-beam.

Bending 78 :MPa -78 MPa 3~a -3 rvfPa 0 MPa

Bearing 108 MPa -103 MPa 9 MPa -9 MPa 4 MPa

Table 4.10: Comparison ofBending and Bearing Stresses in a 00 Ply

•
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Figure 4.10: Close-up ofXY Shear Stress around Hole (Top Ply)

4.0?E+03 STRESS [kPa]

• 3.l52E+03

2.9?E+03

2.42E+03

1.87E+03

1.32E+03 Maximum.
Stress

7.75E+02

Z.26E+02

. -3.22E+02

-8.70E+02

-1...42E+03

• RESlLTS: 5-B.C. ~,LOAD 1, PLY STRESS_5
PLY STRESS - )( HIH:-S.57E+04 HAX: 4.7l3E+04
FRAHE CF REF: ~TI;RIAL

STRESS [kPa]

• Figure 4.11: X-Stress Contours in 45° ply
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• RESlLTSt 5-B.C. 1..L.OAD 1, PLY STRESS_6
PLY STRESS - Y HIH:-2.1.0E1'04 ~: 1.••?E~
FRAtE (F REF: HATERIAL.

Maximum
Stress

STRESS [kPa]
1.••?E+04

•
Figure 4.12: Y-Stress Contours in 45° ply

RESLl.TS: 5-B.C. 1.,l...OAD 1., PLY S'TRESS_!5
PLY~ - XY HIH:-2.70E+04 tW<: ~llE+04

FRAtE (F REF: I1ATERIAL.
STRESS [kPa]

Figure 4.13: XY Shear Stress Contours in 45° ply

~-. ,'.- -."

Maximum Stress

...... -.: ... ; ..'

.::.,.-:'
. -..

•
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• 4.5 Modification of Box-Beam to Improve
Elbow Joint Kinematics

•

•

After the elbow joint was assembled inside the composite box-beam, it became

apparent that the elbowjoint was not achieving its full range ofmotion due ta interference

with the box-beam. With the complete box-beam, the range ofmotion was approximately

90° whereas a fully anthropomorphic elbow mechanism ought ta have a pitch ofroughly

1500
• Sînce the maximum stresses in the box-beam are concentrated primarily around the

hoIes and at the bottom end (due to the cantilever effect), it was possible to safely cut

away a sIot at the top ofone ofthe narrow faces as illustrated in the figure below. The

amount to be cut away was determined graphically to he a swath 60 mm wide and 90 mm

deep. This would allow the elbow mechanism to rotate through a full 1500
• A new finite

element model was run to confirm that the machining of the slot would not have any

deleterious effects on the structural integrity ofthe box-beam. The results tabulated below

veritY !bat, in faet, no meaningful loss ofstrength occurs.

--r----/ /
: :
: :

~mm i ~
-- ------ - ;----······-···1

1 1

1 1

:. .:
1

60rnm

V
Figure 4.14: Dimensions ofSIot
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3 45 8.8 30.5 2.2 21.4 4.0
4 -45 36.2 16.1 2.7 11.8 3.5
5 -45 37.5 16.3 2.7 11.8 3.5
6 45 8.6 24.3 2.3 21.2 4.2
7 0 13.8 14.2 5.5 19.1 21.6
8 0 13.6 14.0 4.4 15.8 21.6
9 0 13.4 17.4 6.3 34.2 21.3
10 90 13.4 17.4 3.7 31.9 21.1
Il 45 8.3 21.2 8.9 26.5 38.3
12 -45 31.2 14.4 2.5 34.6 38.3
13 45 8.1 19.5 8.0 25.7 37.8
14 -45 28.3 13.4 2.4 32.4 37.5
15 0 11.8 15.2 6.3 32.4 19.6
16 90 24.9 18.5 3.3 27.3 19.4

Table 4.11: Factors ofSafetyusing Maximum Stress Criterion for [02/451-45]5 with
stainless steel end-fittin& no core, 4 woven patches over hole regions, and slot

MPa

li1.0

89.5• 68.1

46.6

25.2

0.2

-17.4

-39.2

-60.5

-82.0

-103.0

Figure 4.15: X-Stress Contours in Box-Bearn with Slot (Top Ply)

'.
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MPa
18.1 ~

15.2
Maximum Stress

12.2

9.2

6.3

3.3

o

-2.6

-5.6

-8.6

-ILS

Figure 4.16: Y-Stress Contours ofBox-Beam with Siot

4.6 Theoretical Def1ection of Box-BeaD1

It is always good engineering practice to validate finite element analysis with ''band

calculations". The vertical deflection of the graphitelepoxy box-beam by the finite

element method was 0.381 m. This can be verified analytically by applying Castigliano's

energy method [37] where the weight perunit length ofthe box-beam is neglected. In

Equation 4.9, the first term is the standard analytic solution for the deflection ofa

cantilevered beam and the second tenn represents the shear correction.

PL 3 tL(hS +bs )
w = 3E! + 15GI2 P

where 1 = 1.096 X 10-5 m4

•
1 A12

2

E=-(An --)=141GPa
h An

L = 0.315 ID, P =3790 N, t = 7.35~ h = 159.7 mm, b = 84.7 mm

(4.11)

(4.12)



•
1

G=
ha66

:. w = 0255 + 0.130 = 0385 m

50

(4.13)

(4.14)

(4.15)

Not only does this calculation verny that the finite element model is accurate but it

demonstrates the importance ofthe shear correction tenn, which accounts for 0.130 m or

34% ofthe deflection. While it is common practice ta ignore the shear correction tenn

when dealing with long isotropic beams, the shear defonnation becomes critical when the

ratio ofthe length ofthe beam ta its thickness (measured in the bending plane)" is less than

10 and when the degree ofanisotropy is large [64,65]. Care must be taken injudging the

degree of importance ofthe latter, as certain fonnulae for box-beam deflections, such as

the one proposed by Tsai [66] negIect the shear correction:

PL3

w=--
3E!-

•
where 1· =(3a2b +a3) h

6

where a and b are, respectively, the height and width ofthe box-beam

(3790NX0315m)3w =-~:....-_--:;...;:..---...::....--

3(14 X 109 Pa)(U9 x 10-5 m4-)

... w = 022 mm

(4.16)

(4.17)

(4.18)

(4.19)

The shear-corrected deflection solution can be corroborated by Bank [67,68] who

used the Timoshenko/Cowper MethocL as follows:

PL3 PL
w=--+---

3E! KAGsz

K
_ 20(1 +3m)2
- vG

[(180m3 + 300m2 +144m+60m2n 2 +60mn2 +24)- sz sz (-30m2 +50mn2 +30m2n 2 -6m+4)]
E

•

b
n=-=m

h
(3790NX0315m)3 (3790N)(0315m)

w= +--'-'-";"'--~--"'""'-----

3(14 x 109 )(1096 x 10-5 m4
) (0.60(338 x 10-3 m2 )(4 x 109 Pa)

:. w = 0255 + 0.147 = 0.402mm (420-423)
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A fourth and final analytical solutio~ proposed by Caprino and Langella [48] is

• adduced as further corroboration ofthe finite-element deflection results. In the followin~

S represents the shear rigidity, A the cross-sectional area and c the shear factor [69]. The

general form using the Rayleigh-Ritz energy method assumes a cosinusoidal deflection:

PL3
Ir·X

w -=f(x,t) = 3EI(1-cos 2L )(l+K)sinm·t

•

where K = shear correction tenn = D (-!!.-)2
S 2L

Obviously, the maximum deflection occurs when sin rot = 1 and when x = L

PL3 D 1r 2
:. w = -[1+-(-) ]

3E! S 2L
where

D -= El =(14 X 109 Pa)· (1.096 x 10-'m4
)

S =GA = (4 x 10
9
Pa)·(338 x ID-3 m2

)

c 2.0

. _ (3790N)(0315m)3 7
.. w - 9 5 4 (1 + 0.5 )

3(14 x 10 Pa)(1.096 x 10- m )

:. w = 0.404mm

(4.25)

(426)

(427)

(428)

(429)

(430)

•

The five solutions to the deflection ofthe box-beam. are summarized in Table 4.11.

