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The Freedom-7 Haptic Rand Conttoller is • bigh perf()rlD8Dœ baptic deviœ developed

jointly between McGill and MPB Teclmolopes. This tbesis discusses pœvious work in

the field ofhaptic devices, the research iDto the bonding ofmetals to composites,

optirnization procedures for composite Jaminates. and includcs • briefoverview ofhuman

haptic capabilities. The discussion iDcludes the analysis process used 10 desip a

composite box-beam structure 10 replace one liDk of the translation stap of the baDd

controller, and ta determine the optimal bond cbaracteristics for the joiDiDg of a sma1l

diameter composite tube 10 a Metal end fitting. Iterative finite element analysis as weil as

failure and vibration testing were used 10 detemûDe the efficiency of the desips, and 10

measure the improvements in the dynamic properties of the haptic deviœ's struetuIe•

Though certain difficulties were encountered during the manufacturing of the prototype

that lead ta disappointing physical test results, the simulations pIOve tbat a baptic device

such as the Freedom-7 could greatly benefit &om the inclusion ofcomposite materials

into the stnlcture.
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Résumé

Le contrôleur haptique Freedom-7 est un dispositifde haute performance d6vel0pp6

conjointement entre l'UDivenit6 McGill et MPB teebnolopes. Cette tbàe râume les

travaux existants sur les dispositifs baptiques, les m6tbodes d'adb6reDc:e entre les

matériaux compos& et les m6taux, les proc6fures pour optimiser la structure des lamin6s

ainsi que les recherches sur les capacit6s du systàDe baptique humain La discussion fait

part de l'analyse d'une structure monocoque en fibre de carbone utilis6e pour remplacer

un joint d'aluminium dans le dispositif. De plus, l'optimisation de la 860Jœtrie d'un

joint adh6sif entre un tube en fibre de carbone et une lamitu!e en aluminium est

expériment=. L'efficacit6 du desian a 6~ 6valu6e par une analyse empirique ainsi que

différents tests mesurant la r6sistance et la vibration. Ces derniers servent aussi a 6valuer

les améliorations des caract&istiques dynamiques de la structure du dispositif. Certains

problèmes de fabrication nuisent lia performance du dispositif lors des tests physiques,

mais les simulations par ordinateur prouvent que la possibilit6 existe d'accroitre

considérablement la performance avec l'utilisation de mat6riaux avanc6s•
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active DOF - any OOF tbat cm exert a force or torque on the user's band 1body

actuation dimensionality - the Dumber of active depees4-freedom in the device

adherend - the part of a bonded joint tbat is being glued

adhesive - the glue holding the two adbeœods tosetber

actuator - any system to CODvey torque or force to a part of the robotic device

backdriveable - the ability 10 move a robotic structure by applying force to the end

effector without any aidin, joint torques

baclcIash - small movements in bearings and otber joints

bi-directional - a data stream. tbat tlows in two directions, i.e. read and write

bond line thickness - the distance between two adherends tbat is filled with adhesive

constrained impetkmce - intinite stiffness contact

crispness - subjective term refetring to the quality ofa sensation felt tbrough a baptic

interface

cure - the process of heating, pœssurizing and then coalin, an epoxy to change the state

from liquid ta solid

degrees-of-freedom (DOF) - the Dumber ofdirections in which a device is fœe ta move in

either translation or rotation

device intrusion - physical presence of the haptie device in the operator's workspace

engagement - the leDgth of the adbesive bond

fidelity - the ability of a haptie interface ta accurately represent a virtual covironment

fiber orientation - the direction along which the fibers in the composite material are

aligned

haptics - the branch of study dealing with the human sense of touch

master robot - a rabane struetuœ tbat contrais tbrough teleoperation another robot

mold - a rigid taol used ta form the uncurecl composite material into a useable shape

slave robot - a robotie structure that is controUed by another robot or band controUer

• teleoperation - action tnlIIsmittcd over a distance by an electronic signal
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• transparency - term used in descn"biDg die baptic intaflce. marina to the iDability of the

operator ta sense the interface

unconstrainedi~e - free motiœ

vacuum ba, - a thin plastic sheet used to eœate an airtigbt coveriDg aver a composite part

in arder ta apply vacuum pœssme to the partduriDg the cuœ

virtual enviro1J1Mnt - a computer œpœsentatiœ of a œal or imasinary environment

•

•
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1. Introduction 10 Freedom-7

1.1 Haptic Deviees

In the short span oftwenty years, the computer bas IODe from an expensive,

novelty item ta an essential taol tbat can be found in ail walks of life. The lains in

computing power have been enonnous: early generatiODS ofcomputen were the size ofa

room an could do less tban what most wristwateh calculators do today. This quantum

leap in speed and capability, as weil as an increasing demand for high speed acœss 10

information, bas contributed 10 the incursiœ of the computer into every aspect of our

lives.

•
With the increased speed ofcomputen, usas can exist and interaet with virtual

environments that wouId bave been impossible to imagine ODIy a decade ago. A virtual

environment is a computer equivalent of the real wood. It can he anything from a tlight

simulation to a museutn. where the user cm browse through thousands of rare paintings.

The one thing about the virtual environment that remains constant is that it does not

physically exist anywhere except as a collection of 1'5 and O's in the binary memory ofa

computer.

Where before people could onlyexperience these virtual environments tbrough

sight and sound, with the introduction of a variety ofhaptic devices they can nowexplore

with the sense of lOuch also. Haptics is the branch of psycbology tbat deals with the

cutaneous sense data, in other words the data tbat is transmitted to the brain by the

pressure receptors in the skin. Therefore, a haptic device is a device that will translate

computer signaIs into pressuœ or force on the user. The skin pressure that the user feels

from the device, combined with the visual and auditory inputs from the virtual

environment, create a greater sense of being inside the enviroDment generated by the

computer.

The haptic device is a bi-diœctional interface [1] between the human user and the

• computer. It bas to be able 10 accept user input as weil as deliver its own data output
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back 10 the user. The effectiveness of tbis delivery is wbat will differentiate a "good"

haptic device from a "bad" ODe. However, determining the quality of titis delivay is Dot

as simple as it seeJDS. 1be œquirements for baptic devices are different from otber

rabotic applications. For clarity, a set of terms will be used to describe the general

attributed ofail band controllers:

• DOF - degrees-of-freedom

• hand controller - any device that serves as an interfaœ between the user and

virtual environment tbat is intended ta be used by an operator's band

• active DOF - degrees-of-freedom on which tbeœ is force exertedby the band

controller

• actuator - any force or torque applieator

• end-effector - point al wbich the interface between human operator and band

controller occurs

• FFB - force feedback

• 1.2 Requirements for Haptic Deviees

The earliest haptic devices were designed ta give information ta the users about

force states in the real environmeDt tbat they were controlling. These first FFB devices

were connected physically to the remote environments by mecbanicallinkages sucb as

wïres. For instance, in the biplanes ofWorld War 1, the pilots could feel the forces on

their control surfaces traDsmitted tbrougb their tligbt control sticks, maldDg the control

stick into a haptic device [2]. The first pneration ofhaptic devices connected

electronically to a remote environment were devised for use in the nuclear indu5try, ta

enable operations to be caaied out in exttemely bazardous enviroDments [1,2]. 1bese

devices consisted of dynamically identical. mœter and sltzve robots, since the computing

power al the time was not sufficient ta calculate extensive transformations between the

two. The master refers ta the CODtrolling device, and the slave refers to the remote

devicc.

In a virtual reality application, the Most important concem is wbetber the operator

• feels like heJshe is really iDside the environment [3-7). Ifthe virtual environment seems

McGi1l Univenity DepartmeDt ofMechmicü FnaïNWiiWa 2
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real, the interface between the user lDd the virtual spaœ (i.e. the computer, the screcn. the

band controller, etc.) are considaed "tI1ISpQTDIt. 1be operator does Dot notice tbat they

are there. Unlike traditional robotic applications wbeœ end effector posïtioning is of

great importance, in a band controller application tbis precision comes secondaly to the

resolution of the device [1], due to the limited capacity of the human sensory system to

absolutely locate a given point in space. ResolutiOll is the maximum detlection about a

stationary point that the device generates al an equilibrium Sfate. A vibratory detlection

caused by the control system. aetuator iDadequacies or structural faults decreases the

transparency of the band controller.

To achieve transpaœncy in a baptic device Iike a band controller, tbere are severa!

key requirements that need to he met. r1l5t, the structure ofthe band controller must have

a very low inertia. If the operator is moving through free spaœ inside the computer, they

should not feel a large mass of the band controller œsisting tbeir motioos. The low

inertia of the controller must be coupled with an almost constant and diagonal inertia

tensor. Achieving an inertia tensor that is constant and diagonal will aIlow the inertia felt

by the operator te be equal in ail configurations of the band controller mecbanism. Il will

not seem heavier or lighter towards the edges of the workspace tban it does in the middIe.

Furthermore, a low link inertia will increase the crispness of such FFB sensations as

impact with an immovable wall. Minimizing the link inertia will increase the maximum

acceleration that a given aetuators cm create at the end effector. The second requirement

of the structure of the band controller is link stiffness. The stiffer the links, the greater

the dynamic benefits. The resonant natural fiequency of a structure is dependent on its

stiffness: the higher the stiffness the gœater the natura! fiequency. With stiffer liDk.s

comprising the structure of the band controller, higher fiequency phenomenon such as

working a drill or scratching a rough sulface with a pencil CID be simulated without the

danger of reaching a resonant frequency of the struetuœ and inducing vibration. As the

virtual pointer comes into contact with a solid wall, the computer neecIs ta sample the

pointer location and calculate a joint force consistent with the proximity ta the walL To

achieve the fidelity of sueh a simulation, the response of the conuoller must be al a very

high frequeney, on the arder of 200 Hz•
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1.3 Advanced Materlal Advantages

'1bere are manyadvantapa to the incorporation ofadvanccd composite m·terials

into the design and construetÎOIl ofa baptic band coatroller. When desipers restriet

themselves 10 traditional materials, tbere is a limit to the deaip cbanaes tbat can be made

te optirniu link stiffness to weigbt ratios. For trBditional materiaIs such as steel and

alumin~ the stiffness and density are constant. Jnevitably, compromise bas 10 be made

in one of the design are8S.

With the increased use ofadvanced composite materials in many areas of

industry, the design lools for applyin, tbese materials are becomiD, more available. As

designers become more comfortable workiDg with these materials, more advantqes

become apparent The ability to tailor the material plopettïes ofa laminate for a specific

task is unique 10 tbis type of material. A desiper can optimiœ the material in a robotic

link for tensile modulus and damping [8-14], two properties wbich are necessarily med
in traditional materials. Desipers are no longer restrieted 10 modifications in the liDk

cross sections 10 obtain desiœd results for link dynamics.

4
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1.4 Freedom-7
There alreadyexista severa! models of baptic devices tbat are used specifically for

virtual reality applications. They cm be divided into tbree cate,ories. The tint is the low

DOF (degree-of-freedom) devices. 1bese aœ baptic devices tbat bave bi-directional data

tlow on tbree OOF's or less. They include the PHANToM [1,3,5,15,16] device (Fiauœ

1.4.1), which is active in the tbree tnnslational modes anclbas a tbœe OOFrotational

gimbal attaehed to a thimble tbat cm be wom on the user's index finger. The Pantograph

[1,16,17] bas only two active translational modes. Work bas been done at UBC ta

Figure 1.4.1 - PllANToM

include a third active rotational mode to the Pantograph [1]. As weil, severa! baptic

applications have used mulitple Pantograph units simultaneously ta obtain incœased

active OOFs [16]. Theœ aœ severa! FFB joysticks on the market such as the Immersion

Corporation's line ofImpuIse Sticks [18]. 1bese devices cm ooIy provide an estimate of

the task that the operator performs in the virtual enviromnent. They are Dot sufficient to

fully simulate a real system.
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Fig",e 1.4.2 .. PER·Force device

Figure 1.4.3 • SARCOS duterolU QI7IJ

mtUUr
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In the case of the PHANToM devïce, the simullted environment is similar to a

point probe. The user cm iDvestipte the vidual enviroament in the tbœe Cartesian

directions, but bas no active rotational DOFs. This limita the vll'iety and œalism ofthe

interactions that the user can bave witb the remote envilOnment.

The high DOF devices bave enough complexity ta fWly simulate an interaction

with a virtual environment. They do not need to approSimlte a task but cm œpresent it

fully. Examples of these high DOF devices are the Texas 9-string and the SPIDAR-II,

bath stringed baptic interfaces [16], the PER-Force joystick front Cybemet Systems Co.

[16] (figure 1.4.2), the SARCOS dexterous arm mast« (figure 1.4.3), aDd the FREFLEX

RotaUoft ~./ (.....)
TraulaUoa....

Il.'.f......

Fi81U~ 1.4.4 - Large WorbpGce HtIIId Coratrolkr (LWHC)
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Design ofa Composite LiDkb tbePœedoal-7 Bap!ic lùDd CaaIroIIu

•

Fi,lD"~ 1.4.5 - S7YLUSHtINl Co1ltrolk,.

exoskeleton masters, amODg many othen. These FFB devices ail bave several.

drawbacks, the most commoo ofwbich is bip complcxity and intrusion into the user's

workspace [16].

Previous work by MPB and McGill resulted in two hip DOF band conuollen.

• The first was a large workspaœ band controller (LWHC) [6, 19]. Il consisted of a 3-DOF

rotational wrist mounted on a 3-DOF translanonal stqe (see figure 1.4.4). 1..arIe friction

loads consistent with extœmely overloaded beariDgs were detrimental to the performance

of the LWHC. Another device consuueted at McGill wu the cantileveœd He called the

STYLUS [19]. The distal stage of tbis model was suspeDded from the end ofa jointed

cantilever arm(figure 1.4.5). The major drawback to tbis conuoller was the static load on

the driving strings gcnerated by the aravity vector. The bigh modulus polymerie strings

required to drive the force feedback of the controller are prone 10 cœep. This

configuration would therefore be unacceptable for a production model•

•
8



•

•

Design ofa Composite LiDt Cor die FreedcJm.711!pdc lIIadCaaImIIer

The Freedom-11umd controller is die Iatestbip DOF band controller to emeqe

from the cooperation between MPB and McGill [19]. ft bas six active OOF in the

translation and rotational modes • weD u an optioaallCtive seventb DOF at the end

effector to simulate a plunler or a pair of seissan. The Iatest prototype, wbich exists in

an all aluminum form, solves the problems associated wim the pœvious two prototypes.