With the exception ofTsai's solution, which does not correct for shear defonnation, the

four remaining solutions are consistent within two hundredths ofa millimeter.

Method ofAnalysis Deflection [mm]

I-DEAS Finite-element Analysis 0.381

Castigliano's Method [37] 0.385

Tsai [66] without shear correction 0.22

Timoshenko/Cowper Method [67,68] 0.402

Rayleigh-Ritz Energy Method [48] 0.405

Table 4.12: Summary ofBox-Beam Deflection Solutions



• 4.7 Theoretical Stress Analysis

4.7.1 Bending Stress

First, the on-axis modulus matrix is calculated [70]:

Ex = 126.2 GPa

Ey =10GPa

Es =2.1 GPa

Vx = 0.3

52

(4.31)

(4.32)

(4.33)

(4.34)

•

•

Ux _ Ex
Ur - Ey

. uxEy (03)(10 GPa)
.. Ur == Ex = (1262 GPa) =0.024

Q.cr = mEr = 1271 GPa

Qw = mEy =101 GPa

Q;ry =mvyE;r: == 3.0 GPa

Qss = Es = 21 GPa

where m = (1- UXUy rI = [1- 03)(0.024)[1 = L007

Now the off:axis moduIus matrix is calculated:

where

Ql1 =UI +U2 cos 28 +U3 cos 48

Q22 =U I -U2 cos 28 +U3 cos 48

Q12 =U4 -U3 cos4B

Q66 =Us -U3cos4B

Q16 = .!.U2 sin 28 + U3 sin 48
2

Q,. = ~U, sin 29 -U3 sin 49

(435)

(436)

(437)

(438)

(439)

(4.40)

(4.41)

(4.42)

(4.43)

(4.44)

(4.45)

(4.46)

(4.47)

(4.48)"
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• where

1
U l = g[30:cr +3Qjy +2Qxy +4Qssl = 532 GPa

1
U 2 =2"[Q:cr -Q.w]= 58.5 GPa

1
U3 =g[Q:cr + Q.w - 2Qxy - 4Q&S"1= 15.4 GPa

1
U 4 =g[Q.c: +Q.w +6Qxy -4Qss] = 18.4 GPa

1
Us =i[Q:cr + 0.w - 2Qxy +4Qss] = 175 GPa

(4.49)

(4.50)

(4.51)

(4.52)

(4.53)

Thus, the off-axis moduli ofeach ply can be calculated by substitution of the appropriate

angle into the above expressions. Sïnce the laminate in question is [02/451-45]s, we need

only calcuIate the off-axis moduli ofthe 0° and 45° plies.

•
3.0 0]
101 0 GPa

o 21

[

37.8 33.8 293]
[QLso = 33.8 37.8 293 GPa

293 293 329

(4.54)

(4.55)

[

37.8 33.8

[Q]-4S' = 33.8 37.8

-293 -293

-293]
-293 GPa

32.9

(4.56)

(4.57)

To obtain the strain in the various plies ofthe box-beam, the curvature ofthe beam must

first be calculated:

M
K1 =-

El

•
For Iaminates, E must be replaced by an effective modulus defined as follows:

1 1E=Eo=-
aIl

(4.58)
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Thus, the matrix [a], represe"nting the laminate compliance, is required. To obtain [aJ, its

• inverse, the Iaminate modulus [A], must first he caIcuIated.

1 h/2

AH = h f Qllc/z
-h/2

1 hl2

Al6 =h fQl6dz
-h/2

1 hl2

~6 = h fQ26dz
-h/2

where h is the thickness of the Iaminate.

1 hl2

Au =h fQlzdz
-hiZ

l hl2

An = h fQ2Zdz
-hl2

1 hl2

A66 =h fQ664z
-h12

(4.59)

[

An

:. [A] = Al2

Al6

But [a] = [Ar1

Al2 A16] [825 18.4
An ~6 = 18.4 24.0

~6 ~ 0 0

~ ]GPQ
175

(4.60)

•
Q16] _[ 0.0146
aZ6 - - 0.0112
Q66 0

-0.0112

0.0503

o
o ] 1
o GPa

0.0571

(4.61)

o 1
:. El = = 685 GPa

0.0146
(4.62)

•

Ne~ the moment ofinertia is computecL based on the geometry shown in Figure 4.11.

· .
~82.7mm ~· .· .

- ---r-·
157.7 mm

I-------~::::::::J::::_~:o:r:.
· .· .
~85.3mm ~· .

Figure 4.17: Dimensions ofBox-Beam



• 1 = l~ (853)(1603)' - (82.7)(157.7)') = 225 x 10.... m4

Therefore, in the plane ofthe largest load, the curvature in the box-beam is:

K - (3790NX0315m) -775 x 10-3 m-1

- (685 x 109 Pa)(225 x 10-6 m4 ) - •

Accordingly, the induced curvatures are:

K z = -u~lKl

K3 =u~lKl

where the coupling constants are defined as:

o - a21 - (-0.0112)
U 21 ==~ = (0.0146) =0.767

o Q61
U 61 ==-=O

~l

-3 1:. K 2 = -594 x 10 -
m
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(4.63)

(4.64)

(4.65)

(4.66)

(4.67)

(4.68)

(4.69)

K3 =0

• The strain in a ply is related to the curvature in the following manner:

El = Klz

El = K2z

where z is defined below in Figure 4.18.

z

~________ _l~~I~ ~~~ J

Figure 4.18: Ply Distance from Neutral Axis

•

(4.70)

(4.71)

(4.72)



• 1

2

3

4

5

6

7

8

Table 4.13: Ply Strains

o

o
45

-45

-45

45

o

o

79.015 6.12 -4.69

79.180 6.14 -4.70

79.345 6.15 -4.71

79.510 6.16 -4.72

79.675 6.17 -4.73

79.840 6.19 . -4.74

80.005 6.20 -4.75

80.170 6.21 -4.76
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Finally, the off-axis ply stresses can be calculated using the stress-strain relations

involving the moduIus matrix: [Q] for each ply.

•
[cr] =[Q][eJ

which can be expanded as follows:

Thus, for ply 8, oriented at 0°,

cr} =(1271 GPaX621 x 10-4)+(3.0 GPaX-4.76 x 10-4) =77.5 MPa

cr2 =(3.0 GPa)(621 x 10-4) +(10.1 GPa)(-4.76 x 10-4) =-29 MPa

cr3 = 0 lvfPa

Similarly, for ply 6, oriented at 45°,

cri = (37.8 GPa)(6.19 x 10-4) +(33.8 GPa)(-4.74 x 10-4) = 7.4 MPa

cr2 =(33.8 GPa)(619 x 10-4) +(37.8 GPa)(-4.74 x 10-4) =3.0 MPa

cr3 =0 MPa

(4.73)

(4.74)

(4.75)

(4.76)

(4.77)

(4.78)

(4.79)

(4.80)

•
Evidently, the bending stresses are quite low. This is rather intuitive since a box-beam of

these dimensions bas such a large moment ofinertia, that an end load of3790 Newtons is
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not enough to create much flexure. However, the stresses due to the Ioading at the holes

• is much more severe and is ultimately the critical aspect in the overall design.

4.7.2 Stresses at Holes
The actuators that drive the elbow mechanism are connected to the box-beam by

twa shafts. The maximum load ofeach aetuator is 1340 Newtons, which is transferred to

the four hales ofthe box-beam.