The parallel design of the translation stase (figure 1.4.6) does Dot œquiœ the high

modulus fibers for aetuatiOD, and tbey are œstrieted to the aetuation ofthe distal stage

only. Low friction, brush-less OC motors are used as direct-drive aetuators on the

translation stage and aIlow for countaba1aDcinl of the pavity farce vector. An improved

design of the distal stage (figure 1.4.7) reduccs the iDertia felt by the operator. Simple

tendon paths make assembly casier and aIlow for zero force on the fibers at equihDriUID.

eJjminating any creep deformatiOD. A scbematic of the entile usembly of the Fœedom-7

hand controller cm be seen in figure 1.4.8.

FigllTe 1.4.6 • Freedolll-7 TrtlllSlatio" Stage•

Stage 1 motor-_ ....

~~

McOi1l University DepartmeDt ofMed"n ice1 RqinrcfÎlil
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Stqe3 linUF
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Figure 1.4.7 ... Freedom-7 DistIû SlQge

Figure 1.4.8 - TM F,eedom·7 Haptic Htmd controlk,

McGill University Departmalt ofM«duDicaI FnaiIWriq 10
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1.5 Objectives of thIs thesls

There exists two avenues fŒ improvement to tbis design tbat will be undertaIœn

in this work. The first is to replace the stase 3 linbp (figure 1.4.6) by a small diameter,

commercially avai1able carbon fiber blbe witb bonded metal ÏDserts. Second, the distal

stage linkage (figure 1.4.6) will be replaced by a composite box-beam structure. The

purpose of both tbese inclusions is to inaease the stiffDess of the œsulting structure wbile

decreasing the link mass and iDertia. However, incœmental. improvements of the

dynamic characteristics of baptie devices need to be measured based on specifie

performance criterion that do not correspond necessarily to those used for traditional

robotic applications. As such, proper measurements bave to be made to determine the

overall effect the incorporation of advanced materials into the structure bas on the

performance of the baptic device.

The following research tapies are associated with the design and inclusion of

these two parts in the Fœedom-7 baptic band controller:

• Theory and application of proper end fixtures, i.e. proper design of composite

Metal interfaces will be addressed. The design of the metal inserts will be optimized for

severa! basic geometrie criteria.

• Lay-up choice for the oprimization of a box beam structure will be examined.

The choice of a lay-up for composite parts CID be greatlyaffected by the applied load

conditions.

• Optimization ofcomposite pans for high natural fIequency and bigh dampÎDg

will he performed. The haptic band controller œquires a very high bandwidth, like many

ather potential applications for composite materials.

• Testing of bonded joint strengtbs in bending will be performed. This testing is

rarely seen in the literature, where the most COlDDlon forms of loading for a circular cross

section joint are torsion and axial.

• Application ofproper test methods to detenniDe petformance cbaracteristics of

haptic deviees will he perfonned. 1bere is very liuie in the way of senous performance

criterion for haptic devices, and tbis tapie sbould be addressed in arder to simplify furtber

work in this field.

Il
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• 2. Literature Review

2.1 General Hapdcs

•

•

Befote anyaction is taken 10 optimju the CODSIrUctiOll ofa baptic device, severa!

questions need ta he answered. Fust ofall, wbat factors will contribute Most ta the

improvement of the deviœ? In [1], Hayward and SlroDg propose several discœet

performance measures that can be used ta quantitatively detennine the standard ofa

haptic devîce. lbese measuœs include degœes offœedom associated with the device

(actuated and non-actuated), the type ofdevice-body interface, the range ofmotion of the

device, peak force, inertia and damping and peak acœleration. However, many of these

characteristics can he subjcct ta different interpœtations; for iDstanœ should the inertia be

measured from the point of view of the actuators or the user, and does the peak forœ

Mean the maximum aetuator force, the biaJ1est traDsient forœ that can felt by the user, or

the maximum continuous force tbat can be applied by the end eff'ector? It becomes very

important ta determine which factor will most affect the eventual performance of a device

because expensive incremental improvements 10 oon-critical factors will oot serve 10

increase the feel of the device.

The authors of [1], Hayward and Asdey, suggest tbat the most important

characteristic ofa baptic interface is bi-diTectionality. The baptic channel, as a human

sense, will bath receive input from and give output ta the environment. Therefoœ, any

devîce that seeks to use this sensory channel must be bi-diœctional as weil. Acbieving

both reading and writing of baptic information by a mecbanical device requiœs a design

that accounts for the inheœnt limitations and capabilities of the human baptic organs such

as the fingertips, bands, and arms. In [2], Durlach and Mavor review a great deal of work

that bas been done ta measure the sensing capabilities and limits of the buman sense of

touch, including both the band and the anD. ThouJh a full cbaracterization of the human

sense of lOuch is well beyond the scope of this work, certain clements ofptevious work

can he used ta help detennine meaninaful criterion for the performance measures and

design goals of the haptic interface. The human band bas 22 deaœes of freedom of

McGill University Dcpartmalt ofMcdaaaical FnaineeriDa 12
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motion aetuated by muscles lDd tendons, Dot iDclUCÜDI the many other sensory systems

such as pain, pressure, heat, etc. tbat ale aetuaIed by numer0u5 sensory nerve eDdinp

located under the surface of the stin. Haptic operations aœ dividcd into two eatelories,

exploration and 1NDÙpMlation. Exploration is dornjnated by the sensory system located in

the skin, and serves to deterrnine the materialaDd texturai properties of the abject hein,

explored. Manipulation is a motor dominatcd operation tbat consists ofmodifying the

environmeDt tbrough the exertion offorces on an object, and requires bi-directionality of

the data stream for sucœssful task completion. The baptic data stream itself cm be

divided into two parts: the kinutlretic 8Dd the t«1JItIl data. Taetual dataœfers to the data

transmitted by the nerve enclings under the skin and dornin.tes the exploration tasks. The

kinesthetic data refers to the positiOlÛllg scose derived by the nervous system from

information on joint angles and tendon forces. This data stream will obviously dominate

the manipulation tasks, and is the Most interestiDg for the purposes of tbis work. Any

mechanical design ofa haptic interfaœ will he beavily dependent on the limitations of the

kinesthetic data resolutioo. Of the works that the authors [2] œviewed, the foUowiD, data

was provided for the kinestbetic data œsolution for the average buman"

1. It is possible to deteet joint rotations of a fraction ofa depee over the time

interval of seconds [2].

2. The kinesthetic sense had a bandwidth on the arder of 20-30 Hz, but goes up to

1 kHz for the taetual data stœam [2].

3. The farther the joint is from the center of the body (the more distal the joint)

the lower the sensitivity ta absolute joint rotations. The method for determining tbis is

called the just-noticeabk-difference (JND). The)ND for the fiDgcr joints is 2.5

degrees, for the wrist and elbow joint is 2 degœes and for the shoulder joint is 0.8

degrees [2].

4. The kinesthetic sense cao determine to witbin 8 percent the differences in

position of a fixe<! point in spaœ or a repeated movement [2].

s. A stiffness ofat least 2S N/mm is needed for a surface to be perceived as rigid

[2].
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In [20], Hayward discusses ptevious wort tbat wu done to measuœ the effect of

these haptic parameœn on m eventual desip ofa baptic interface. The tests were

performed in a six OOF simulator on various subjects. The conclusions of tbese tests

were that the sensitivity of the subjects ta discœte motions varied much with the subject's

training. A surgeon had the best sensory disaetization. Theyalso concludcd tbat, as the

most demanding senses were involved with high &equeucy motions, the actuation of the

haptic device is much more important tban its overall pœcision in absolute positioninC.

This conclusion is contrary ta conventional robotic pnctice wheœ the end effector

positioning is normally of the utmost importance, even moœ 50 tban available joint

torques and link speeds. Thus high fiequency œsolution becomes an important design

criteria for haptic deviœs.

Other researchers in the haptic design area bave come up with requirements for

haptic devices. In [3], Massie detines the ultimate feedback deviee as a '6deviee •.. able

to apply forces, torques and dermal stimulation to any part of the band." This is

obviouslyan immensely complex task. lust the depees of fœcdom of mecbanical motion

in the hand, 22 in alI, would mate this kind of baptic device prohibitively complexe

Massie goes on to list tbœe subjective measuœs ofa potentially reaHzable haptie device.

They are device intrusion, actuation di1M1lSionality aDdjüUlity. Deviee intrusion is

simply an ergonomie fonction of the desip, and œally bas IittIe ta do wim the dynamic

behavior of the haptic device. Aetuation dimensionality refers ta the active number of

OOF's in the device. Fidelity is the ability of the baptic device ta accurately simulate the

virtual event. To achieve sufficient fidelity in a device, it sbould necessarily be ground

referenced. If the device is mounted 10 a fixed surface sueh as the tloor or a rilid

tabletop, the forces that it will exert on the operator will cause a reaction force on the

groun~not on another part of the operator's body as would be felt for a body referenced

device. This will allow for a more realistic impression of the virtual environment.

However, Massie states that a IfOUDd based device with loncliDkages to allow for a

greater range ofmotion will reduce the fidelity of the simulation.

In [21], Lawrence and Chapel define the ideal band controUer in terms of

mechanical impedance, and use this to detenDine a range witbin which a non-ideal band
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controller cm fonction as an ideal baud cœ1rODer. They state tbat, widl the ideal baud

controller, when there is no contact created in the virtual environmeDt, the user sbould

feel no force, and that when in contact widl a virtual wall Or' otbcr immovable abject, the

stiffness should be intinite. They sugest tbat the trtllUpQTent:y of the system will be

improved by increasÎDg structural stiffness and torque output of the band controller. while

decreasing link stiffness. Lawrence and Chapel propose two mecbanical jmpedances. the

constTained impedance and the IDICOrutrtlin«l impedtmce, which correspond ta intinite

stiffness contact and fœe motion œspectively, as two measures of performance for the

hand controller. The unconsttained impedance is a fimctiOll of the forœ selima
threshold of the human baptic system, and the rol1-off fœquency above wbich a buman

operator is unable ta follow a sinusoidal input ta the band controller, as wel1 as the

ampliblde of this input. The simple sinusoidal input is a method ofmeasurement tbat cm

he constant for all baptic devices. The value for the UDCOIIS1I'ained impedance requùed by

any haptic device will theœfoœ be very sensitive the abilities and training of individual

operators. The constrained impedance for a low fœquency contact situation is a function

of the maximum reasonable force exerted by the user divided by the kinestbetic œsolution

of the human operator. At high frequency, the low frequency factor conteS mto a more

complex equation including the same roll-off frequency and amplitude for the sinusoïdal

input ta the human operator. Therefore, the constrained impedance for the ideal baptic

device is aIse very dependent on the qualities and training of the operator, except in the

low frequency case. A device tbat bas enough fidelity for use by a construction worker

would not neœssarily feel good ta a surgeon. Il is possible 10 determine generally the

haptic sensing abilities of the tarleted user population, but to do 50 with any degree of

accuracy is almost impossible. However, we cm assume for the purposes of the Freedom

7 project that, as the target user population for this deviœ is surgical training [22], the

structural impedances on the mecbanjsm will be very demanding.

In [23], Fasse and Hogan auempted to mcasure the baptic perception ofa group of

subjects in a metbodical statistical way. 1beir results show tbat there is much more work

to he done in order 10 model and measure the baptic perception ofhumans. Two

experiments were performed to gauge the subjects' ability to discrimiDate between
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lengths and angles in virtual rect8JlIIes and triaqles respectively. 1'be subjects ail had

similar discrimination patterns, but die patterns tbemselves did not fit ioto a physica1

Reimannian œpœsentation ofspace. 1beIe seems to bc little quantifiable liDk between

the traditional methods ofmecbanics and human baptic perœptiOll, and a different

approach is requiœd ifdetamiDistic criteria are to be introduccd into tbis faœt of

engineering.

In general, the design goals ofthe haptic band controUer for control and stability

in an interface with a buman operator are summed up by Kazerooni and Snyder in [24].

The haptic deviœ must he baclrdriveobk, the operator must he able to move the systeDl's

end effector without any aiding torques applied ta the aetuators. 1be joints sbould bave

very low friction and baclcla.slt [22]. The structure must he very rigid, and designed with

the mjnimum number of stiff lightweight components.

The industry leader for baptic band conttoUers, the PHANToM [3,4,6,8,16]

device (sec figure 1.4.1) fcom SensAble devices, addœsses SOlDe but Dot ail of the

requirements set out in this section. Aœording ta [5], the desiJDers of the PHANToM

device consider that the most imponant baptic interactions involve oo1y the positioning

and forcing of a virtual point in tbree dimensions. The PHANToM deviœ provides tbree

active DOFs in the translation ofa finger thimble mounted on a UDiversal joint. The

thimble allows the user's finger ta assume anyorientation, but bas DO active OOFs to

provide haptic simulation. The translation stage is designed out of lightweight aluminum

tubing with the direct-drive aetuators providing for the static counterbalancing. The

translation structure therefore allows for the low inertia and low friction, requiœd ofa

haptic device, lcading to a very low free mecbanical impedance. Howevcr, the

lightweigbt stnlcture of aluminum tubes and the light aetuators do not provide a very high

level of constrained mechanical jmpedance. The incorporation ofcomposite materials

into the structure of a baptic device bas the obvious advantage of simultaneously meeting

the design goals of stiffness aud Iight weight while incœasing structural damping, as weil

as providing for imaginative uses of materials ta proteet sensitive components wbile

acting as primary stlUctural members•
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• 2.2 Literature Revlew ofBonded Joints

The area of study ofadbesively boDdcd joints is very important to the

development of the use ofcomposite materials in mecbanical structures. 'The adbesively

bonded joint comprises the most effective metbod ofjoiniDg composite mataials ta

metals and to other materiaIs. 'The field of study of the bonded joint includes mat.erial

selection for both the adherOlds, or the bonded mâties, 8Dd the adhuive, or the glue

material that bonds the adbeœDds fOIetber. Anotber area of iDterest is the suess in the

bonded joint, and the effed: that the joint leometry bas on the stress distribution. k is tbis

second field within the gœater study of boDdcd joints tbat will be ofpeatest inteœst to

this worle, as the mat.erial selection for the adbeœDds and adberent are somewbat more

limited by other factors, includiDg availability and compatibility with otber materiaIs in

the Freedom-7 structure.

There are several design problems associated with adhesively boDdcd joints tbat

• are uDJjke other types of mecbanical joints. In [25], Lees seeks ta acquaint engiDeers

unfamiliar to adhesively bonded joints with the particular requiIements of tbis type of

fastening. Lees lists seven problem areas with adhesives in joints that must be addressed

in the final choice of a joint design:

• adhesives tend ta bave poor impact bebavior

• fallure occurs easüy for a peel or cleaving force

• material properties are very sensitive to surrounding environmental conditions

• there exists little accurate or useful desiJll data

• there is little data referring to environmental effects

• lack ofcodes for implementation of standard desips

• poor communication between manufacturers and engineers

Of these seven factors, the most important for the eventual choiœ of the joint geometry

are the tirst two, tbose that determine the acceptable loading scenarios of the adhesive

joint. Lees gces on ta say that the design of the joint should be made such tbat the

• adhesive is not exposed to bigh tensile loads. 'The preferœd load case for a boDdcd joint
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is in shear. For a lap joint, the Most important pometty detail would have to he the

design of the edge" with bond fillets and tapeœd adbeœnds contributiDg greatly to the

overall strength of the bondcd joint.

The typical joint geometry that Lees examines in [25] is the sinl1e Iap joint. This

can give several good indications about prefemd design criterioo for otber types of

bonde<! joints. Fust, the maximum load supported by a joint is determined by the sbear

area of the adhesive. However" as the majority of the adbesives are polymerie, they cm

he subjected to creep defOrmatiOD. As suc~ al least part of the joint should he essentially

unstressed for there to be no cœep deformation UDder a stade or repeatjDgload. Tbe

thickness of the adherends affect the distribution ofstresses along the adhesive bond. By

reducing the thickness of the adherend Deal' to the edge of the bond are&, tbere is a

reduction in the stress concentration neal' the edge of the bond. However, by reducing the

adherend thiclmess in a single lap joint, there exists the possibility of induCÏDg plastic

defonnation in the adherends. resulting in peel and tensile stresses appüed ta the

adhesive. Adhesives should. at ail times, bc fœe froID these peel stresses. At worst, any

non-shear stresses experienced by the adbesive should bc compressive in nature, and

certain design changes in the bond geometry couId easily aIlow this to occur.

The final recommendation by Lees comes in the choice of the adhesive. A ductile

adhesive allows for the stress in the joint 10 he more evenly distributed over the bond

area. For this reason" a more ductile adbesive will often result in a stronger bond than the

use of a very stiff, briUle adhesive.

In [26]" Adams and Ranis examine in detail the double 1ap joint for the bouding

of unidirectional carbon fiber reinforced plastie (CFRP) to a steel adheœnd. The overall

recommendation is that the failuœ in an appropriately designed joint should occur in the

adhesive and not in the adhercnd. Adams and Ranis use finite element methods to

accurately determine the locations of the stresses in the joint, and the effec:ts that the

different geometry parameters have on the joint strengtb. The thiekness of the adhesive,

called the bond line thiclalDs, is not modifi~Deither is the thiekness ofeitber adherend.

The parameters that are examined are: the effects of the bond filIet at the edge of the

joint, and the effect of the tapering of the steel adheIend. Using the tinite element metbod
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ta examine bath the shear and transverse lUaIeI in the components of the joint, Adams

and HaIris draw severa! conclusioas about the fiDal desilll ofa bonded joint. Fust, the

peak transverse stresses in tbe adhesive, which would cause peeliD, failuœ in the

adhesive, occur near the corner of the steel adherends. They also CODClude that the

tapering of the steel adheœnds bas very little effect on tbis undesirable loading of the

adhesive when the adhesive material ends abrupdy at the edle ofthe steel adhenmd. The

reduction in the transverse stress in the adhesive is obtained by addin, a fillet to the

adhesive beyond the steel adheœnd. Furtbermoœ, the introduction ofan intemal taper to

the steel adherend in combiDation with the adbesive fillet aoes even faItber toWllds

reducing the peeling stress in the adhesive material. Fmally, the two modes of failuœ

predicted by Adams and Ranis witb the fiDite element model shown in [26] is the inter..

Iarnjnar failure of the CFRP due to the increased transverse stresses in the adhesive close

to the material boundary, and cohesive failure in the adhesive due to the concentration of

stresses in the adhesive material alang the tiee edle of the adhesive fillet. For a œpair

situation, the first fallure mode is undesirable, as an inter-Iaminar failure of the CFRP is

not easy to see or ta fixe

Much of the work 8SSOCiated with the bonding of metal ta composites is in the

field of composite aircraft wing œpair [17, 27, 28]. In [21], Xiang and Raizenne develop

an analytical model 10 determine the strength of a composite/metal patch joint. The

overall geometry of the joint CODSidered is that of a composite material paœh, adhesively

bonded ta a Metal substrate, or base material, for patehing and fatiaue enhancing of the

Metal part. The model is capable of taking into account the taperiD, of the composite

patehes and calculates the adhesive shear stresses as weIl as the interface peel stresses

between the composite and the adhesive material, and the inter-Jaminar transverse

stresses in the composite. The model taIœs into account the differential thermal

coefficients ofexpansion of the differing materials tbat result in thermally induced

stresses and is uscd 10 prediet joint failure.

Xiong and RaizeDne draw five conclusions about the joint geometry and material

properties for this type of patch joint:
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• The most critical area fcr die fatipe eubancemeDt of the metal subs1rate under

compression is the taperiDa of the composite patch, wbich cm cause maIl'ix shearing in

the patch.

• The predictions of the failure load and mode are beavily depeDdent on the

choicc of material prOpclties for the diffeœnt components of the joints, 50 material choice

and environmental factors are a very important consideration in the design ofa composite

patch joint.

• The most critical area of the bonded joint for a tensile Joad case is neal' the

center of the pate~by the edge of tbe crack in the metal substrate.

• The tapering of the composite patch is useful to reduce the stress in the adbesive

near the edge of the patch, but cao result in excessive stresses building up in the plies of

the composite material Deal' to the adhesive boundary.

• AIl stresses Deed ta be consideœd, rather tban just the shear aœa for the

Adhesive as is common, for proper desip ofa patch joint.

Further work suggested by the authors is the investigation of the plasticity effects

of the bond material, the bending effects on the joint due to Joad eccentricity and the

effect of de.boDding at the extremities of the joint.

In [28], CharaIambides et. al. use finite element analysis and physical testing

methods to determine fallure criteria on environmentally treated patch joints. The main

conclusions were tbat the environmental treatment of the patCh joints, each test specimen

was immersed in a SO° C water bath for 16 montlls, bad very little effcet on the strength

of the joint in tension or fatigue. However, the fatigue performance of the patd1ed

specimens is much worse tban tbat of the wbole, untoucbed specimens. 10int failure

criteria based on maximum critical stress or strain did Dot produce results consistent with

the test specimens. It is !heir conclusion tbat this method ofpredieting the stmllth of the

joint is not adequate due to the edle effects of the finite element mesb, and instead

propose a fcacture-mechanics based method tbat yields beuer œsults.

In [29], Priee and Moulds consider the variables goveming the design ofa bonded

interface between a composite prop.sbaft and a metal end fittiDg for the purpose of

transmitting torque. The loals of tbis design are the reductiOll ofovenll weigbt and coat,
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reduction ofwhirlin. problems c~J!sedby the unb8Jmces aenerated by mecbaDical

fasteners, the potential eUmjnation ofan intmnediaœ bearj"g, the reduetiOll of noise and

vibration and a lower part count for the assembly. Priee and Moulds use an malytical

program based on continuum mecbaDics to evaluate the effect of proaressively modifying

certain joint geometry variables such as adheœnd wall tbickDess, bond line tbickness and

material properties. The program detenniDes the stress distribution alon. a single lap

joint and compares it to an elastic limit for the epoxy materiaL The effect ofdissimiIar

materials in the joint with a heat cuœd adhesive is very higb, and not recommended. The

choice of a cold cmed adhesive is beneficial to the joint stœqtb, in tbat it does DOt œsult

in high residual stresses in the bond that will aggravate any further loading on the joint.

The effect of changing one adherend to GRP (JIass teinforced plastic) causes an increase

in the stress in the bond near the ed.e due to the diffeœntial deformation of the

adherends. To reduee the stress concentration, the tbickness of the composite adberend

must he increased, to bring the stiffness close 10 tbat of the aluminurn, and the bond line

thickness must be increased 10 allow for more material in which to distribute the stress.

The final joint configuration for the single lap joint is a S mm thick aluminum adberend, a

3 mm thick GRP adherend and a 0.2 mm bond line thickness of a two part, ductile, cold

cured epoxy. lbese conclusions are used in the design of the bonded interface between a

metal end fitting and a composite tube. The tint geometry considered is a simple plug

tube joint, that causes excessively high loads nar the end of the plug, while the center of

bonded area is unloaded. A bore hole added ta the center of the plug, making a partial

right cylinder of the insert succeeds in dL~butingthe more ofthe stress towards the

inner part of the bond from the edges, but does not succeed in loweriDg the stress in the

adhesive below the elastic limit everywhere. There still exists a stress concentration near

the edges of the bonded area. By tapering the edges of the insert, the stress in the bond

can he reduced further near the tapeœd edge, but it mnains high al the omer end of the

bonded region, neal the end of the tube. This stress concentration cao be reduced by

inCIeaSing the bond line thickness, at the risk ofcausing creep deformation in the bond.

The final conclusion by Priee and Moulds is tbat, ifit is possible ta bond both the inside

and the outside of the tube ta the metal end fitting, the increase in the overall strenath of
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the bond is staggerinl. lU anybip load 'CCM"Ïo, tbis would be the ideal bonded

geometry. They 10 on to recommend sevaal criteria for a sucœsstùl joint design:

• A weaker, but ductile adbesive is preferable to stronpr)'et briUle ODe.

Toughened adhesives will wode best.

• The joint design must taJœ ioto account enviromnental dearadatiOll of the

adhesive material properties.

• The engagemDlt of the bond, the Ienath of the adhesive bond, should be kept

as short as possible ifa beat cured adhesive is used. This will œduce the

differential expansion stresses in multi-material joints.

• The bond line tbickness sbould as peat as possible without alIowing the joint

ta expericnce cœep fatigue.

• Thcre must be no contamination of the composite part by mold release agents.

• Composite surfaces cm be prepaœd by chemical solVeDt wipiDg, foUowed by

tight abrasion and dust removal. Also, bonding pre-ttatments cm be used to

reduce corrosion and incœase the wcUing ofa surface by the adhesivc•

The use ofbonded joints in various realms of design bas a sreat potential for

growth. The bonded tubular joint bas the benefit ofreducing parts count by eliminating

mechanical fasteners, and by incorporating material tbat is alreadyavailable in industry, it

has the potential of reducing manufacturing costs as weU. 1beœ is some difficulty

inherent in the bondinl process, but witb proper jil design in an assembly line production

method, these problems are easily surmountable•
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• 2.3 Literature Review ofLamiDate OptimizatiOD

One of the Most attractive reasons for using composite materiaIs in a robotic

stnlcture is the ability ta precisely tailor material properties such as stiffness and material

damping. The material properties of a part made from a composite materjaJ are higbly

dependent on the sequence tbat the individual plies are laid-up, and on the orientation of

the fibers embedded in the plies. 8y varying the number ofplies in a lay-up, and the fiber

orientation, a base material such as UDidiœctional carbon fiben embedded in an epoxy

matrix can exhibit material properties over a very large range. 1bere bas been much work

donc on methods of optimjzing the lay-up for various properties, iDcluding severalliDear

programmjng schemes for determiDing the optimum lay-up for maxjmjzing a particular

material property such as damping. This section will seek 10 overview some of the work

aIready done in implementing composite components for robotic systems, as well as

detailing some of the existing lay-up optimization methods.

• In [8], Lee el. al. develop an antbropomorphic robot using composite materiaIs ta

constIUct the links. They state tbat the specific stiffness of the links bas ta be high and

the material damping bas ta be, in any robotic structure, high enough ta allow for higber

positional accuracyand dynamic performance. The high specific stiffness of the links

will allow lighter links ta carry the same payload. Rence the aetuators cao be made

correspondingly smaller and less expensive. The bigb material damping of the links will

allow for the damping out ofvibrations induced in the structure by bigh accelerations, and

create a greater end point accuracy for the manipulator. Lee et. al. show tbat the

longitudinal stiffness ofan angk ply, individual plies tbat are pIaced with the fiber

direction at an angle ta the part direction, drops off sharply at ISo, and they choose a lay

up staeking sequence of±ISo for the composite arm with a box-type section. The robot

in [8] also used filament wound drive transmission sbafts. made from carbon-fiber

material. The interfaces between the liDb and between the drive sbafts and the motors

were made using bonded end tittings on the composite pans. A choice ofbond line

• thickness of O.lmm was made, with an engagement length of lOOmm for the box-beam
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fo~ and sOmm for the drive transmission sbafts. 1be sbear aœa requiœd by the load

case expected for the robot would dietate a minimum bond engagement of2Omm, but Lee

eL al. suggest that the longer bond lengtbs maIœ for an easier joiDing procas, and the

forearm joint might become UDStable in bencling ifa shorter bond engagement were

chosen. The end fittings are madJjned as a double..1ap joint. 80th the inside and the

outside of the composite parts are bonded ta the metal adberends. Hybrid joints are used

for the pivots on the composite forearm. The joints consist ofa metal plate bonded on the

outside of the box secti~with a bolted reinforcing plate on the iDside. Such a jointcm

he expected to PeIfonn weil in sbear as weil as in tension md compœssion. The

composite arm was compared ta an equivalent steel arm for a variety of static and

dynamic criteria. The fundamental natural frequency of the composite arm was more

than twice tbat of the steel arm, and the iDherent damping ratio was seven âmes as much

for the composite arm than for the steel anD. The mass of the composite arm wu less

than one quarter that of the steel anD. Overall, the inclusion of the composite materials in

the robotic structu.re, wbile involving SOlDe complieated bonding tecbniques, seems ta be

very advantageous ta the dynamie performance of the device.