1340 N +.--~~ .. _._~
\..-/

•
Figure 4.19: Loading ofHoles by Actuators

The three fundamental stress components araund a pin-Ioaded hale are bearing, tensile and

shear, whose average values are:

P
0'=

b Id

P
cr =---

t (w-d)t
p

cr =
s 2et

(4.81)

(4.82)

(4.83)

•

where t is the thickness ofthe laminate, P is the applied load, d the diameter of the hole, e

the distance fram the edge and w the width, as shown in Figure 4.20.
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• p

e

8·········
w

!
p

Figure 4.20: Dimensions ofa Pin
-Loaded Laminate

(4.86)

(4.84)

(4.85)

1340N
ab =(132 mm)(16 mm) =63.4 MPa

1340N
a = = 7.2 MPa

t (157.7 mm-16 mm)(l32 mm)

1340N
as =2(24 mm)(l32 mm) =21.1 MPa

To verify the finite-element analysis, the bearing stress should be calculated "Iocally" on

the segment of the hale which is 10adOO the Inost. Sïnce the load in the finite-element

model is distributed cosinusoidally over nine nodes, one approach would be to caIculate

the bearing stress by considering only the three nodes with the largest applied loads:

•

•



(4.87)
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•
300 N 4----*

400N ~-~

300N 4---~ .--

Figure 4.21: Three Nodes with Highest Loads

The sector over which these three loads are distributed is obtained from the arc length:

360

s=rfj =(9 mm)(--7t) = 565 mm
1800

•

Now the local bearing stress can be obtained:

cr = (300+400+300)N = 134A4Pa
b (l32mm)(5.65 mm)

(4.88)

• According to Eckald [71], ifthe ratio of the hale diameter ta the thickness ofthe

Jamjnate is greater than unity, as it is in this case, then the maximum. bearing stress is

diminished unless clamping pressure on the laminate is applied. Using ±45° plies and

interference fits attenuate the stress. Generally, it is preferable for the bearing stress to

exceed the tensile and shear stresses for the simple reason that bearing failure is typically

not catastrophic. The expected mode ofbearing failure would be charaeterized by shear

cracks induced by local compression [72-74]. ft is important to emphasize that bearing

strengths can he greatly weak:ened by defects caused by imperfect machining techniques

[75-77].

4.8 Box-Bearn Com.parison

For the sake ofcomparison, two box-beams, one steel and one aIuminum, ofequal

wall-thickness were also analyzed for maximum. principal stress, maximum deflection, and

• natura! frequency. For the latter, I-DEAS Master Series 2.1 computed the three natura!
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frequencies using Constraint Mode Dynamics~a vector iterative solution. Note that for

• the two metal box-beams, the factor of safety is calcu1ated by simply dividing the

maximum principal stress from the finite-element analysis by the yield strength. For the

aluminum box-beam, the maximum principal stress was 110 MPa whereas for the steel

box-beam the maximum principal stress was only 87 rvfila. Although the stress around the

hales is due primarily to the direct loading ofthe hales through the main actuator shafts~

there is aIso a minor contribution from the bending ofthe box-beam due to the end load.

Sînce the steel box-beam has the highest yield strength and highest flexural rigidity~ its

factor ofsafety is bighest and its maximum deflection is lowest. For the graphitelepoxy

box-beam, the safety factor is the minimum value ofthe aIl the safety factors previously

calculated and tabulated. The resu1ts are sumrnarized in the table shown below:

•
Factor of Safety

Max. Deflection

Mass

Deflection x Mass

Vertical Nat. Freq.

2.2 2.2 2.8

0.38 mm 0.35 mm 0.11 mm

418 g 729 g 2133 g

159 gomm 255 gomm 235 gomm

576Hz 148Hz 245Hz

Horizontal Nat. Freq. 1064 Hz 185 Hz 290 Hz

Extensional Nat. Freq. 1206 Hz 209 Hz 297 Hz

Table 4.14: Comparison ofBox-Beams made ofGraphite/epoxy~Aluminum and Steel

Although the grapbite/epoxy box-beam bas the lowest safety factor and deflects

the most~ it is by far superior ta the aIuminum and steel box-beams on a per unit mass

basis. Moreover, the graphite/epoxy box-beam exhibits much higher natural frequencies.

This is particularly significant in controlling the overall robotic arme Ifthe natural

frequency falls below the sampling rate (in Hertz), then the control system cannat reaet

properly. However, it should be noted that to truly evaluate any improvements in natura!

• frequency, the entire arm should be considere<! as a whole. In addition, the epoxy matrix
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has superb damping characteristics [78] which help to reduce the vibration of the links and

• ultimately lowers the settling time ofthe end-effector.

4.9 Fabrication of Graphite/Epoxy Box-BeaDl
The box-beam was fabricated using LTM25 graphitelepoxy prepreg furnished by

the Advanced Composites Group. An external aluminum. mold was designed so as to

achieve a smooth external finish on the composite part. This aIso allowed the external

dimensions ofthe composite box-beam to be precisely controlled so that it would mate

with the stainless steel end..fitting, allowing for a bond thickness ofo.so mm.

The fabrication procedure was relatively straightforward. First, the inside ofthe

mold was coated three rimes with Frekote Sealer B-15. TheIl, three coatings ofFrekote

700-NC release agent were applied [79]. Four unidirectional plies were cut from the roll

ofprepreg ta slightly Iarger dimensions than the actual interior surface area ofthe mold ta

• aIlow for overlap. Laying these large plies proved to be rather arduous due ta the

tackiness ofthe material as weIl as the limited space inside the mold. This was overcome

by slicing each ply into four thin strips. The ±45° plies were cut diagonally from a woven

prepreg (0°/90°). Angle-plies (±e0
) can aIse be made from unidirectional plies by using a

paper-folding technique [80] which reduces the amount of scrap as weil as the cutting

time. For two ofthe composite box-beams, honeycomb cores were sandwiched between

the layers ofthe graphitelepoxy to give the faces additional rigidity [81]. However, both

the aluminum flex-core and the Nomex honeycomb hindered the compaction ofthe layers

around the corners ofthe box-beam. In the end, it was decided that the rigidity ofthe

faces ofthe box-beam. was non-essential. Since the honeycomb adds practically nothing ta

the in-plane strength around the box-beam's four hales, the honeycomb was discarded

from the design. Four patches ofwoven LTM25 graphite/epoxy were used to reinforce

the hole regions. In addition, four Renshape blacks were inserted under the woven

patches to improve the rigidity ofthe hale regions and to facilitate the machining ofthe

• hales.
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• 4.9.1 Vacuum-Bagging Technique
Once the plies ofgraphitelepoxy have been properly pressed down ta remove

bubbles and wrinkles, a release film covers the plies and prevents the breather from

sticking to the epoxy during the cure cycle. The breather is permeable to air but prevents

the epoxy from being drawn into the suetÏon. The vacuum bag is then wrapped around the

mold. In the case ofthe external moleL two bags wece used, one on the inside and one on

the outside ofthe mold. The inner and outer bags were thenjoined and sealed using sticky

gum. The bag is pierced and the vacuum valve seaIs the opening [82].

Mold (treated
with Frekote
release agent)

,-__ Breather

,-__ Vacuum valve

Figure 4.22: Vaccum-Bagging Technique

........----_ .. --_ _- - _ -- - - -.-..-..---..- ..

GraphitelEpoxy
Prepreg

Release Film

•
Finally, approximately l atmosphere ofvacuum is drawn and the Iay-up is then cured in an

oven following the temperature cycle shawn below.

Temperature
(OF)

•

175

Room
Temp.

o 0.5 8 8.S Time (hours)

Figure 4.23: Cure Cycle for LTM25
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Upon completion ofthe cure cycle, the mold is opened and, if the Frekote release

• agent was properly applied, the graphitelepoxy box is easily removed.

- .. ~-' ---- - r.-

•
Figure 4.24: Removing the Cured GraphitelEpoxy Box-Bearn from the Aluminum Mold

4.9.2 Machining of the Box-Bearn

To undertake precision machining ofthe graphite/epoxy box-beam at McGill

proved to be an arduous task because tungsten carbide-tipped or diamond-encrusted tools

are required. Secondly, not only is the carbon dust a carcinogen but it aIso dirties the gear

trains ofconventional machine tools. For these reasons, the graphite/epoxy box-beam.

was milled, ground and drilIed by Progressive Machine Works in Anjou, Quebec.

•
4.10 Box-Beatn Strength Test

In order to ascertain whether the preceding computer models and caIculations are

accurate, a tension test was performed on one ofthe graphitelepoxy box-beams in an MTS



•

•

•

machine [83]. The box-beams were designed to withstand a load of 1340 Newtons on

each hole with a factor ofsafety of2.2. To simulate the effect oftwo actuators loading

the shafts that are restrained by the hales in the box-beam, a load was applied at the center

ofthe shafts which by symmetry distributed itselfequally on aIl hales. Thus, while the

MTS machine applied from a ta 10 kN, the load applied to each hole varied from 0 to 5

kN.