For accurate control of robots including composite materials in the structure,

accurate madeling of the dynamie characteristics of the composite material bas to be

perfonned. In [30], Gordaninejad et. al take as a base assumptiOD for the dynamie mode}

of a composite robot arm tbat the rigid and flexible motions of the arm must he coupled.

The basis of this assumption is that, for modem high specd robot manipulators, the

vibrations induced in the structure are not so smaIl as to be neglilible in the dynamic

modeling of the robot structu.re, as is traditionally the case for large, low speed

manipulators. By applying their madel ofcoupled dynamic terms to a simulated

composite box beam made of angle plies, they show tbat an incœase in detlection for

angle plies up 10 about ISO of ply angle is negligible compared to the unidirectional plies

(the highest obtainable specifie stiffness). However, the maximum normal bending stress

in the part shows a minjmum for the angle plies at 150
• 'Ibis suggests a reasonable first

assomption for an ideal ply angle for the material of the box beam Gordaninejad et. al.

show conclusively that the coupling of the dynamic terms in the calculation ofend point
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deflection is œquiIed for accurate !DOdelina of a robotic system. ln [31], Gordaninejad et.

al. develop a similar coupled dynamie modeling ofa revolute-prismatie beam made of

composite materials.

To design for specifie material cbaracteristics such as material damping, a method

for predicting the value of the ploperty is requiIed. Ni and Adams, in [9], attempt to

fonnulate a predictive damping equation based on the strain energy in a symmetrically

]arninated composite beam vibrating at a natuIa1 frcquency in free flexure. The damping

calculations aIe fonctions of tbœe measuœd parameœrs of the base material; the

longitudinal, transverse and sbear specifie damping capacity. The values for the tbtee

specific damping coefficients for the Jaminated beam are calculated as sums of the

material propenies and orientations over the tbickness of the Jaminates. The results ofthe

theoretical calculations are very close 10 the values tbat Ni and Adams measured for the

free flexural damping of the symmettically Jaminated mms.

ln [13], Adams and Bacon also attempt to evaluate bath theoretically and

experimentally the damping associated with a composite materiallay-up. Specifically,

they evaluate the effect of the fiber orientation and the Jamioate geometry on the damping

produced in a composite specimen. In general, the damping in an angle ply Jaminate

reaches its maximum at a fiber orientation of35°, and the dominant dissipation tenn is

the shear stress terme The majority of the damping that can be associated with a

composite part is due to the resin systemu~more 50 than the fibers. 1bis is shown by

the increase in the damping for a decrease in the fiber modulus. The lower the fiber

modulus, the greater the sttain energy in the matrix material, and the higher the damping

will he for the larninate.

The same authors as [13] $Oggest in [10] some methods for increasing the

damping in a multi-layer, unidiœctionalJaminate specimen. Adams and Bacon show that

the presence of imperfections in a JamiOlle. such as resin poor aœ&S, voids or even small

cracks can lead to greater values ofdamping in the Jaminlte. Theyalso say that the

majority of the damping occurs with the strain energy in the matrix in the longitudinal, or

fiber, direction. The sttain energy stored in the matrix material as a dilation will

contribute little to the overall damping of the Jamiolte. Fmally, as the modulus of the
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fibers is reduced, the CIlC1'IY stoœd in the matrix iDcœases. The damping associated widl

the shear defonnation ofan off-axis laminate is essentially uncbanged. but the

longitudinal damping iDcœases. 1berefore the overall dampin. associated with the

laminate will show an increase. While the presence ofvoids and cracks can be very

detrimental to the life ofa laminate. a similar cffect of incœasiD, the laminate damping

beyond the predicted levels can be obtaiDed by a slipt deviatiOil in the straisbtness of the

fibers during manufacturing. For parts made from unidirectional material, tbis could be

very helpful in improving the dynamic cbaracteristics of the composite part.

Extensive knowlcdae of the required perfOJ'll'8OC* criterion for any manipulator is

needed to he able ta accurately specify the material parameters tbat will be obtained with

the optirnization of the laminate. In [11], Lee et. al. constnJet a SCARA type diœct drive

robot with composite materiallinka8es. A SCARA robot is a sturdy, pick-and plaœ

robot. Two revolute liokages form a two dimensiooal plaDar workspaœ, tbrough wbich a

prismatie linkage can be moved in arder ta perfonn the required tasks. 'The lay-up of the

composite materials was detennined by the statie deOection calculations of the end

effector. The outer arm of the SCARA robot is subjected ta very little torsion loads, 50 a

filament winding angle boundary of between SO and ISO was chosen for tbis linkage. The

end effector detlection was calculated over the workspace joint angles for a nnge of

winding angles for the inner arme The winding angles chosen were 200 for the inner arm

and 10° for the outer anD, while the maximum deOection of the end effector over the

entire workspace did not exceed 30 microns for ION ofpayload. OoIy the stiffness

material parameter was chosen for the optimization ofthese parts, and no considerations

other than the statie load deflection were taJœn into account.

In [14], Sung and Thompson propose a systematic method for optirniziDg the lay

up of a robotic structure for maximum performance benefits. They show the intluence

that material properties of a lamioate can have over the performance ofa robot with a

simple schematic. The fiber orientations and characteristics combiDed with the mam

characteristics, lay-up and staeking sequence have a diIect effect on the density, the

strength and the damping of the material. The material density combined with the Iink

geometry detennines the mass of the structure. The strength of the material and the link
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geometry determine the stiffness of the structure. However', tbe material dampin, is the

only factor that contributes to the structural dampin, ifthe articulated joints are

considered ideal. FmaIly, the mass and stiffneu of the struetuœ combiDed witb the

damping properties ofthe material will determine the accuracy, the cycle time, the

workspace, payload and repeatability of the robotic manipulator. In many cases, the link

geometry will be tixed for reasons of interference, or drive system routin,. For Ibis

reasOD, it becomes necessary to provide a means to oprimjze all tbree material ptoperties,

density, strength and damping, simultaneously ta obtain a fullyoptimjzed robotic

structure. The linear propammiDg teebDiques used in tbis anicl~&le desiped to

optimize the properties of tbin Jarnjnate beams, abat will subscquently be boncied together

to form a box-section structure. The optimiution routine determines the lay-up tbat

obtains the maximum material damping subjected ta certain constraints on the fiber

angle, maximum Jaminale tbickness and bence link weigbt, fiber volume fraction and

bending stiffness terms for the Cartesian diœctions x and z (the axis of the link is

considered to be the y direction). The laminate geometry obtained from the optimjzjng

routine showed significantly improved damping over the arbitrarily chosen initial design

for the composite part.

The optirnization routine proposed in [14] is further œtined by SUDg and Shyl in

[12] to detennine the optimum lay-up for a complete box-section, rather tban a box

section made from bonded Jamjnate plates. The proposed optimized box beam could be

manufacture by bag molding around an internai mold as a single part. SUDg and Shyl

propose severa! illustrative examples ta show the ftexibility of the optirnjqtion routine.

The tirst is a simple seriai manipulator, where the magnjmde of the endpoint vibration is

to he rnjnirnized. The œsults of the optimizatiOll routine show tbat the wall tbick:ness of

the laminates increase ta the maxjmum. value pennitted by the constraints as the routine is

dependent more upon the stiffness of the links tban the overall IiDk weigbt. The second

example, using the same manipulator, seeks ta bave the shortest settling âme for a

prescribed maneuver. The same constraints on the box-section were imposed as for the

tirst example, but the optimum Iay-up was quite different. For the shortest settling time,

the fiber-volume fraction tended ta be minimized, as the damping of the material wu
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heavily dependent on the maIrix cœteDt of the lay-op. The potential for optimizing the

material properties is extensive. Tbe pins made in tbese two simple exemples are

testimony ta the importance ofa caœtUl choiœ ofall the m.terial cbancteristics for

optirnjzjng a laminate. However, detailed critcriœ are requiœd for a pmper optimiutiOll

to he possible. The seme manipulator, subjected to two sligbdy different optimiUtiOll

criteria retumed two very different Iay-ups. l'be increase in the mattix volume fraction

for the second optirnization ofthe mmipulator would be CODtr8ry to the requiœments of

the first optimization of the manipulator. AIso, Deitber case œsulted in a minimum

weight for the manipulator links. Bath optimj78tiOll& sacrifiœd liDk weipt 10 the benefit

of the material properties of the Jamjnate.

Unfortunately, the detailed detcrminMion of the perfonnanœ criteria for a baptic

device is heyond the scope of this work. Subsequently, a full optimizatiOll of the lamin-te

for the box-section linkalCS cannot be performed. As a preliminary optimiUtiOll

technique, an iterative finite element modeling of the lay-up in question will be used

instead of the more rilorous non-linear programming covered in this section•
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• 3. Design ofBonded Tubes

3.1 Introduction

Small diameter COIIJJJlaciaIly avai1able composite tubiDg wu COIlSidered as a

basis for the construction of the )jnkages of the translation staae because it permits

severa! interesting options. For an undetermined load scenario, such as tbat found in the

links of the translation stage of the baptic COD1roller, the most efficient cross section for

dealing with multi-axis loads is cirallar. Also, relatively inexpensive commercially

available cylindrical tubes made from carbon-fiber material present a viable alternative to

the heavy machining costs associated with complex aluminum parts.

3.2 Material Survey ofComposite Tubes

An extensive search was made to find adequate material in the form of small

• diameter carbon-fiber tubes rcadilyavailable from the COIIUIleIcial sector. The choice of

pultroded carbon-tiber tubes was made based on the design loals for the Freedom-7

project: decrease the link weipt and inaease the link stiffness. Unidirectional carbon

fiber tubing provides the highest stiffiless 10 weipt ratio for any material. However, it

tumed out ta he no easy task 10 find this material on the market. PultrusiOll ofcarbon

fibers requires special dies and very expensive setups. The epoxy matrix materia]

commonly used in conjunctioD with carbon fibers does Dot lend itself easlly to the

pullttusion process, as the cure time for this material is Dormally quite IODI.

•
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Severa! market secton weœ tal'Jeted u poteDtial supplias: the construction

industry, the aeronautics industty and the sports equipmalt indusUy. Il wu discoveœd

that, in the construction iDdustry, the majority of the composite mataial tubing is made of

glass fibers. The diameter of this tubiDg wu aIso tao larJe to be usefUl in the translation

stage of the Freedom...7. A search in the aeroD8UtiCS industry t;urrwl up severa! candidates

for the link material. The most promisina came from the Aerospaœ Composite Produets

[32] a company in Califomia. The mataie) obtained froID tbem wu origiDally inteDded

for the construction of spars and control surface push rads in model airplanes. The tubes

were part carbon fiber, part glass fiber mataial. There was one type of tubing made of

woven carbon fiber material. the RH-2. The sports iDdusuy bad many more material

options available. The bunting industry manufactures carbon fiber aaows for bigb teeh

Figure 3.2.1 ... High-uch Arrow Shofts

sport hunters, and composite ski poles can be found all over the market. 1bree samples

of arrows were obtained from various bunting stoœs in the Montrealama. These are

shown in figure 3.2.1. The top 8II'OW, an all aluminum sbaft, is the XX7S, the middle

shaft is the all...composite unidirectional shaft, the V-Max, and the bouom is the Easton

ACC, an aluminum sbaft surrounded bya woven carbon fiber sbeath. Fmally, the cross

country ski pole industry tumcd up the Most promising material in the form of

unidirectional pultruded carbon-fiber polyester ski pole blanks, bought!rom Top Sports

[33], a sports equipment manufactuœr in Montreal.

In order to detennine the best candidate for the link material from all the available

tubes, a three-point bend test was perfODDCd to detennine the effective longitudinal

• modulus of the material. The effective modulus wu divided by the density of the tube to
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determine the effective specifie 10ll8ÎbJdiU I modulua oftbe tube. This wu clone

according ta the following calculations:

P·L'
El ----

" - 48-1..

El.,
E1=-, P

• EI~ is the effective longinulinal modulus âmes the moment of iDertia of the

tube (flexural stiffness)

• P is the weight suspended at the micldle of the tIuee-point beDd setup

• L is the length between the two supports of the tbree-point bend setup

• YIIIfU is the maximum deflection at the center of the beam measured by a dial

gauge

• pis the density of the tube material

• El, is the effective specifie longitudinal modulus tilDes the moment of iDertia of

the tube (specifie flexural stiffness)

A summary of the results of the tbree-point bending tests on the different tubes

can be found in table 3.2.1. The desiIed property for the optimization of the structure is

the maximum. m., as tbat detennines the flexurally stiffest tube material and geometry for

the ligbtest weight The ski pole material, the unidirectional carbon-fiber polyester, is

therefore the preferred material for the construction of the stage 3 linkage.
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Tabk 3.2.1 - SIIIIIIIItIIY ofComposi~ Tube Propertiu

0.0lOS 0.0129 0.0165

• 0.768 0.006 0.008 0.0218 1.247xI0· 9.662xIO

Vmax 0.838 0.00384 0.00644 0.0246 9.278xIO· 6.63Sx1O

ACC 0.870 0.00618 0.0076 0.0203 8.036xI0· S.293xIO

TU-06 0.287 0.OOS8 0.0071 0.OOS9 3.997xI0· 2.S61xlO

XX7S 0.8S0 0.00864 0.OO9S6 0.0294 7.087xI0· 2.S31x1O

TU-07 0.148 0.00384 0.0074 0.0152 7.14SxlO· 2.186xlO

•
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• 3.3 Geometry and Parameter Variation ofRonded IDserts

The composite tubes require bonded metal iDserts to allow for bearing fittîDgs. A

choice was made ta use exterior cylindrical fittinp. The tube cross section did not aIIow

for the more aesthetic internai fittîDgs due to small inner blbe dïameters. 1be extemal

fittings were easier ta implement.

As shown previously, tbis type ofbonded joint bas bcen studied for torsion

loading, such as is found in composite prop-sbaft design [29]~ However, liUle analysis

had been done on tbis type ofjoint for tbree-dimeDsional bending and tensile loads tbat

are consistent with the band contmUer load cases.

For the madel consideœd in this work, several parameters were cbosen, and

varied in different finite element models to poge tbeir effect on the CODCeDtratiOll of

principal stresses in the bond material. Figure 3.3.1 shows a schematic diagram of the

bonded geometry, with the parameters a, et and 1are, respectively, the adbeœnd

• thickness, the axial engagement and the bond line tbickness. In eacb model, the

diameter of the composite tube, the adhesive fillet and the fiUet on the inside adherend

surface remain constant.

FigllTe 3.3.1 - Bond Geometryfor ParQIMIU Variation

•
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• 3.4 Axisymmetrie FiDite Element Models

The finite element models used to determiDe the effects of the geometry

parameters on the bond streDath weœ construeted using uisymmetric elements. The first

iteration of the testing wu clone USÜlB meshes sjmiJar to tbat sem in figure 3.4.1. The

AJunrinnm

ÎIIIert

•

•

Figure 3.4.1 -~tric Finiœ Ek1M1It Model olBorukd GeoIMtry

elements composing the composite tube are of an ortbotropic material baving the

properties of unidiIectional carbon fiber material [34]. The material axis for these

elements was set 10 be the same as the axial direction of the tube. The material properties

of the isotropie epoxy bond wcre determined from literature. The elements of the

metaIlic insert were assillled isotropie material properties consistent with aluminum-6061

[35].

The elements of the tube are joined (tbey bave coincident nodes) with the

elements of the epoxy bond alODg the bottom face (CFB in figure 3.3.2). The elements of

epoxyand aluminum are connected alODg the entire interface for test 1 and 2 for each

model, and the bond DAB in figure 5.3.2 is broken in tests #.3 and #.4 in each model.

This discontinuity is consistent with a bond tbat is l0ing to be loaded purely in shear. As

the results will show in the next sections, the break is also consistent with a poœntial tirst

fallure mode.
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Table 3.4.1 - PtutmUtw VariGtionfor A.zisymmetric Fi,,;te

Element Motkls

TestNumber a (mm) 1(mm) e(mm)

Tests 1.1-1.4 2.0 0.25 S.O

Tests 2.1-2.4 0.5 0.25 S.O

Tests 3.1-3.4 4.0 0.15 S.O

Tests 4.1-4.4 2.0 1.0 S.O

Tests S.I-S.4 2.0 O.OS S.O

Tests 6.1-6.4 2.0 0.25 10.0

Tests 7.1-7.4 2.0 0.25 3.0

A total of seven finite element models were construeted to analyze the effect of

the different parameters on the maximum principal stress in the bond. Bach of the seven

models had four tests perfonned. The tint and foudh test were without the bond fillet al

the extreme end of the composite tube (line PB in figure 3.4.2). The second and third

tests both have this fillet. As mentioned before, the first and second tests have a bond

between the aluminum and the epoxy on line DAB in figure 3.4.2 where in the third and

fourth tests, this bond bas been broken. Table 3.4.1 shows the test numbers and the

parameter variations for each model. Tests 1.1-1.4 are the arbitrarily chosen base tests.

Tests 2.1-2.4 and 3.1-3.4 vary the adheœnd thickness a from O.S mm to 4.0 mm. Tests

Figrue 3.4.2 - Reference Locations on Bond Geometry
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4.1-4.4 and 5.1-S.4 vary the bond liDe tbickDess 1froID O.OS mm to 1.0 mm. 1be lait two

sets of tests, namely 6.1-6.4 and 7.1-7.4, vary the axial enppmente from 3.0 mm ta 10

mm.

3.5 Results ofParameter Variation

Ta properly interpœt the œsults tbat will he shown in tbis secti~ the purpose of

the optirnization must Ile made clear. As was stated previously, the design goal of the

Freedom-7 is to provide a band controner structure1bat willmjnimize the liDk.weipt and

inertia felt by the operator, while at the same tilDe meeting ail the design criterion such as

minimum required sttength and lowest resonant natunl frequency. To obtain tbis goal,

the links, and subsequently the bonded inserts, bave ta he designed with the following

purpose in mind= rnjnimize the weight and material without sacrificing minimum strength

requirements. In our case, ifœmoving material from the interface increases the

maximum principal stress in the bond, then tbis is a desirable effect, 50 long as the final

• geometry is able to withstand a minimum requiœd load. However, if increasing the

material in the bonded interface (such as incre8Sing bond line tbickness and adherend

thickness) increases the maximum principal stress in the bond, then this becomes a very

undesirable effect, countering bath design goals of minimum weight and minimum

required strength. Figure 3.5.1 shows the variation of the peak maximum principal stress

with respect ta the variation ofa, the adheœnd wall tbickness. The maximum principal

stress concentration in the epoxy bond decreases witb an incœase in the adherend wall

thickness. Figure 3.5.2 shows the variation of the peak maximum principal stress with

the variation ofe, the axial engagement of the tube into the metal insert. The stress

concentration decreases with the incœase of the axial engagement of the bonded entities.

Figure 3.5.3 shows the variation of the peak maximum principal stress in the epoxy bond

material with the variation of the bond line tbickness ,. 1beœ is a mjnjmum for the peak

principal stress in the bond material near a bond line thiclmess of0.15 mm.

•
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53.7

kPa 11600
D kPa•

Figures 3.5.4 and 3.S.5 show the etl'ect ofbreaking the bond alœg the DA

interface. The stresses bea>me mucb more distributed throughout the bond line

thickness, and the peak principal stœss is also reduced. This situation is advantageous, as

more of the bond is now loaded. As well, risk ofdelamjnation in the carbon fiber

material is reduced, as the stress concentratiOll is moved to the œpOll of the bond in

contact with the metal. The effect ofadding a fiIlet in the composite tube is fairly smaIl.

Figure 3.5.6 shows the stress contours of the 1.2 test, wbere a bond exists between the

epoxyand the Metal along DAB and a fillet is added iD the composite blbe to incœase the

bond line near the end of the joint (PB in figure 3.4.2). lbeœ is a large stress

concentration at point B on figure 3.5.6 and tbere is little decrease in the maximum

principal stress between test 1.1 and 1.2. The ditJereoœ in the bond strength due to the

fillet is coDSidered negligible and, for manufacturing œasons, it will be left out of the

final geometry. In general, the effect ofbmtkina the bond alongline DB in figure 3.5.5

has the effect of reducing the large s1leSS concentration in the epoxy al eitber A or B

depending on whether the epoxy fillet exista or Dot.

•

•

Figure 3.5.5 - Maximwn Principcd

Stress Contours in Epoxy MateritU

for Test 1.1 (Bond AD Exista)

Figure 3..5.6 - MtlJCÏmImI Principal Stress

COnlOlU'S ill Epozy MGtUùJl with Epoxy

Filkt for Tut 1.3 (Bond BAD Exists)
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The variation of the principle stress \Vith the parametelS il and 1is shown in

figures 3.5.7 and 3.5.8 respec:tively. Figure 3.5.7 shows the variation of the principal

stress in the bond alODg the surface of the carbon fiber tube (AC) due 10 the variation of

the adherend thickness, a. As the adheœnd decœases in tbickDess, the lDUimum

principal stress in the bond increases. 1beIefoœ, according 10 the design goals stated

previously, to optimize the bond for tbis geometry parameter involves decreasing the

adherend thickness ta the limit of structural stmlgth. The optimi"«l model will use a

value ofa of 1.0 mm. Figure 3.5.7 shows mat the maximum principal stresses in the

bond are only weakly dependent on Q.

Figure 3.5.8 shows the variation of the maximum principal stress due ta bond line

thickness, 1. As the bond line thickDess increases, stress is distributed more evenly over

the bond. The optimum line tbickness sbould be somewhere in between O.OS mm and

0.25 mm. According to the literature [36], the bond liDe thickDess sbould œmain

between 0.01 and 0.1 mm for stability reasoDS. As such, a bond line thickness of0.1 mm

was chosen for the optimized model.

Obviously, in the interest of weight savinas on the part, the axial engagement

should he as short as possible. This factor will not be as critical in a purely tensile

application. However, as the stage three linkage cm be subjected to high transVerse

bending loads, the length of the axial engagement will be critical in the resulting strength

of the bonded joint [8]. This factor will become very apparent Iater on during the testing

phase of the optimized joint. As such. the value ofe chosen for the optimized bond

geometry is 10.0 mm.

Appendix A shows the maximum principle stœss contours for the whole range of

parameter variations. A.l shows the maximum principal stœss contours for the epoxy

material of the base instance, namely test 1.4. A.2 shows the effect of the bond between

the aluminum and the epoxy aloog DB in figure 3.4.2 on the entire bond region, showing

the maximum principal stress contours in the epoxy material for test 1.1. A.3 shows the

effect of the adherend thickness 00 the maximum principal stress contours ud includes

the stress contours for the epoxy material for tests 2.4 and 3.4. A4 shows the effect of
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the bond line thickDess on the maximum principal and iDcludes the stress contours for the

epoxy material for tests 5.4 and 4.4. F'maIly, A.5 shows the effect ofthe axial

engagement on the maximum principal stras contours, and includes the stress contoun

for the epoxy material for tests 6.4 and 7.4.

Thus for optimum weiabt and Idequate stïtfness. the summary of the results of the

studyare:

• make a as small as possible within the struetunl stability

• make e as short as possible within the structural stability

• make 1sum tbat il lies between O.OS lJId O.2S mm

3.6 Three Dimensional FlDite Element Model

The structure of the translation stage experiences two dîmensional bending loads

as weil as loads in tension and compression. Theœfoœ, we can Dot assume the bond

geometry is properly designed without subjecting it to off axis loads. Accordingly, a

three dimensional finite element model was construeted to evaluate the design safety of

the optimiud bond geometry. Values for a, e, and 1, were obtained by the axisymmetric

parameter variation performcd in the plevious section: 1.0 DUI1, 10.0 mm, and 0.1 mm

respectively. Because of symmetry, oo1yone halfof the tube 1 insert was modeled,

significantly reducing computation tîmc. The thrce dimensional finite element model cm

he seen in figure 3.6.1. The blue composite tube elements are thin sheU elements, with

Composite Tube-~ -'

EpoxyBoad

Figure 3.6.1 - TItree DimensioNll Finite ElDnnat Model 01Bonded Tube G~OrMtry
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the material properties ofunidirectional carbon fiber materiaL 'lbe yellow a1uminum

elements are linear brick elements aDc:l have the material plopeltÎes of isotropie

aluminum. The light blue epoxyelements have material properties of isotropie epoxy and

are aIso linear brick elements. 1be load is distributed over seven nodes on the face of the

aluminum insert, and the boundary conditions am sueh tbat the end of the tube is clamped

while the symmetric surface is œstrieted to move alODg the plane ofsymmetry.

According to [3], the typical maximum load applicable by a finger is 40 N. Ifwe

consider a band grasping the end effector, more tban one finger will be in a position ta

apply force to the Freedom-7 structure. Thus, it is reasonable ta assume a worst load case

scenario of 80 N on the end effector. This load is obviously beyond the limits of the

actuators, but cm be obtained when the structure encounters a physicallimit stop near the

edge of the workspace. For the stage 3 linkage, the moment arm is ISO mm. The total

bending moment on the interface is theœfoœ 12xlo' N·mm. The offset for the end of the

aluminum insert is 10 IDID, therefore, the requiled force for the worst load case scenario,

distributed over seven nodes, is 8S.714 N pu node. The units for mUS-Mater's Series

v. 2.0 [37] is mN, therefore, the load applied to each node is 8S 714 mN.

Figures 3.6.2, 3.6.3 and 3.6.4 show the maximum principal stœss contours in the

various components of the bond geometry. Figure 3.6.2 shows the maximum principal

stress contours in the composite tube, with the bonded regioD outlined. Figure 3.6.3

shows the maxjmum principal stress contours on the bonded. face of the aluminum insert.

Figure 3.6.4 shows the maximum principal stress contours in the epoxy bond material.

The locations for the stress concentrations are not in the same place on the bond for each

of the entities. The maximum stress coocenlration for the composite tube occurs Dear the

edge of the bonded œgione The libers in this area are in tension due to the bendiDg load.

The stress concentration for the aluminum end fittiDg, however, seems to he an artifact of

the mesb, as it does not correspond to any real scenario. The peak principal stress in the

epoxy material is on the fIee face of the bond fillet, which is one of the failure modes tbat

was observed in [26]. As the stress is Dot conœntrated near the interface with the

composite tube, we cm assume tbat there will be no delamination in the composite blbe

due to the bond.
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Figure 3.6.2 - Maximum Principal Stress Contours in Composite Tube Close to Bonded

Region
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Figure 3.6.4 - Maximum Principal Stress Contours in Epoxy Bond Material
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In figure 3.6.2, the maximum S1l'eSS in the composite tube occurs in tension Dear

the end of the bonded relÎon. This stress concentratiOll is due to the transfer ofthe

tension stresses generated by the bendin. of the tube front the aluminum and epoxy to the

composite blbe, and is UDavoidable. However, the stresses begin before the end of the

epoxy bon~which contributes to a pIIdua1 transfer of the load and œduces the overal1

stress concentration. This graduai transfer is the reason for' desipin. the metal end

fitting with a fillet, and for creatÎDl a filIet with the epoxy m-feria) The composite tube

is not in danger of failing from this peak principal stress.

Figure 3.6.3 shows the iDDer surface of the a1uminum iDsert. The peak principal

stress is located right al the corner of the metal insert. This suess at this point is far

below the yield stress ofaluminum, 50 tbere is no danger offailure in this part.

Figure 3.6.4 shows the epoxy material. The maximum principal stress is located

near the top of the fillet OD the metal insert. The maximum priDcipal stress is 16.7 MPL

The value of the stress at this point is close to the yield streDgth of the epoxy. The yield

strength of the epoxy is 20.3 MPa [38]. The factor of safety for the optimized bond

subjected to the worst case load scenario described above is theœfore 1.22. The aaual

band load on the end effector could be 1.22 times greater, or 97.2 N, before a faiblie

would occur al the bonded joinL Il would Dot be advisable ta try ta further optirniœ the

geometry of the bond, as this would jeopardize the safety of the bond for the postu1ated

worst case loading scenario. We cm assume that the bon~ as it stands, is optimized for

this application.
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4. Bonding Tests

4.1 Three-Point Bend Test

It was proposed to perfonn a tbree-point bend test to evaluate the tIuee

F

FiglU'e 4.1.1 - Sketch ofthree-point berId œst setup

dimensional finite element model and the cbosen optimal confiJUl1diOD of the bonded

interface. The three-point bend test was performed according to Fipre 4.1.1. A tbree

point bend test, rather than a four-point bend test, was chosen for fear that the composite

material might faillocally due to the applicd pressuœ. The tluee-point fixture above

allows loading on the aluminum insert. The aluminum insert required a double bond

configuration, with the load applied in the center, to aIlow for the maximum bending load

applied during the test ta be in the region of inteœst, and to allow for the test to be

perfonned in a symmetric fashion.