Figure 4.25: MTS Tension Test Set-up

Although the box-beam was expected ta fail at a loarl ofapproximately 3 kN (per

hale), taking into consideration the factor of safety of2.2, in aetuality the box-beam
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survived the full 5 kN per hale. At that point, however, bearing failure became

• observable. The following graph shows the tensile Ioad. on each hole as a function of

displacement. The discrepancy between the theoretical and experimental strength ofthe

box-beam is expIained by the filet that certain values for the mechanical properties ofthe

LTM25 graphite/epoxy were unavailable and hence had to he inferred from the data sheet.

Tensile Load vs. Displacement
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Figure 4.26: Linear Variation ofTensile Load with Displacement

4.11 Stainless Steel End-Fitting
When selecting a method ofjoining graphiteJepoxy to metal, the factors which

should he considered are the magnitude ofthe force involved, the geometry ofthe parts ta

he attach~ whether disassembly is required, cast and reliability. Bath bolted and bonded

joints have numerous advantages. Whereas bolted joints are highly reliable, conducive to

inspectio~resilient to fatigue and allow for repeated assembly and disassembly, bonded

joints enjoya greater bond efficiency (bond strength/weight ofjoint), reduce the number

ofparts involved, minjmize corrosion and avoid problems oflaminate strength degradation
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incurred when drilling holes in composites [84-86]. The choice to bond the end-fitting

• bracket to the graphitelepoxy box-beam was largely due to availability ofa large, easily

accessed bond surface as weIl as the desire to preserve as much as possible the structural

integrity ofthe box..beam by avoiding unnecessary holes. The second fundamental

decision was the type ofmaterial to be used. Since graphite is an extremely cathodic

materia!, the choice ofmaterial is not merely a function of strength, stiffhess and density.

When dissimilar metals are in contact in an electrolytic environment there is a galvanic

potential developed between them [87,88J. The engineering materials that are least

corroded by graphite composites are titanium and stainless steel [89]. As shawn by the

list of metals in Appendix D, aluminum would have been a poor choice for the end-fitting.

Although the adhesive itself acts as the primary protection against corrosion in

graphite..to-metal bonded joints [90], further protection can be acquired through the use of

an etchant, especially needed when joining aluminum to graphite. Yet another factor to

he considered in joining metals to graphite is thermal expansion. The thermal mismatch

• between aluminum and graphite is the most severe while graphite and titanium is

minimum. Although titanium is most compatible with graphite, it is an expensive metal

and one that is difficult (and hence costly) to machine. For the Lightarm manipulator,

where temperature variations are minor but where the environment might lead to

corrosion, stainless steel was selected as the simplest and most cast-effective solution.

In a bonded joint, there is a stress concentration at the edge ofthe bond. This can he

attenuated by approximately 50% by tapering the metal end fitting. The optimal chamfer

angle has been determined to be roughly 7° [91,92].

Graphite/epoxy

• Figure 4.27: Dimension ofEnd-fitting Chamfer
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4.12 Stress Analysis of Adhesive Bond
A finite-element model consisting of 522 solid brick elements was construeted to

study the stresses present in the adhesive bond during a worst-case static loading of the

manipulator. The moment produced by the cantilever load of 3790 Newtons is

counterbalanced by the shear forces in the bond. The magnitude of the shear forces is

readily obtained by a simple moment balance. The bond thickness was chosen to be 0.5

mm [93,94]. The results of the FEA show quite clearly that the areas ofmaximum stress

are Ioeated at the eurved corners.

•
\---
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Figure 4.28: Von Mises Stress Contours in the Adhesive Bond
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Hysol EA 9412 27.6

Hysol EA 9430 31.0

Hysol EPK 0151 12.8
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Loctite Depend 330 18.6

Ciba-Geigy Araldite AW 138/HV 998 16.7

Ciba-Geigy Araldite AW 106/HV 953 27.4

Ciba-Geigy Araldite AW 136/HV 994 23.5

Table 4.15: Survey ofEpoxy Adhesives - Adapted from [95-97]

Clearly, by using the Hysol EA 9430 (which is bighly recommended for bonding

stainless steel to graphitelepoxy), a factor of safety of 1.4 is acbieved. It should be noted

that the cantilevered làad of3790 Newtons represents an absolute worst-case scenario and

thus the bond is unlikely to be stressed to the 22.5 IvIPa calcuIated by the finite-element

model. Figure 4.29 illustrates how the stainIess steel end-fitting mates with a cutaway of

the graphitelepoxy box-beam.



•

•

•

Figure 4.29: StainIess Steel End-fitting and Cutaway ofBox-Beam
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• 4.13 Stress Analysis of M6 Screws
There are four M6 hex-socket cap screws that fasten the SRC flange to the

stainless steel end-fitting. As illustrated in Figure 4.30, the worst-case loading scenario for

the M6 screws occurs when the shoulder exerts its maximum force of3790 Newtons and

the elbow is fully restrained.

SRC
Aluminum
Flange

Box-Bearn
3790N

•
Figure 4.30: Cantilevered Loading ofM6 Screws

The moment created by the end load of3790 N has to be counteraeted by the four

M6 hex-socket cap screws that conneet the box-beam's stainIess steel end-fitting to the

SRC shoulder :flange. Mathematically, this moment equilibrium gives us the force, F,

acting on the M6 screws. The top two screws are obviously in tension (ifthe end Ioad is

dawnward, as illustrated) while the bottom twa screws are in compression.

M =(3790N)(0315m) =4F(45.9 x 10-3 m)

.'. F= 6502.4N

(4.89)

(4.90)

The tensile-stress area, At, of an M6 screw is 20.1 mm? (obtained tram the mean of

the pitch diameter and the minor diameter). Thus, the tensile (or compressive) stress in

each M6 screw is:

•
F 6502.4N

0=-= 6 ., = 323.5MPaAc 20.1 x 10- m-
(4.91)
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• In this application, the M6 cap screws are rSO-c1ass 12.9, which are made from

quenched and tempered alloy steel with a minimum proofstrength of970 MPa and a

minimum yield strength of 1100 MPa. The factor of safety guarding against the screws

acquiring a permanent set is:

970A-fPa
F.S.= 3235 MPa =3.0 (4.92)

The stainless steel end-fitting has been designed 50 that the elbow mechanism that

it supports can be mounted on the SRC shoulder Bange in three distinct configurations.

In the primary (Le. anthropomorphic) configuration, the direction ofthe elbow's rotation

is aligned with the principal power axis ofthe shoulder (i.e. the =~strong"direction that

produces 3790 N). In the secondary and tertiary configurations, the elbow is mounted

perpendicular ta the principal axis (Le. along the shoulder's ''weak'' direction) facing either

Ieft or right. That the arm can be assembled in these three configurations confers upon

• Lightarm atremendous degree ofversatility in terms ofworkspace.

4.14 Design of Main Shafts
Again the fàctors driving the design ofthese components were strength and

weight. Although aIuminum would have been an excellent material for this application, it

unfortunately bas poor wear charaeteristics when in contact with the hard steel of the

needIe raller bearings. Thus, hollow steel shafts were designed and the geometry ofthe

part lent itselfta straightforward, analytical stress anaIysis. Each shaft can be treated as a

hollow beam ofcircular cross-section which is fully restrained at either end and loaded at

two points by 1340 Newtons. The bending moment diagram and the variation ofmoment

along the beam can be obtained from a standard text on strength ofmaterials [98].