The test was performed on the MTS machine [39]. Four samples were used

(figure 4.1.2), each with a different bond geometry. The construction of the samples went

as follows:
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1. Aluminum iDserts wcœ macbined witb two boDd interfaces

according to the dimensions shown in table 4.1.1. (refereDc:ed

dimensions are accordiD, to figme 3.2.1)

2. Unidilectional carbon-fiber1polyester tubin, wu cut mto eipt

l00mm lengtbs.

3. The inside bonding surfaœ of the aluminum. iDsert wu

roughened with a smaIl file ta incœase the sbearin, stœDath of the

bond.

FigllTe 4.1.2 - Three-point bendïng tut specimm

4. As suggested in [36], the smface of the composite tube tbat wu

to he bonded was also sanded with emery cloth to mnove any

release agent and extra œsin tbat might bave been present from the

manufacturing process.

s. The aluminum inserts were clamped in such a wayas ta be

vertical and cœY ja1 with the composite tubes.

6. The bond volume was fu1ly tilled with AdboDd epoxy [40] and a

bond fillet was sbapeel by band ta approximately 45 degrees.

7. The set-up was left 24 hours al room temperature ta cure.
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• Test # 1 • •
1 0.1 10.0 1.0

2 0.1 10.0 3.0

3 O.S 10.0 1.0

4 0.1 S.O 1.0

Figure 4.1.3- Variation of di1MlUioru

for three point bending tuts

Tbe samples wcre mountcd in a

tbree-poiDt testin, ji, !bat allowed for

simply supported conditions. The load F

was applied by a cylindrical applieator on a

sma1l fIat surfilee macbiDed mto the

alumiDum inserts at C on fipre 4.1.1 to

assure a point load condition. The

horizontal distances AC and CB are the

same at 100 mm. The horizontal distances OC and DE are aIso the ume al 10 mm. 1be

displacement rate for the position control was chosen to be 0.095 mm/sec, resulting in a

quasi-static loading case.

4.2 Calculations for Bendlng Moment Load Case

The idea1 shear force (V) and bending moment (M) diagram for the simply

• D C E B
FI2

V

-FI2..
: FxAC:····

M

Figure 4.2.1- Shear and bena;ng mo1Mnt dia,rams for 'M.e-point

kndîllg 'ests

supported three-point bend test is shown in figure 4.2.1. The maximum bendin, moment

• on the sample is al point C. The maximum heMing moment on the bonded œgiOll is at
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points D and E. Fust failure will ocœrheœ due ta the teDSiOll caused by the hendj"l of

the sample. Due to the DOIl-homopDeous oatuœ oftbe test samples, the pure bending

formula for the calculation oftbe œsultant stœss in the sample does Dot hold. The

individual components have different moduli ofelasticity and diffeœnt bending ndii for

the same load. The ideal calculations for the stress in a prismatic beam onder pure

bending require that the radius ofcurvature for the beam is constant and tbat the cross

sections of the beam remain undeformed and perpendicular 10 the longitudinal axis, an

assumption that does not hold here.

Ta provide a design criterion for the bonded .eometry, tbe actualload conditions

have been reproduced as closelyas possible. The bending mode is the load case tbat will

he seen in the actual prototype band controller, and a maximum failure load CID be

calculated as follows:

M max =FIIDNJ •~
2·M

Ftut = EB
fDaX

• MIftQ% is maximum bending moment expected in service (case ofuser hiUiDg a

physicallimit stop)

• F1taNl is maximum user band force. In our case wc taIœ this ta be 40 N [3]

• lJ is the length of the stase 3 linkage (see figure 1.4.3), lSOmm.

• EB is the distance from the simply supported ecf.e 10 the end of the bonded

area (sec figure 4.1.1), 9Omm.

• F,UI is the maximum fcxœ the sample is n:quired to witbstand without failure

during the testin. procedure

Applying the current values to the above equation, wc get a minimum failure load

of 133.33 N of force to be applied to the sample befoœ first faiblie. Ifwe take a

mjnjmum safety factor of 2.0, the load tbat will need to he supported by the sample is

266.67 N•
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4.3 Test Results

The piston force vs. displaœment curves for the four samples are shown in figure

4.3.1. The curves for tests l, 2 and 3 show two definite failuœ modes. Figure 4.3.2 shows

a failed specimen. These are caused by Cl'lCkin, in the epoxy bond. In the tbiId region on

the curve, the bond is fuIly failed, and the resistanœ to the bendiDa of the sample is due

entirely ta the frictiOD between the aluminum interfice and the epoxy bood. 1be curve

for test 4 shows only one failuœ, the eatastropbic failure, followed by a similar region

dominated by the friCtiOD force between the bond and the rouJbeDed a1uminum insert.

The initialfailUTe (IF) is wbat will he dealt with in the COIDpariSOll between the bond

geometries.
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The second samplc, with an adhereDd wall tbicknas of3.0 mm, shows the bighest

value of piston force for the IF. The IF occurs at 600 N. The tbird sample shows a IF at

S60 N. The first samplc's IF occurs at 540 N. Fmally the foudh samplc's IF occurs at

220N.

From the curves, we cm see the effect tbat each paramcter bas on the resulting

strength of the bonded joint. As predieted in the axisymmettic model in chapter 3,

increasing the bond line thickness and incœasinl the adheœnd thickness in effect

strengthen the joint. However, it is obvious that the iDcrease in strength is very slight

compared to the incœase in material in the joint. Decreuing the axial eogagemeot of the

joint decreased the overall suength of the joint. This coincides with the conclusions

drawn from the finite element madeling performed in cbapter 3. Howcver, the cffect on

the overall strength of the joint is very great. The load tbat the joint caB support before

catastrophic failure is 40.7% of the nominal specimen (test sample #1). The joint in this

case does not meet the safety requirements for use in structure.

It is interesting to note tbat the physical specimens showed a much higher fallure

load than predicted by the finite element model. The maxjmum piston force tbat should

have been sustainable by the fust sample, based on the finite element analysis, is 292.8 N.

The actual value for the piston force at IF for the tirst sample was 1.91 times this

theoretical value. However, the finite element model did not necessarily prediet

catastrophic failure. The physical test of the bonded sample may not bave measured

sorne initial cracking in the bond material that more closely matehed the failure criterion

obtained from the tinite element madel of the bonded joint. The physical test provides a

factor of safety for the bond in bending of 2.33 over the worst load case scenario

considere<! for a haptic device.

From these tests, we cao sec that the nominal joint confilUl'Btïon is very close to

the optirniud value. No great gains would be made in increasing the adheœnd wall

thickness or the bond line thickness, and decreasiDg the axial engagement of the

composite tube would jeopardize the overall strengtb of the bonded joint.
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5. Design ofBox Beam

S.l Introduction

The construction ofa composite box beam to be used botb as a structural member

and as a cover for the distal stage strings wu made for produetÎon. and marketing reasoDS.

A lcss expensive struetuœ would coosists entirely of the bonded composite tubes as

described in the pœeeding cbapters. However, the polymerie striDp tbat are used to

aetuate the distal stage of the band controller are fairly delieate, and should Dot be left

exposed in a marketable produet. Instead of using a tubular stlUetu.re as the structural

entity, and fixing a proteetive covering over il, thereby greatly incœasing the link weight,

the carbon fiber box·section was proposed as both a structural member and a coyer to

protect the distal stage strings.

• 5.2 Dimensional Requirements for the Box Beam

The cross sectional dimensions of the box section for use as the distal linkage and

the cover for the distal stage strings were determined by the inteIference requirements of

the pulleys carrying the distal stage strings. The pulleys at the intersection of the stage 2

linkage and the distal stage linkage and the pulleys out al the distal stqe are 23.7S mm in

diameter and 6 mm in beight The pulleys at the distal stage also totate :t45° about an

axis that is 3.25 mm below the center of the pulley. The centers of rotation of the distal

stage pulleys are 32 mm apart, vertically. Througb simple trigonometry, the clearance

area for the box beam. cm be determined as 23.7S mm wide and 53.5 mm higb. A

CUShiOD needs to be added around this mjnimum clearance to prevent interference

between the bonded insens that will be rcquired for mounting the box-section to the other

links in the translation stage and the distal strings. Figuœ 5.2.1 shows the clearance area

for the strings at the distal stage end of the box section.

The box section œquiIes a metbod of fixing to the l'eSt of the traDslation stage

• stnlcture. As with the bonded tubes, it was chosen to machine aluminum inserts ta be
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SIlin. clearance
area

•

Figure 5.2.1 - Ckarance arufor the disttll sUl,e drivin, strings

adhesively bonded ta the carbon material that would Iben become attacbment points for

• the other aluminum parts requiœd for the structure.

Figure 5.2.2 shows an exploded view of the assembly of the new carbon tiber

•

M2.5 socket head
cap screw (8 req.)

Composite box-section

Distal stqe mount ----~I:.

Figure 5.2.2 - Exploded view ofcarbonflber distal sUl,e tlSsembly
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distal stage assembly. 1be puIley block base served as a mounting point for the sbafts

CODDecting the distal linkage to the stqe 2 and 3 linkages. The distal stqe mount

provided the interface with the rotational distal stap.

5.3 Finite Element Model of the DIstal Stage Linkage

The design criterion for the translation stap of the band CODtroller is not based

upon a traditional failure criterioo, or even a displacement criterion u is often the case in

robotics applications. The human baptic kinesthetic sense is Dot fine tuned enougb 10

accurately discrimjnate betwcen two points in $pace Instead the lowest natural structural

frequency of the assembly is the design goal.

To simulate a virtual contact with a solid wall with acceptable ficlelity, the rate at

which the signal is modificd during the simulation is Dell' 200 Hz. If the structural

natura! frequency is near or below 200 Hz, then resonances cm be set up in the struetuœ,

reducing the fidelity of the simulation.

Tbree finite element models were cons1rUcted usmg I-DEAS Maters Series V2.0

• of three separate distal linkage assemblies. The first finite element model was of the

composite box-beam structure discussed bere (figure 5.3.1). The second madel

corresponded ta the proposed sheet-metal covered 1inkage (figure S.3.2). An iterative

process was use<! ta determine the lay-up required for the composite part for it ta bave an

equivalent detlection stiffness ta the aluminum covered linkage. A Iay-up of tbree woven

layers (0/90) was chosen, for a lay..up of [(OI90hlT. UnfortuDately, due ta the excessive

cost associated with a filament winding machine, the onlyoption for fabrieating the box

beam was hand Iay-up. For tbis reason a more rigorous oprimi7-'1tion of the laminate,

including precise angle plies ta increase material damping, was not possible within the

scope of this work. Such an optimization process, however, is a sullcstion for future

work on this project.

•
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Aluminum brick
elements

;;:-_.naumiDumœiDforced
ml~~~lam~jn;.:&:e shen elements

:~ ; Applied force
.1

~j

•
FigllTe 5.3.1 .. Finite elDMnt mu/a 01composite bo%..section linlaJge

Aluminum shell
elements

Aluminum brick
elements

ReiDforced

'I~~~~~aluminumsheUM elements

•
FigllTe 5.3.2 ..Finite element mes/a 01alIIInimma sMet-mett:d covered Unkage
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• 5.4 Results of Finite Element Model

The finite element models were solved for a test load case of 10 Nin static

bending to deteID1ÏDe the effective sdffness of the linka.e. 1be models weœ aIso solved

using a normal mode dynamics iteratÎve solver ta determine the lowest œsonant natural

frequencies for the first tbœe modes. 'lbeœ weœ no bouDdary conditions plaœd on the

models for planar motion during the normal mode dynamics solution because it was

AIuminum Covered Composite Linkage
1Jnkaae

Max. Deftection I.5Oxl0-2 mm 1.37xl0-2 mm
Vertically

Vertical Natural FœQ. 552Hz 728Hz
Horizontal Natural FreQ. [186Hz1 221 Hz
Total Estimated Weilht 1272 822

Table 5.4.1 SunIItIIUY ofCornptUison B~tw~mBoxBUIII F;nit~ElDMnt Models

• desired to find the resonant fœquencies in ail tbree primary directions.

Table 5.4.1 summarizes the most imponant results of the modeling. From table

5.4.1, it is obvious tbat the composite linkage compares favorably to the aluminum

covered linkage. There is a gain in vertical bending stiffness of the linkage of 8.67% for

the composite linkage over the a1uminum coveœd linkage. The vertical natural frequency

of the composite linkage incœases 31.89~ over the aluminum coveœd linkage. The

horizontal natura! ftequency of the aluminum linkage does not meet the design criterion

of 200 Hz, while the composite linkage does. Fmally, it is expected tbat a decrease in

total weight of the linkage from the a1uminum covered to the composite of 35.43% will

occur. From these results, it is obvious tbat a composite box-section in place ofan

aIuminum sheet-metal cover is a very advantageous design choice.

•
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6. Box Beam Prototype

6.1 Carbon Fiber Box Bearn

The actual construction of the box beam prototype required severa! Reps. The

first step was the construction of an extemal. mold for the carbon fibcr mataial. The

mold was made in two halves. The stock material for the mold was extruded aluminum

channel. The use of the channel allowed for corners with consistent curvature offairly

large radius. It is important to avoid sharp corners when worldDa with an extema1 mold.

The channel size was chosen to bave the saDIe internai dimensions as the extanai

dimensions of the composite box-beam struetuœ. The iJmer surface of the mold was

polished ta provide for a good surface finish for the composite piece. Holes were dri11ed

and tapped in the walls of the channel to provide clamping points for the two ba1ves of

the mold. The purpose of the mold is ta provide a rigid surface on which to place the

• carbon-fiber material ta give it shape. The raw carbon-fiber material cames in the fonn

of long sheets of woven or unidirectional fibers pre-impregnated with an epoxy Tes;".