•
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• d=lOmm

~D=16mm
1

1340N 1340N

Figure 4.31: Dimensions ofMain Shaft

(4.93)

(494)

cB

Figure 4.32: Bearn Analysis

Fb 2

MAa = y[x(3a +b)-aL]

MBC= M.uJ-F(x-a)

Y~_L_b_--"'·:
r~ .:

F

•
where

a =O.02m

b = O.OSm

L =O.07m

(4.95)

(4.96)

(4.97)

From the above expressions for the moment variation along the beam, bending moment

diagrams can he readily drawn and then summed by applying the principle of

superposition:

•
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•

M
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•

Figure 4.33: Summation ofBending Moment
Diagrams
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(498)
• from which it is rnanifest that the Iargest moment acting is 72.7 N·m (at bath ends ofthe

shaft). Now, the stress due ta bending can be caIcuIated as fol1ows:

Mc
CFo =-

J
where

1 =.!!-(D4 _d4
)

64
64Mc

(499)

:. CFo = 1'(. (D4 _ d 4 )

:. CF = 64(72.7Nm)(0.OOSm) =2 3MPa
o Jr'[(0.016m}~ -(O.OlOmtJ 1

(4.100)

(4.101)

The resulting factor of safety in yield is 1.6.

The shear stress can be obtained by fust drawing the corresponding shear diagram,

shawn in Figure 4.34.

X[m]L

0.02 0.05 0.07
o

V[N]

1340

-1340 ~

•

Figure 4.34: Shear Stress Diagram

Accordingly, the shear stress for this thin-walled member is given by the expression [99].

va
't =-==--

It
(4.102)

where V is the shear force, Q the first moment ofthe shaded area shown in the figure

below, 1 the moment ofinertia and t the width ofthe diametral cut. The centroid of a half

• cylindrical shell is shawn below in Figure 4.35 [100].
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Figure 4.35: Centroid ofHollow Half-Cylinder

•

Q=A'y

Q= : ((O.016m)2 _(O.OlOm)2H2(O.~5m)]

Q = 5.07 X 10-7m3

7r
1 = 4"[(O.008mt - (O.OOSm)4]

1 = 2.73 X 10-9 m4

t =0.016m-O.Ol0m =O.006m

. VQ (1 340N)(5.07 X 10-7m3
)

.. r: = It =(2.73 X 10-9 m4XO.006m) =41.5.MPa

which results in a factor of safety of4.9 against yielding in shear.

(4.103)

(4.104)

(4.105)

(4.106)

(4.107)

(4.108)

(4.109)

(4.110)

•

Next, we calculate the maximum deflection ofthe shafts to ascertain that they

remain straight. Flexure ofthe shaft might impede the smooth running ofthe needle roller

bearings. IntuitivelY:l the maximum deflection occurs at the midpoint (x = 0.035 m).

Again, by invoking symmetry and the principle of superposition, we can simply calculate

the deflection at x = 0.035 m due to a single load and then double the result to obtain the

total midpoint deflection. Referring ta Figure 4.32, the deflection ofany point x between

points B and C is given by the following expression:

Fa2(L-x)2
YBC = 6EIL3 [(L-x)(3b+a)-3bL]

The midpoint deflection due to a single load is thus:
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(
_ 0035) _ (1340N)(O.02)2(O.07 -0.035)2

YBC X -. - 6(207 X 109 PaX2.73 x 10-9 m4)(O.07)3 [(0.07 - 0.035)(3(0.05) +0.02) - 3(O.05XO.07)]

YBC(X = 0.035) =2.6 x 10-3 mm

:. y MAX = 2 x YBC(X =O.035m) =52 x 10-3mm (4111)

Evidently, the maximum defIection is sa minute that it will not impede the free running of

the needle bearings.

4.15 Bearing Selection
The two determining factors in choosing a bearing are obviously the dimensions

and the load. For Lighta.rm, it was necessary to seek out small, compact bearings that

were able to withstand large loads. Since the arm moves quite slowly, the maximum

speed ratings are irrelevant. AIso, the total number ofcycles that the bearings will

undergo will not likely approach the fatigue limit. Nevertheless, since the Lightarm

• manipuIator is designed for long service use, it is prudent to select bearings with fatigue

Ioad limits that exceed the maximum load applied to the bearing. The mst bearing type

tabulated below is the INA Kl6X20XI0 needle roller bearing, one ofwhich is Iocated in

each ofthe three cam. plates. Sînce these bearings are sold without an outer raceway,

custom-machined steel raceways were inserted into the aluminum cam plates to protect

the soft aluminum from the bard steel needles. The RNA 4901 needIe raller bearings are

slightly larger and stranger than the K16X20Xl0 and come mounted with outer raceways.

Used in bath bottom blocks (in the upper arm) as weIl as in the shoulder mechanis~ the

RNA 4901 is a strong yet compact bearing, far superior in that regard to ball bearings, for

example which are strong but buIky. As a matter offact, there are only three hall

bearings used in the Lightarm manipulator, aIl ofwhich are SKF Double-Row Angular

Contact BalI Bearings. AIthough these possess a higher fatigue load Iimit than, say, the

RNA 4901, they also weigh 2.5 times as much. The HK040S TN drawn cup need1e raller

bearings, four ofwhich are used in the shoulder's universal joint, are amazingly strong for

• their size. The dimensions ofthe HK040S bearings were the limiting factors in the
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miniaturization ofthe shouIder's universal joint. Due to the very thin cup, the tolerances

• are critical. Ifthe fit is too tight, the bearings don't roll properly on the shafts.

Conversely, ifthe fit is too loose the bearings will slip out oftheir housings. To prevent

süppage, a small amount ofLoctite 648 cylindrical bond adhesive (with Primer 7649) can

be applied. TabuIated below are data compiled and condensed from numerous bearing

cataiogs [101-104], wherein B, D and W represent bore, outer diameter and width.

INA Needle Roller K16X20XI0 16 20 10 893 1160 1.3
Drawn Cu Needle Raller HK0408TN 4 8 8 316 1320 4.2

INA Needle Roller RNA 4901 16 24 13 1340 1460 1.1
SKF Double-Row 5201 A 15.9 32 12 1876 10600 5.7

An ar Contact BaIl
Torrin on Needle Raller B-44 6.35 11.11 6.35 670 1451 2.2

INA Needle Raller HK0810 8 12 10 1340 3690 2.8
Table 4.16: Bearing Data

• t1reanng;E)e8t__~~ETmeM8Ss.~l~~~~~~~uantitY=PresenE~~:~~S-uot()taE(g}~~~=:i
K16X20XI0 5.7 3 17.1
HK0408 TN 1.6 4 6.4
RNA 4901 20 8 160

5201 A 50 3 150
B-44 2.3 8 18.4

HK0810 3 2 6
Grand Total 357.9

Table 4.17: Breakdown ofBearing Masses

4.16 Synthesis of Elbow Cain Mechanism
The objective in redesigning the elbow mechanism was to improve the strength-to

weight ratio while retaining the kinematic parameters ofthe previous design [105]. The

new design includes a radically smaller cam mechanism, smaller bottom blacks and smaIIer

bearings. In the previous design, the hydraulic lines were routed intemally which meant•
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that the wall thickness of the upper arm had to he large. Elegant as the internai routing

• was, the increase in complexity, machining cost and weight proved to be problematic.

Main Actuator
Shaft

Stainless Steel...--
Insert

~-- Forearm

Left Cam
Plate

Delrin Bearing
Retainer

•
Cam Plate

Figure 4.36: Anatomy of the Elbow Cam Mechanism

Additional weight savings were achieved by replacing the aluminum limit-stops

with Delrin ones. The four black DeIrin stoppers were bonded to the graphitelepoxy

with Loetite 401 (possessing a tensile lap shear strength 22 MPa) and Loctite Primer 770.

To cushion the small impact load of the cam mechanism on the four stoppers, small foam

pads were fixed to the parts of the cam mechanism that come into contact with the

stoppers. The foam pads were fastened with M3 hex-socket cap screws so that the

thickness of the pads could be adjusted to ensure that both pads contact the stoppers

• equally.
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Figure 4.37: Elbow Components: retaining rings, Delrin spacers, dowel pins LVDT holder
units and elbow output linkages.