The epoxy resin holds the tibers together in the finisbed piece wbile the fibers, beina

much stronger than the ePQxy, are responsible for curyina the loads applied to the part.

The lay-up refers to the process by which layera of the carbon fiber material are placed in

succession, one on top of the other, to cœate a wall thickness for the composite part. The

material for the layers cm he cut diffeœnt ways to obtain diffeœntfi~rorielllations,

allowing customization of layer properties as explained in Chapter 2.

The choice of an extemal mold was made for two œasons: firsl, the cross-section

had te be hollow te allow the passin, of the distal stage strings, and second, a marketable

product would require a superior surface fiDish to he acceptable. Whlle the first condition

could be met with an intemal, removable mold, the second required the external mold to

prevent material wrinlding durina the clITe.

To cure a composite part, the carbon-fiber material bas to be subjected to

• prolonged periods of heat and pressure in arder to harden the epoxy resïn. The cure cycle
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refers 10 the controlled chanses in pressuœ and temperatule applied ID the eomposite part

during the hardening process of the epoxy resin. An eomposite materiaIs œquire a cure

cycle. However, some resins cure al much IOWa" temperatuœs tban otbers. 1becure

cycle that is used for the m.Uria) cbosen [37] for the composite box-section is the

following:

Temp
30mïn 7br3Omin 30 min

17SF

7SF ....- .....---------....-
Time

•

•

Figure 6.1.1 - TiIM-tDnperGtIITe ProJiklor LTM25 ClUe Cycle

Previous attempts al a lay-up with the split mold weœ unsucœssfu1 becalJse of the

choice of a thin teflon sbeet as a reletue film. The release film is required 50 tbat the

epoxy resin does not stick 10 the mold during the cure cycle. Several problems occurred

with this technique. Fmt, the mold had ta be closed from the start of the lay-up process

to allow for the insertion of the œfloo film. Not only did tbis mate the lay-up technique

more difficult but didn't allow sufficient pressuœ to be applied to the corners of the box

beam during curing. The tetton film bad a tendency to stretch away from the comers of

the mold, causing gaps between the part and the mold surface tbat, alter curing, resulted

in excessive dry spots on the outer surface.

Amisol, a company tbat produces Freckote Iiquid releases, wu approacbed and

they provided a combination of B15 liquid seaJant and Freekote 700Ne release agent to

treat the inside of the mold [42]. This solution worked very welle Application of the

sealant and release agent look 20 minutes plus polymerizing âme (24 heurs) and the

resulting surface finish was much better tban the originally proposed tetton fi1m. The
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release agent on the mold surface alIowed the lay-up 10 be started with tbe mold apart,

which made the lay-up technique much easier.

The first layer of the carbon-fiber material wu put in place wim the mold apart.

Two pieces of the (0190) woven carbon liber m.terial 4Smm x 17Smm weœ p1aced inside

one halfof the mold with the edges tlush with the split edaes of the moleL Two other

pieces 60mm x 175 mm were placed in the other half with an overhang of approximately

15mm. The layers also overlap on the middle of the bqe face ofthe box beam by

approximately Smm. Part of the second layer ofwoven material. is added before to mold

is joined to allow for better plaœmentand compression of the layas. Two pieces of

60mm x 17Smm are cut of the (Q/90) woven material and are pIaœd tlat on the laqe

surface of the mold, with a smaIl overlap of approximately 5mm beyond the midpoint of

the corner curvature. This small overlap is essential for good bondiDg of the full layer ta

the smaller 30mm x 175mm pieces that are added once the mold is closed. A complete

third layer coDSisting of two pieœs of6Omm. x 175 mm, and two of 30mm x 175 mm are

put in place with the mold closed. The final result is a lay-up consisting of tIuee layen,

[(O/90hJT, where the (0190) group œpœsents the woven graphite material. In the regions

of overlap near the corners, the lay-up is aetually (OI90)s]T, and alODg the middle of the

large face of the box-beam, (Q/90),dT. The lay-up proœss is shown step by step in figure

6.1.2.

Two pieces of the teBon release film were applied ta the inside of the composite

part, followed by a layer ofbreather material for the even application of the vacuum ta the

whole piece. The teflon film in tbis case prevents the breather material from stickina ta

the cured epoxy. The vacuum bag is a sealed plastic sheet that completely covers the

part. By drawing a vacuum inside tbis bag, the composite material is pœssed up asainst

the wall of the mold, compressing the layen together and formin, a much stronger piece.

The reason it is necessary ta avoid sbarp comers in an extemal mold, as was mentioned

above, is that the vacuum bag cannot iDfiltrate a sbarp radius 10 apply an even pressure on

the composite material. It is the lack ofvacuum pressure on the material tbat causes dry

spots to occur.
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Figure 6.1.2 - Lay-llp Procedwe/0' Composite Bœ-~ctio"
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The vacuum baggin. teclmique wu sligbdy differeIlt tbat is traditional for an

extemal mold application. 1be oven ta be used did DOt bave apressurizing pump, onlya

vacuum pump attaehment. Thaefore, iDstead of an jnfJatable intemal bladder to apply

pressure to thep~ a cylindrical arrangement of the vacuum bag wu devised. Two

cylinders of vacuum bagging material, sealed along the side, weœ plaœd iDside and

outside the mold. The ends weœ then sealed to each otber alans the circumfeœnce. This

allowed for atmospheric pressure to be applied ta the full intemal surface of the mold,

without the added expense ofan infJatable bladder.

The cured piccchad good surface finish onboth the outside and inside surfaces.

There was no wrinkling on the inside surface of the box beam because the material was

slightly under tension. It was difficult ta get even pressure into the corners, and they

ended up slightly resin rich. It was obvious by looking al the thiclmess of the walls

tbroughout the cross section. The best com.pœssion occurœd on the larp face of the box

beam. This leads 10 a sligbt problem witb dimensional tolerances. It is difficult ta

control the final interior dimensions of the box beam sinœ they are very dependent the

compression that could he obtained on the faœs of the part and the quality of the vacuum

pressure in the corners. For the case of the Fœedom-7 project, goad dimensional control

was required on the inside surface of the box beam since macbined end fittings are ta be

bonded to this inside surface.

6.2 End Fittings

The final design of the end fittings was determined alter significant propess bad

aheady been made on the construction of the box beam. Originally, small plates fixed on

the exterior surface of the box beam were intended ta be used as mounting points for the

various aluminum parts requiœd for the bearing mounts and joint sbafts of the band

controller. Last minute design changes led ta a modification of tbis idea ta alIow for

precisely machined, end fittings to be bonded ta the inside wall of the box section. As

discussed in the previous section, the interior dimensions of the box beam are not weil

controlled and can seriously affect the bond line thiclmess and, consequendy, the strengtb

• of the bonded joint. As weil, due to the close clearance selected for the distal stage
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strings, the wall thickness of the metal iDsert must necessarily be very sman. wbich poses

machining difficulties. A compromise wu made between tbese various requirements,

and the piece was designed.

The material selection for the end tittin, wu another problem area. One of the

design goals of the Freedom-7 was reduced liDk inertia. To IChieve this goal, parts of

mjnimum weight were required for all &reaS. 1be existiD, Metal prototype it made

entirely of aluminum-6061. To avoid uSÏDI two diffeœnt metals and eJlCOUl8IÎDl plvanic

corrosion among the metallic parts, it would be logical to choose aluminum 6061 as the

rnaterial for the bonded ÏDserts. However, aluminmn forms an oxide very easily in air and

this aluminum oxide is highly anodie. In the presence ofan electtolyte such as sea water,

there cau be significant corrosion of the contact surfaœs between aluminum and a

cathodic material such as graphite. As a œsult, the aluminum end tittiDp require etebiD,

ta remove the aluminum oxide layer on the bonding surface befoœ the bondin, operation.

The West-System's aluminum eœhînl kit [43] was used ta prepare the bondiDl

surface of the aluminum ÏDserts. The portions of the insert not subject ta adhesive

bonding were masked with tape, and the eœhïnl process wu carried out accordin, to the

directions on the etehin, kit. With the caœful preparation of the aluminum and

composite surfaces the galvanic corrosion of these pans should be kept ta a minimum.

6.3 Bonding of End Fittings

The bonding of the aluminum end tittinls requiIed the constructiOll of a jil to

keep the two planes of the end fittings paralIel. The jil consisted of two accurately

machined right angle L's mounted on magnetic bases. The magnetic bases fix tbemselves

to the top of a metallevel table. The riJht angles mate use of the mounting holes on the

end-fittings to hold the end-fittings in place. A dïal-gauge was used to measuœ the

deviation of the end-fittings and the box-section from para1Iel.

As sated before. the internal dimensions of the box-section were poorly controlled

with the manufacturinl method. The œsin rich areas in the corners of the box-section had

to he filed down to allow the end-fittings to fit inside•
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• One standard procedure for ensuring even bond liDe tbickness over a large

bonding area is to use small pIlge wire embedded in tbe bond materiaI to &Ct as a spacer

during the adhesive bondiDg [36]. 1bese wires normally overlap the bonded l'CPOD and

are eut flush with the edge once the adhesive is cuœd. 1bese wiœs are not needed in this

case ta maintain the bond line thickness as the corners of the metal inserts are in contact

with the resin rich areas in the corners of the box-section. The main shear carrying areas

of the bonded interface, the tlat faces of the bonded l'Cpon, bave a good, uniform bond

line thickness without the discontinuities and potential stress conœntratiOD points that

could he caused by the inclusion of the standard wire spaœrs in the bonded l'Cpon.

Due to the long cure time (24 hours) of the Adbond epoxy [40], theœ was some

seepage around the interface with the end fitting and the composite materiaI. The

strength of the bond was not comprorniSNl, as the bond length wu designed with a large

factor of safety. However, for future production, an epoxy with a much lower cure time

should be considered.

• 6.4 Structural Tests on Freedom-'

The existing aluminum prototype al MPB Technologies was configured in such a

way as ta be able ta accept bath a distal stage linkage and a stage three linkage in the

form. of a box beam. Therefore, a second box beam was constructed using the same

technique as for the first, and substituted for the stage tbree linkaae (instead of using the

bonded composite tubes). This was a marlcetina desilll chanae, and will not affect the

continuing research into the proper design ofbonded interfaces for small diameter

composite tubing that continues in the next chapters.

End Carbon Overall Equivalent
Fittinas Fiber Composite Aluminum

Distal Stage Link 17.5 gx 2 23.7g 101.5 g 103.2 g

Stage 3 Link 17.S gx2 28.0g 106.6 g 98.2g

Table 6.4.1- Weight Distributionfor Box-BeDm Parts

•
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• The weights of the iDdividual parts of the box beam assemblies are sbown in table

6.4.1, as weil as the overall weights of the assembled )jobles and die conespooding

aluminum linkages. They do Dot match with the esbmated weights from table .5.4.1. It is

obvious from the weight bœakdown tbat the aluminum inserts for the composite box

beams are significantly over-dcsigned. As mentioned before, the macbinists bave

difficulties working with aluminum ofvery thin wall thickness. Therefore, to facilitate

the machining process, the wall thicknesses weœ iDcœased and more material was left in

the center for mounting of the interface parts. The weights of the end fittings account for

34.4% and 32.8% of the overall weights of the dista18Dd stap 3 linkqes respcctively. ft

is by no means unreasonable to consider tbat a redesign of the end fittings cou1d reduce

their weight by 50%, making the overall weight of the link assemblies 841 for the distal

stage linkage and 89.1 g for the stage 3 linkage, which would be much closer to the

original estimated weights. This redesign would constitute a weight savings of 19.2

grams, or 18.6%, in the distal stage, wbich is the major contributor to the overall inertia

of the translation stage.•

•

6.5 Frequency Response ofTranslation Stage
Two dynamic response tests were performed on the translation stage of the

Freedom-7 band controller. The tirst consisted of sending a frequency varyins sine wave

individually to each of the three motors and measuring the end effector acceleration in the

nominal direction govemed byeach motor. The purpose of Ibis test was to detamine the

resonant frequencies of the stlUcture in each diœction. Ifwe CODSider the translation

stage ta he planar, with the positive x-direction parallel ta the stage 1 and 3 Jiokagcs

pointing towards the motor mounts from the distal stage, the positive y-diœction parallel

ta the distal stage linkage pointing out towuds the user, the right band mie pves us the

positive z-direction as downwards perpeDdicular ta the plane of the translation stage (sec

figure 1.4.6). A small magnitude rotation ofthe stage 3 motor about the centered

position provides an instantaDeous movement aloog the x-axis. The small rnall'dtude

rotation of the stage 2 motor provides movement along the y-axis. The small mapitude

rotation of the stage 1 motor govems the displaœment alODg the z-8XÏs. It is important to

note that, as the stage 1 and 3 moton are co-p1aDar, their effects on the displaœment of
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the distal stage are coupled. Theœfore, the iDdepeDdcnt axes ooly hold for sma1l

magniwdes ofjoint displaœment around the neutral position. The neutral position bas ail

the joint angles at 9()0. The second series ofdynamic tests to be performed on the

translation stage consisted of inducing an impulse in the motors ofa set amplitude and

duration and measuring the maximum acœleration of the end effector. This test was

performed in order to measure the overa1l inedia of the structure in each of the tbree

motor directions.

Ideally, the resonant frequency for the structure in each of the tbree diIections

should he greater that 200 Hz. This is an adequate resolution to simulatc contact with a

solid surface in a virtual environment. The maximum acœleration at the end effector for

the motor impulse test should be as high as possible, )'et equal in aIl directions. The

higher the maximum acceleration at the end effector, the greater the crispnus of the

device. Haptic sensations will feel more realistic and less sluggish. However, if the

maximum acceleration is not the same for each Iink, the operator may sense a change in

the response of the device based upon the devices orientation. This is UDdesirable, as the

Freedom-7 is intended ta be able ta be oriented in any direction.

For convenience, the frequency response curves have been grouped in Appendix

B. Figures BI through BS show the aœelerometer output vs. the excitation ftequency of

the stage 1 motor (z-direction) for the five configurations of the translation stage links.

BI shows the response of the aluminum structure alter a very careful assembly, with

proper pre-tensioning of the bearings and alignment of the sbafts. 82 shows the response

of the aluminum structure alter a somewhat less controlled, less experienced assembly

procedure. B3 shows the response for the translation stage with the two carbon. fiber

links included in the structure. B4 shows the response with only the carbon. tiber distal

stage linkage and Ds, with only the stage 3 linkage. Similar tests werc perfonned for

each of the other two motors, with figures B6 through BIO refeaing ta the stage 2 moton

(y-direction) and figures B11 through BtS referringto the stale 3 (x-direction) moter. A

summary of the first resonant frequency for the traDslation stage in each configuration cau

he found in table 6.5.1.
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• x-diRctiœ y-diœctiOll Z-diœctiOll

Original AlumiDum Assembly 189.9 Hz 115.0 Hz 100.1 Hz

Second AlumiDum Assembly 103.9 Hz 95.6 Hz 94.2 Hz

Two Carbon linkages 128.0 Hz 127.8 Hz 102.9 Hz

Carbon Distal Stage I,jnkage 115.9 Hz 91.9 Hz 91.9 Hz

Carbon Stage 3 Linkage 109.9 Hz 130.3 Hz 101.3 Hz

Table 6.5.1- SII1III1UUY ofFirst R~sorumtFr~quenciufor the Fr~edom-7

Translation Stage

Severa! conclusions may drawn from these tests about the frequency response of

the translation stage. First. the frequency response of the traDslation stase is beavily

dependent on the assembly procedure. For the stage 1 mode, the aluminum prototype

experienced a drop of the natura! frequency of 7.75" between the careful and

inexperienced assemblies. Second, the stage 1 mode was not affceted by the inclusion of

the carbon linkages, as the frequency response is dependent on the stiffness in bending of

• the stage 2 linkage (wbich was not modified) and the mass of the distal stage, which as

discussed before, suffercd from difficulties in the macbining of the end flUiDgs. 1bird,

the incorporation of the carbon links improved the fœquency response for the stage 2

mode. With the inclusion of the two composite links the natura! frequency rose 12.2"

over the original assemblyand 20.6% over the inexperienœd assembly. The stage 3

linkage was the greatest contributor 10 this improvement, and for the test with it alone, the

natura! frequency was 22.4% higher tban the inexperienced assembly of the aluminum

prototype. Fourth, the inexperiencc of the assembly contributed ta the damping of the

translation stage. In every case the magniwde of the signal froID the accelerometer was

higher for the original assembly of the aluminum structure than for the inexperienœd

assembly of the aluminum. structure. Fmally, theœ was a problem with the design of the

pulley black base (see figure 5.2.2). The inclusion of the carbon distal stage wu very

detrimental to the performance of the stage 3 mode. The natural fiequency dropped by

34.0% and the magnitude of the signal was very hip. The assembly with oo1y the stage 3

•
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linkage out ofcarbon bebavecl simj1ar1y ta the alumiDum prototype, 50 it's COIltribution 10

this mode is CODSidered limited.

6.6 Reftned Flnite Element Model ofDistal Stage Linkage
Further investigation wu required to detamiDe the cause of the poor

performance. More refined fiDite element models tban the one consttueted in cbapter ,

were used to determine specifically the modal VibratiODS in the x-direction for the distal

stage linkage. The authar wu suspicious of the streD&th in bending of the pulley black

base, as the weight œducing cutouts could sipificandy compromise the stiffness of the

part. For tbis reason, two models were used. The first modeled the distal stap linkage as

it was for the physical tests (figure 6.6.1). The second added a reiDforcing coyer tbat

extended from the carbon fiber material back over the puI1ey black base (fiBUle 6.6.2),

similar to the configuration seen in the sketch in figure 1.4.6•

Figure 6.6.1 - R~ned 11IOÙ1 ofdistal Unkage for vibration si1tUlÜJtion
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•

Figure 6.6.2 - RefilVdfi1liœ elnnDJt model ofdistal Un/rQge with added coyer

for vibration sinudlJtion

The two models were solved using the iterative normal mode vibration solver in

I-DEAS Masters Series V2.0. They weœ constrained to move along the x-z plane, in

• order to simuIate the vibrational modes tbat would occur for the stage 3 excitation. The

sbafts were considered as pin connections with the axis of rotation aIODg the y-axis. The

tirst nonnaI mode vibration result for the uncovcœd distal stage is shown in figure 6.6.3.

The black outline shows the vibration mode, wbich is about the stage 2 linkage

axis. The frequency ofvibration is shown at 127.93 Hz, which is very close ta the

measured frequency of the vibration in the x-direction with oo1y the carbon distal stage

shown in Appendîx B t figure B14 of 139 Hz. The model seems 10 be a little less stiff

than the physical structure, and tends ta vibrate at a slightly lower frequency. This might

also he accounted for by the lack ofmaterial damping in the finite element model as weil

as the inaccuracy of madeling the bearing and other interfaœ behaviors as described in

section 6.S. The lack ofmaterial damping could cause mors up ta 596 and the interfaœ

effects could account for an additional 1()tI, error in the natura! frequencies, based on the

vibration tests performed on the a1uminum prototype•

•
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Figure 6.6.4 - Nomlill mode vib,tItion in % di'~ctionfor lUleove,ed distlJl stage

Figure 6.6.3 - Normal mot:k vibration in % direction ofdisltll nage wilh an odded coyer•

Mode 1 Freq.: 202.28 Hz

~:
z
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The solution of the covered model fex the modal vibrations is sbown in fipœ

6.6.4. The frequency ofvibration is 202.28 Hz for the tint modal fiequency in the x

direction. Even ifwe do not take into aœount the sliptly lower value for the natural

frequency of vibration in the tinite element model, incorporating tbis design into the

translation stage structure would result in an increase in the naturaI ftequency ofS.9CIJ

over the aluminum box beam prototype. Obviously, the USlJmptiOll tbat the lack of

stiffness in the pulley black base was the result ofthe poor ftequency œspouse is correct,

and the inclusion of a composite cover over the pulley black base is ID excellent solution.

In order 10 detmnine the problem in the pulley bloctbase tbat caused the

weakness in the x-direction vibration, the two models weœ solved for the static load case

where a load of 10 N was applied to the stage 3 linkage sbaft in the x-diœctiOll and the

distal stage mount was clamped in place. 1be maximum principle stœss contours in the

pulley black base for this load case are displaycd in figure 6.6.5 for the UDCOvered distal

linkage and in figure 6.6.6 for the covered distalUnkage.

From the contours, it is obvious tbat the weak point in the pulley black base

cornes fOIm the weight reduetion cutouts around the shaft tbat joins the distal and the

stage 2 linkages. The cutouts create non-rigid sections in these areas because theyare cut

right through instead ofbaving a small flange as would an I-beam. For the covered distal

stage linkage, the magnitude of the stress in the weaker region around the shaft hales is

much less than for the uncovered case. It is also apparent that sorne of the load is

transferred through the stand-off between the two shaft holes to the composite cover.

This redistribution of the load explains the gains in structural stiffness obtained byadding

a composite cover to this piece.
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6.7 Maximum Acceleration Test
In order to measure the reductiOll in liDk iDatia, a test wu perfcnned to measuœ

the maximum acceleration of the end effector for a pven impulse fuDction. It is desirable

to have the highest end effector acceleration possible. A higber end effector acœleration

capability will allow a greater crispness of the baptic sensations fed bIck ta the user

through the device.

The physical test for the maximum link acceleratiOll consisted of sendiD, a single

10 ms pulse of 10 V peak ta each of the moton in tum, and measurin. the instanfJUMl.OUS

output of the accelerometer mounted al the end effector position on the translation stage

in each case. This test will be refeaed ta as the beep test, as the signal sent to the motors

is a short voltage beep. The signal was generated bya polynomial waveform syntbesizer,

model 2020 by ANALOGIe. The wavefonn synthesizec wu progmnmed to a square

wave ofperiod 10 seconds, amplitude 10 V peak and a duty cycle of0.1,.. The pulse

was used to trigger a single sampling display for a digital oscilloscope, wbich rad the

output of the accelerometer.

The beep test was performed on each confipration of the translation stqe (except

for the original aluminum assembly) for each motor direction. The output of the

accelerometer had been calibrated ta 10.20 mV!g accordiD, ta [44]. Table 6.7.1

summarizes the results of the maximum acœleration tests.

x direction ydiœction z direction

(stage 3) (stase 2) (stage 1)

Aluminum. assembly 3.43, 2.94, 2.94 1

Two composite linkages 3.92g 2.94, 3.92g

Composite distal stage linkage 3.92 1 3.92, 3.92 1

Composite stage 3 linkage 3.43 1 2.54g 2.941

Table 6.7.1 - Summary ojlflllXimum acce1eration tut on Fre«lom-7 tTflllS1IJtion stlJge

The results of tbis test show that, for the Most part, the inclusion of the composite

links have a beneficial effect on the maximum end effector acccleratioa. The greatest
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gains are made in the x and z dilections for the inclusion ofboth composite links•

However, with the redesign of the metallic end fittiDp, the gains in muimum

acceleration should be higher, as the link weiJhts and tberefore the counterba1ancing

weights should decrease along wim the structural inertia.

6.8 Snmmary for Box Beam Prototyplng and Testing
The hand lay-up method for fabrieating a composite box beam is time cODsuming

and inappropriate for a production model of the haptic band conuoller. A more suitable

manufacturing method wouId be filament winding. Accurate liber orientations, along

with good dimensional tolerances could be obtained for a much longer box section, that

could then be cut to the required lengtbs for the ]jukages. However, for prototyping

purposes, the band lay-up in the extema1 mold provided a good surface finish and was

less expensive than obtaining a filament winding machine.

The design of the Metal end fittings was not carried out rigorously enough. An

overly cautious design coupled wim the inbeœnt difficulties in macbiDing a1uminum parts

with small wall thickness created a part tbat was too heavy for the design œquirements•

By simply revising the part to he have one balf the bond CDPlement would decœase the

weight of the end fitting by SO% and approach the required design criterion.

The bonding of the aluminum end fittings to the composite box beam wu

accomplished without difficulty using a bonding jig ta hold the parts in place durinl the

epoxy cure. A shorter CUle epoxy could be substituted 10 allow for a quicker assembly

time for the linkage.

The inclusion of composite materials bas benefits beyond what was measuœd in

the physical tests on the translation stage. The vibration characteristics of the translation

stage are very heavily dependent on the assembly process, and the inexperience of the

author resulted in assembly dominated values for the lowest natural frequency of

vibration in sorne modes for the translation stage.

The vibration modes tbat took advantage of the composite material showecl some

improvement over the aluminum prototype. Tbere was little gain in the maximum

acceleration of the end effector due 10 the over-design of the bonded inserts tbat incœased

the weight of the composite links. Problems associated with the desip of the a1uminum
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interface parts such as the pulley blackbase for the distal stqe also contributed ta the

poor performance of the composite linkages. Furtber fiDite element analysis confirmed

the weakness of the pulley black base part, and sbowed tbat the simple iDclusiOll ofa

composite cover ta reinforce tbis part would greatly improve the dynamic response of the

composite distal stage lïnkale.

It is clear that the composite materials show benefits for the dynamic

performance, however more care bas ta be taJœn with the construetÎon of the metal

interface parts that are needed for the incorporation of the advanced materials into the

stlUcture•
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7. Conclusions and
Recommendations

This thesis bas undertaken ta refine and improve the design of the Freedom-7

haptie band controller for dymunic and structural response. ADalysis wu perfonned to

determine the optimum metbod for inclusion ofcomposite materiaIs in the translation

stage of the hand controller. Improvements bave been made in the aoalysis and design of

composite parts for robotie applications:

• An optimized bond geometry is proposed for the joining ofsmall diameter composite

tubes to metalIie inserts. The finite element modelin, predicts a failuœ tbat is sligbdy

lower than the measured failure of the test specimens. This configuration is proposed

as a replacement for machined aluminum linkages in the translation stase of the band

controller, sueh as the stage 3 linkage•

• Physical testing of the optimized bonded geometry confirmed the analytical effects

obtained through finite element analysis. The strensth of the bond in bending is only

weakly dependent on the adherend wall thickness and the bond line tbick:ness, but is

very dependent on the axial engagement of the tube and the aluminum insert. The

overall strength. of the pbysical specimen was higher tban that of the finite element

model, suggesting an overly conservative modeling of the joinL

• The distal stage linkage of the translation stage of the Freedom-7 is rep1aced by a box

beam strueture that is at once a structural element of the translation stage and a

proteetive eovering for the distal stage strings. The lay-up and box-beam struetuIe of

the carbon fiber is beneficial ta the dynamic performance of the translation stage.

However, insuffieient sttength in the macbined aluminum inserts are œsponsible for a

drop in the lowest natura! resonant frequency of the translation stage.

• Swept sine tests were performed on the translation stage, using an accclerometer ta

measure the resonant peak vibrations at the end effector. 'Ibis allowed for a separation

of the modal vibrations for the excitation ofeach motor individually•
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• • Maximum link acœlerations were measuœcl usina an accelerometer mounted at the

end effector for a voltale pulse 10 each motor. The response of the translation stase to

this excitation depends on the link weights and inertias as mueh as the aetuator

capabilities.

7.1 Recommendations for Future Work
The Freedom-7 baptie band controUer could gœatly benefit from the inelusiœ of

composite materials in the structure of the translation staF. However, more work is

required to narrow the design requirements 10 alIow for plOper exploitation ofthe

PQtentials of the composite material parts. The following are SOlDe suggestions for future

work on the Freedom-7 project, based on the observations and conclusions drawn from

this wode

• Implement the addition of a reinforcing cover over the pulley black base. The addition

of a reinforcing cover ofcarbon fiber material over the pulley black base of the distal

• stage bas been shown, by finite element analysis 10 improve the dynamic performance

of the distal stage linkage.

• Redesign the bonded aluminum inserts on the distal stage box beam for reduced

weight.

• Perfonn an extensive analysis on the human haptic system to determine specifie

requirements of a haptie manipulator, such as maximum allowable end point

deflection, sensory bandwidth, ete..

• Perfonn a complete lay-up optirnization routine on the linkages of the translation stage

to determine the optimum fiber orientations for the specifie haptie requirements and

produce filament wound box sections using this Iay·up•

•
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Figure A 6 - Test 5.4
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