.: :~~:~~

- ~-~-'~\~
·~~.:'~f?:·5/:~

Figure 4.38: Components ofBottom Main Actuator Assembly, showing Main Shaft,
Bearing Blocks, Delrin Spacers, Stainless Steel Inserts and Black Delrin M16 Nuts.
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Figure 4.39: Assembled Elbow Mechanism
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• Chapter5

Wrist!Forearm

5.1 Design of Forearm

•

•

The forearm, which links the wrist to the elbow, has to be strong enough to resist

the loads applied to the arm yet light enough that it does not add unnecessary inertia ta the

manipulator. Due to the intricate nature ofthis component, shawn in the figure below,

Aluminum 6061-T6 is ideal for this application because it is sttong, light and easily

machined. Sînce the load at the end-effector bas been estimated ta be 400 Newtons, the

moment that acts over the lever arm of0.3 meters (the approximate distance from the base

ofthe forearm to the end-effector) is 120 Newton-meters. In the finite-element model

shown below, the left-most face ofthe base ofthe foreann is clamped (i.e. fully restrained

in x,y,z translation and rotation). The cantilevered model provides a worst-case scenario

for the component, assuming incorrectly that the rest ofthe arm is perfectIy rigid. In

reality, the forearm is never completely restrained because any load on the end-effector

(e.g. payload) induces deflections not ooly in the forearm but also in other elastic

components ofthe arm. Second.1y, the twin actuators ofthe upper arm cao only generate

a maximum moment of70 Newton-meters. This means that in practice a large load that

ineurs a moment in the forearm that exceeds 70 Newton-meters will cause sorne

displacement ofthe aetuators, in effect overpowering the aetuators' moment. That the

imposed boundary conditions represent a worst-case scenario has been belaboured here

because the resulting safety factors for the forearm are rather mimjnal and are substantially

lower than the safety factors that are typically considered prudent, especially for a
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component that undergoes repeated loading and for which sorne degree ofmaterial

strength degradation is expected.

Figure 5.1: Forearrn
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REStLTS; 5- B.C. 1,LOAD 3 ..STRESS_S
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Figure 5.2: Von Mises Stress Contours on Forearm During Transverse Load
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STRESS [kPa]

•

Figures 5.2 and 5.3 show the results ofthe stress analysis ofthe forearm. Clearly,

the downward Ioad case (shown in Figure 5.3) is more severe tban the transverse loarl

case (shown in Figure 5.2). The maximum deflection of2.41 mmrepresents nearlya

quarter ofthe maximum allowable end-effector static deflection of 1 cm. In terros of

str~ the mjnimum fàctor ofsafety is 1.3.
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Figure 5.3: Von Mises Stress Contours on Forearm During Downward Load
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• Since the forearm. is fastened to the cam plates ofthe elbow mechanism, the small

M3 screws must withstand the loads induced by the application of400 Newtons at the

end-effector. The load on each ofthe six M3 screws can he calculated by considering the

following diagram:

400N

1Sem

30 cm

Forearm

1-----------------------}- ~----------------------------------~----i~-~----
End-Effector

,..--__ Cam plates

Figure 5.4: Load Analysis for Forearm's M3 Screws

M3 saews (1 row
hidden)

•
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In shear, the load on each screw is simply one-sîxth of400 N, or 66.7 N. Thus, the shear

• stress on each M3 screw is given by the load F divided by the minor-diameter area whicb

for an M3 is 4.47 mm?:

F 66.7N
't =- = 6 2 =149lvfPaA 4.47 x 10- m

(5.1)

(52)

(53)

(5.4)•

The moment induced by the maximum end load is counterbalanced by the two screws

above the neutral axis and by the two screws below the neutral axis. Obviously, the two

screws that lie on the neutral axis do nothing ta counterbalance the moment created by the

end load because their lever arm is zero. Thus, the tensile (or compressive) force, F,

acting on the four off:axis screws is computed from the following moment balance:

(400N)(03m) =4F(O.027m)

F=1111N

The tensile (or compressive) stress can he readily computed using the tensile-stress area

for an M3 screw, 5.03 mm?:

F IlllN
cr =-= = 221!vfPa

~ 5.03 x 10-6 m2

The strength ofa steel boIt, screw or stud is determined by the ISO mechanica1 property

head marking. In the absence ofhead markings or appended documentation, it is prudent

ta assume that the screws were made from the lowest grade steel. However, the M3 is

not available in the ISO 4.6 which ranges from MS to M36. The ISO 4.8 M3 bas a

minimum proofstrength of310 MPa and a minimum. yield strength of340 IvfPa, providing

a factor ofsafety of 1.4 against acquiring a permanent set and a factor ofsafety of 1.5

against yielding. Although it is best to err on the side ofcaution, the M3 screws resemble

the MS ISO 12.9 screws in both colour and texture. In alllikelihood, the M3 screws are

a1so ISO grade 12.9 with a minimum proof strength of970 MPa and a minjmum yield

strength of 1100 :MPa which provide factors of safety ofapproximately 5.

Sînce each ofthe four loads of 1111 Newtons is applied ta the base ofthe foreann

over a very small area, there is aIse a Iikelihood oflocal yielding around the holes. By

• invoking St. Venant's Principle [106], the area around a screw-Ioaded hole was analyzed
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using finite-element analysis. The area around one such hole was analyzed and the stress

contours are shown below.

Top View ofForearm Areaarotmd
hole analyzed

•

•

Figure 5.5: Determination ofLocal Yielding around Hole Region

RESlLTSt 2- B.C. j.,LOAD 1...STRESS..2
~ - \oUi HlSES HIN: 4 ..2:1.E+03 HAXt 2.0JE+<>e
~ OF REF: J'MT

Maximum Stress

Figure 5.6: Von Mises Stress Contours around Hole Region

STRESS [kPa]
2.03E+05

1...83E+0!lI.
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The maximum Von Mises stress reaches 203 J\.1Pa which affords the part a factor

• ofsafety of 1.2 against local yielding.

5.2 Design of Wrist

•

•

Figure 5.7 shows the main components ofthe foreann and wrist. The four

Animate Systems Incorporated (AS!) valves on the right ofthe figure regulate.the flow of

hydraulic fluid through their respective manifolds and into the four small actuators that are

visible on the wrÎst. Shown on the left in Figure 5.8 is the fully assembled wrist and

forearm unit and on the right is the forearm. mounted with the wrist' s four actuator valves.

Although these valves contnbute a great deal ofinertia to the Lightarm manipulator, they

are located on the forearm because that minirnizes the length ofthe hydraulic lines running

from the valves to the aetuators on the wrist. Had the valves been located on the base,

there would have to be long hydraulic lines running up to the wrïst_ Not only does tbis

create problems routing the lines through the elbow mechanism but it introduces

undesirable line dynamics whicb, in tum, compIicates the control system. The kinematic

optimization ofthe wrist was done by Kurtz [107]. A tirst kinematic prototype was built

by Habib and Kee [108] and the tirst fully-working prototype was realized by four

undergraduate students, Chevalier et al. [109].
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Figure 5.7: Components ofWristlForearm (from left to right): Wrist, Forearm with
Adapter (above), ASI manifolds (modified), and ASI hydraulic valves.
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Figure 5.8: Wrist and Foreann Assembly

-".

5.3 Selection of Gripper or Rand

•

For Lightann to perform elementary teleoperated manipulations, a commercial

gripper would have to be attached ta the \Vrist' s output flange. There are many types of

grippers available on the market today: pivoting-ann grippers, parallel grippers with T

510ts, paralleI grippers with rack and pinion, cam-activated parallel grippers, finger

grippers, 3-jaw grippers., 6-finger grippers, collet grippers, sheet stock grippers., indexers,
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toggIe-tongs, suction cups, needle grippers, magnetic grippers, wide-jaw grippers and tube

• grippers [110]. These grippers can be combined with tool changers to allow the

teleoperator to remotely select and pick different tools during a procedure. Also available

are swivel units which could endow the wrist with a fourth degree offreedom to, say,

perform a rotary task [111,112]. These accessories alIow Lightarm to perform

rudimentary tasks such as manipuIating tools. For more intricate operations, a rabotie

band wouid he necessary. There are numerous anthropomorphic robotic bands currently

on the market. The Hitachi Hand uses shape memory alloy (SMA) aetuation but

unfortunately it bas a mere load capacity of2 kg, weighs 4.5 kg and is 70 cm long. The

Utah/MIT Hand employs a tendon-drive system involving 288 pulleys. 1ts length makes it

unsuitable for Lightarm. The same can be said for the Jameson tendon-driven band.

Although the BeigradelUSC appears to be the appropriate size, it is only capable of

holding a mass of2.2 kg which is lower than the 10 kg payload envisioned for Lightarm.

The Sarcos HydrauIic Hand bas a 22.7 kg Ioad capacity as weil as impressive dexterity.

Unfortunately, the Sarcos Hand is too heavy and bulky and it runs at 3000 psi (20.7 MPa)

• whereas Lightarm's ASI actuators operate at ooly 500 psi (3.45 MPa). The Odetics

Rand is a simple, three-fingered, human-sized hand which is powered by electric mators

and solenoids. It possesses rudimentary kinematics that are more akin to a claw or talon

than a band but the Odetics Hand appears to be a feasible band for Lightarm. Should a

more dextrous band be sought, there are two which were featured in Chapter 2, the

Barrett Hand and the Omnï-Hand. The Barrett Hand weighs only 1.1 kg and is roughly

the size ofa human band. It consists ofa thumb and two fingers, complete with built-Ïn

position and force transducers. But unfortunately, the maximum payload is only 5 kg

which is halfofwhat was originally prescribed for Lightarm. The Ross-Hime Designs

Incorporated Omni-Hand is a truly human-like band with a load capacity of25 pounds

(11.4 kg) which is ideai for Lightarm's expected maximum payload of 10 kg. Omni-Hand,

which is controlled by electric servos and even features tactile sensors in the fingers and

paIm, represents the state ofthe art in robotic bands.

•
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Chapter 6

Synthesis of Lightarm

6.1 Final Assembly
Shown in Figure 6.1 are front and side views ofthe fuIly assembled Lightann. In

Figure 6.2 are three additional views ofLight~ showing the sIot in the box-beam and

the elbow bent to its maximum angle. Each major mechanism, namely the shoulder,

elbow, and wrist, is modular and can be rapidly assembled and disassembled which is

highlyadvantageous for maintenance and repair. Similarly, each aetuator/valve is a

modular unit which can aIso be easily replaced.

Although the wires and hydraulic lines have not yet been fully integrate~ the

elbow, forearm and shoulder were carefully designed to accommodate these wires and

lines. The hydraulic lines for the elbow and wrist will he routed through the holes in the

SRC flange and the stainless steel end-fitting and will be affixed to the inner wall ofthe

graphitelepoxy box-beam. A full centimeter ofclearance has been left expressly for tbis

purpose. As shown in Figure 6.1, the black DeIrin cap on top of the graphitelepoxy box

beam was modified to fit the slot and bonded with Loctite 491 and Primer 770. The

DeIrin inside the slot aets as a bumper for the forearm when the elbow joint is fully

contraeted, as shown in Figure 6.2, and thus prevents damage to the top edge ofthe

graphitelepoxy box-beam.
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• 'ghtarmSide Views of LIFigure 6. 1: Front and



•

•

• Figure 6.2: Views ofLightarm
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6.2 Evaluation of Mass and Inertia
Tabulated below is a breakdown ofthe masses ofeach major mechanism. The

total mass ofLightarm (shoulder, elbow and wristlforearm) is currently 5660 g. Ifwe add

ta tOOt the mass ofa hand/gripper like Barrett Rand, the total mass ofLightarm would rise

ta 6.76 kg which is considerably less than the payload of 10 kg. However, the Barrett

Rand cannot grip more than 5 kg so it would be necessary to employa different (and

possiblya heavier) hand or gripper. For that reason, 2.5 kg is budgeted as a conservative

estimate of the mass of such a hand, resulting in a total of 8.16 kg which is stilliess than

the payload of 10 kg. Even with that hypothetical 2.5 kg hand, the payload-to-weight

ratio wouId he 1.22:1 which is superior to the 1: 1 ratio which was established as a

benchmark for lightweight manipulators by ROTEX. The payload-to-weight ratio can

still be improved, however. By relocating the wrist's four ASI valves to the base, a full 1

kg can be saved. By redesigning the wrist with aluminum instead ofbrass and stee~ at

least 300 g could he economized. Finally, a lightweight hand capable of lifting 10 kg

could be designed or purchased. Presuming the band had a mass of 1.5 kg, the overall

mass savings would be 2.3 kg. The total mass ofLightann would therefore be 5.86 kg,

resulting in a truly remarkable payload-to-weight ratio of 1.7.

•

Shoulder1

Elbow

Forearm

Wrist

TOTAL (without hand)

GripperIHand2

TOTAL (with hand)

Table 6.1: Mass Summary .
l equivalent moving mass of shoulder
2 mass ofBarrett Rand

1000 g

2465 g

1193 g

1002 g

5660 g

2500 g

8160g
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AIthough the payload-to-weight ratio ofthe arm is a significant measure of the

perfonnance ofan ann, a more rigorous approach is to quantifY the inertia of the~ or

the distribution ofmass with respect to the kinematic origin ofthe manipulator. For the

sake of simplicity, the kinematic origin is taken to be at the center of the shoulder

mechanism's universaljoint. Using I-DEAS Master Series 2.1, the inertia matrices of the

various links ofthé ann assembly were calculated in the X-Y-Z coordinate system shawn

below. The inertia ofthe arm changes as the arm's posture changes. For the sake of

illustration, the moment ofinertia ofthe arm is calculated for the full-extended vertical

posture which is essentially when the arm is working at a worst possible mechanical

advantage. The payload is assumed to be the maximum 10 kg and the gripper is presumed

to have a mass of2 kg.

[Il = [1]SHOUI.DER + [1]ELBOW + [1]FoREARM + [I]WR1ST + [I]HAND + [1]PATLOAD (6.1)

• [4871 0 0] [174168 a o ] [289131 0
o ][1] = 0 86 0 + 0 6211 0+0 716 a +

o 0 4871 0 0 170691 a 0 289131

[411514 0 o ] [1999 0 o ] [12003 0

615 ~ 106 ]

o 112 0+0 1.02 x 106 0+0 6.15 x 106 (6.2)

o 0 411514 0 0 1.02 X 106 0 0

[893686 0

8.05~ 106 ]

[1] = 0 7.18 X 106 kg.mm2 (63)

0 0

•
Thus, Ixx = 0.9 kg.m2

, Iyy= 7.2 kg·m2 and Izz = 8.1 kg·m2
• The radii ofgyration for each

ofthe various links can be found in Appendix B. The inertiai results show that the "vrist

and the forearm (with the four ASI valves) contribute greatly to the overall inertia ofthe

arnt. In the fully vertical posture, illustrated in Figure 6.1, the inertia (Izz) ofthe forearm



•
96

and valves is 1.7 times the inertia of the elbow while Izz ofthe wrist is 2.4 times that of the

elbow. Similarly, the hypothetical addition ofa gripper and a payload would contribute

an even greater amount of inertia to the arme This is a simple manifestation ofthe lever

arm effeet. In other words, the further a link is frOID the arm's kinematic origin, the more

critica1 its mass becomes.

4 10 kg Payload

"-------- 2 kg Rand

~Wrist

~---Foreann

•
z

,+.__ Elbow
mechanism

Moving mass
ofshoulder

+----
(1 kg lumped)

•

Figure 6.3: Main Links for Calculating Inertia
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6.3 SUDlmary of Stress Analysis
The rnaterial and safety factor ofthe most highly-stressed components ofLightarrn

are summarized in Table 6.2. With these safety factors, the strength-to-weight ratio of

the various components can be considered optimal.

;..-;i::;.:{;sn;;'..4.I~o"~rnno··n·~~';"'·~:j:=::::I;[:,.1~L'"c -·~'-':":;'::f;+"':':~~~F;;:-,;. jr:-;E~~'m-09''::o''J;'S~~r~"
~~~~-::~~c:u.~':-?~ ~~. _ __r-:'-"_;:'~:~· ~"J~~_-r~,-.-=--r-=-:.L~~~"7':'-.:-;::r~••"'=:;.-~- ~"':::-." _ "..A\.IL _ ~_:.._ .L:. _,_~~,._:.,
.~·~·~:;~-~{~~:'~.~~~:.f~.~-':'::~~~.Y~~~~'::~:~~~.~::"_~:~·~~!-\~-;~;.~?~~:;·.:.:::~~~~~~~~:..ns~f~~~~:-;~~'~:~:s: ~~'.:1_:I.·-:r~~~~_î~.~~_Ç.~s;.;..:~~~:·~·j~~~~·

Forearm Alurninum 1.3

H-Base StainIess Steel 304 1.7

Box-Bearn GraphitelEpoxy 2.2

Main Elbow Shafts Stainless Steel 303 1.7

Centercube Stainless Steel PH 1.9

End-fitting Bond Hysol EA9430 1.4

M3 Cap Screws Steel 5.0

M6 Cap Screws Steel 3.0

Table 6.2: Material & Safety Factor Surnmary ofKey Lightann Components

6.4 Recommendations for Future Work
UItimately, IWo Lightarm manipulators will be tele-operated simultaneously,

thereby mimicking the full dexterity ofa two-armed human. The simultaneous control of

two arms bas been the subjeet ofmuch research [113-118], and, from a mechanical

standpoint, raises the spectre ofarm-to-arm collisions. Analysis ofimpact loads thus

becomes critical in future two-arm designs [119,120].

Sïnce the wrist prototype [109] did not perform kinematically as weIl as had been

originally envisaged, a redesign is inevitable. Yet another alternative is to purchase a

commercia1ly available wrist such âs the Omni-Wrist or the composite-material Barrett

Wrist. Aside from the heavy ASI hydraulic actuators, the structure that contributes most
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ta the inertia ofthe ann is the wrist since it is constructed predominantly ofbrass and

steel both ofwhich have high densities. Thus, the engineers involved with the next wrist

iteration should strive to lighten the mechanism dramatically. The choice ofbrass and

steel arose out ofa perceived need to find two materials that have very low wear when in

contact with one another. However, the wear factor is not all that important because the

wrist moves at slow speeds. A mainly aIuminum structure would be substantially lighter

and the problem ofwear on the ball-and-socket joints could be solved by careful

lubrication or by coating the sockets with a wear-resistant compound like Teflon.

Plastics or ceramics might even provide better design solutions for the ball-and-socket

joints.

mtimately, the wrist and forearm should be shrouded to proteet the actuators and

valves from both impact damage as weil as dirt, dust and rain. Although the forearm is

sufficiently strong as is, the wrist/forearm shroud ought to he a structural member in order

to take part of the load exerted on the wristlforearm. This would reduee the load imposed

on the forearm. and further improve the factor ofsafety wmch is presently tenuous. The

left and right cam plates have been tapped for M3X 0.5 serews at two places at the top of

each plate for this pllrpose. These are the ideallower attachment points for the shrolld

since they are high enough that the shroud would not interfere with the graphitelepoxy

box-beam as the forearm. pivots about the elbow. On the existing wrist, the shroud's

upper attacbment points (aIso threaded for M3 X 0.5) are located on the structure that

restrains the rocker arms. This is the highest accessible non-moving part ofthe wrist but,

regrettably, this leaves exposed the slender links that run from the rocker arms ta the brass

heacl, an issue wmch ought to he addressed in the next iteration. The shroud could he a

fairly simple structure such as a box-b~ for instance, and should be very light. Either

alllminum or graphitelepoxy could he used although the cost and effort associated with the

design and fabrication of the latter may not be justifieci for Such a minor part.

To further reduce the inertia ofthe ann, it would be possible ta remove the ASI

valves from the forearm/wrist and relocate them to the H-Base. This would, however,
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introduce line dynamics due to the hydraulics and would complicate the control. Ifthe

control problem could be solved, then hydraulic lines would have to be routed through the

shoulder and elbow joints. In such a case, it would be advisable to retum ta the original

design for the box-beam involving the Y4-inch honeycomb core through which the copper

hydraulic lines could be routed.

There are three minor improvements that could be made to the graphite/epoxy

box-beam. First ofall, the surface finish (for final production) ofthe box-beam can be

improved by grinding and honing the inner surface ofthe mold. Secondly, more detailed

machining ofthe mold would eliminate the lines that appear at the seams ofthe mating

parts. Thirdly, the width ofthe box-beam could be reduced by about l cm. Ifthe

elbow's actuator output linkages and LVDT holders are shortened by about 1 cm, then the

width ofthe box-beam can be reduced by another 1 cm for a total reduetion of2 cm. The

depth ofthe box-beam. can be reduced only ifthe thickness ofthe Renshape inserts is

reduced. In the extreme, the Renshape could be omitted (as it was for the tested box

beam) thereby cutting the depth ofthe box-beam by halfan inch. Although these

reduetions in width and depth are by no means critical, they would simply render the

elbow more compa~ ifever another iteration were to be designed. Although it may be

too complex for this particular application, a very interesting alternative design for a

composite box-beam involving stringers, spars, ribs and cover sheets was presented by

Bicos et aL [121].

6.5 Conclusion
A Iightweight, anthropomorphie robotie arm was designed and fabricated using

aluminum, stainless steel and graphite/epoxy to aehieve a payload-to-weight ratio mat

exceeds 1.2 to 1. Dubbed Lightann, this general-purpose, -seven-degree-of-freedom,

hydraulically actuated manipulator. ronsists of three principal mechanisms: a shoulder,

elbow and wristlforearm. Each ofthese three meehanisms was optimized for strength,

stiffuess and low weight using finite-element analysis. The driving design criterion for the



•

•

•

100

shoulder mechanism was range ofmotion. By designing a highly compact yet strong

universal joint, the shoulder is able ta achieve excellent motion. For the elbow

mechanism, strength-to-weight ratio was paramount. A 400-gram graphitelepoxy box

beam houses the elbow's twin actuators. The elbow mechanism has a mass ofooly 2.3 kg

which is substantially lighter than the previous aluminum prototype. The forearm and

wrist were aIso designed for maximum strength and minimum weight. Together, the

shoulder, elbow and wrist constitute a lightweight arm with remarkable payloaci, strength

and stiffuess as weIl as the manipulability, dexterity and workspace volume approaching

those ofa human arnt.
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• Appendix B: Radii of Gyration

Ifa link has a mass m and a moment of inertia 1 about an axis, then the radius of

gyration k about that same axis is defined as fol1ows:

k=~

•

•

Shoulder
Elbow

Foreann
Wrist

Rand/Gripper
N.B. AIl radü are in mm.

27
277
492
642
716

9
52
25
Il
32

27
274
492
642
716



• Appendix C: Budget

The bulk ofthe cost ofthe Lightarm project was due to machining, which was

done at McGill in both the Departrnent ofMechanical Engineering and the Physics

Department and at Progressive Machine Works in Anjou. Given that the hourly rate at

McGill is $35 and at PMW $65 (where the graphitelepoxy was machined), it is possible to

estimate the machining time ofthe various components ofLightarm.

Steel Supports $150.00

Stainless Steel H-Base & Plate $2000.70

Staïnless Steel Shafts & Bushings $245.00

Adapter & Sleeves $115.00

U-Joint & Centercube $1260.00

• Elbow Piston Output Linkages (EPOL) $135.00

LVDT Holders $377.50

Bearing Shafts & Modifications to EPOL $505.00

Forearm & Conical Shaft Modifications $1015.00

Cam Plates $580.00

Staïnless Steel End-fitting $600.00

Aluminum Mold $630.00

Drilling Holes in Graphite Box-Bearn $150.00

Milling SIot in Graphite Box-Bearn $68.38

TOTAL $7831.58

•
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Appendix D: Corrosion of Graphite with

Varions MetaIs

ANODIC
(most active)

~

Magnesium alloys
Zinc

Alclad 7000-series aluminum alloys
SOOO-series aluminum alloys
7000-series aluminum alloys

Pure aluminum and alclad 2000-series alloys
Cadmium

2000-series aluminum alloys
Steel and iron

Lead
Chromium

Brass and bronze alloys
Copper

Precipitation-Hardened StainIess Steel
Martensitic Stainless Steel

Ferritic Stainless Steel
Austenitic Stainless Steel

Titanium
Silver
Nickel
Gold

Graphite
~

CATHODIC
(least active)

Adapted from Ref. [89]
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