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Abstract

The present paper summarizes results from an ongegegrctprogramconductedointly by the University of
Colorado and NASA Langley Research Center sif#®4. Thisprogram hagesulted in general guidelines for the
design of high-precision deploymemiechanismsandtests of prototypeleployable structuremcorporatingthese
mechanisms have showmcrodynamically stable behavior (i.e., dimensional stability to paetanillion). These
advancements have resultdtbm the identification of numerouderetofore unknown microdynamic and
micromechanical response phenomena, andléwelopment of nevest techniguesandinstrumentation systems to
interrogate these phenomena. In additi@tenttests have begun to interrogateananechanical response of
materials and joints and have beenused to develop an understanding rainlinear nanalynamic behavior in
microdynamically stable structures. The ultimate goal of these efforts is to evatwprecision activecontrol of
micro-precision deployable structures (i.e., active control to a resolution of patigliper).

INTRODUCTION

NASA's Office of Space Sciendaas recentlynauguratedthe AstronomicalSearch forOrigins and Planetary
Systems (Origins) ProgranmBetweenthe years2005 and 2010, thisprogramwill launch aseries ofextraordinary
new astrophysicascienceinstruments including the Nexdeneration Space TelescofdGST, Fig. 1(a)). Also,
NASA'’s Office of Mission to Planet Earth is studying a classnoh-imaging-quality deployable telescopes for
future atmospheric science missions (Fig. 1(b)). These so-called “ligdnt’ drectionandranging) telescopes are to
be used for the measurement of climatically important variables in the atmosphere wsatbreaapor, aerosol and
clouds,andcertain chemicatonstituents such as ozone. The success of these revolutemangeinstruments
depends on the development of many new materials and structures technologies including sub-micron-stable, actively
controllable deployable structures (Peterson et al. 1996).
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(a) Next Generation Space Telescope Concept. (b) Deployable Lidar Telescope Concept.

FIGURE 1. Future NASA Deployable Telescope Concepts.



Since 1994, the University @@oloradoandNASA Langley ResearctiCenter have beejointly conducting a
researchprogram toadvancehe state-of-the-art of high-precisiotieployablestructures. Thédoroad goals ofthis
program are to enable the design of deployable structures that exhibit sufficient dimestalaitigl to function as
metering structures for opticahstruments,and to minimize the complexityand cost of such structures by
maximizing passive dimensional precisiand minimizing the use ofctive control. Thespecific goals ofthis
program are: 1) te@haracterizeexperimentallyand to model analytically microdynamimstabilities in deployable
structures that arise from deployment mechaniantimaterial nonlinearities; 2) toharacterizeexperimentally and
to model analytically thenicromechanical responséthin deployment mechanisntbat gives rise talimensional
instabilities; and 3) talevelop desigmules fordeployable structures tminimize dimensionalinstabilities,and to
maximize deployment precision and post-deployment stability.

The presentpaper provides an overview dhis ongoingresearchprogram. Specifically techniques for
conducting dynamic-respongesting of precisiordeployable structuregndresults from some tes@re presented.
Dominant nonlineamicrodynamic response effealerivedfrom these testare discussedand the affects of these
microdynamic responses dhe design of active shapeontrol systemsre outlined. In additiontechniques for
conducting micromechanical-response tests on deployment mechamidnesults of these testre presented, and
general guidelines for designing high-precision deployment mechanisms are derived. Finally, an ovesuiesntof
research thrusts is presented.

PASSIVE PRECISION VERSUS ACTIVE CONTROL OF DEPLOYABLE STRUCTURES

The design of any lightweight precision deployable structure must involkagl@betweenpassive precision and
active control. Before explaining the issues that mustdneidered irnperforming an active-versus-passsgstem
trade, it is useful to define explicitly two aspects to the dimensional precision of a deployed structure:

1. Deployment Precision: Theerror inthe final deployedshape of a structure a®mmpared toits ground-
measured shape.

2. Post-Deployment Stability: The variation in theleployedshape of a structure in response to on-orbit
thermal and mechanical loads.

For moderate-precision applications (i.e., precision up to parts per hundred thousand), it is possible to satisfy the
deployment precision and post-deployment stability requirements passively thmapgh mechanical design of the
deployment mechanisms.However, high-precision applicationsill require on-orbit active control tomeet
dimensional stability requirements. To minimize the cost and complexity of active control systensudeist to
characterize carefully the passive deployment precision and post-deployment stability of the structure and to establish
adequateput not overly conservativeequirements for activeontrol. For examplecharacterizingthe passive
deployment precision of a structulletermineshe need andequirements for ann-orbit quasi-static activeontrol.

Similarly, characterizinghe post-deploymergtability of a structuredefinesthe need andrequirements foihigh-
bandwidth active control.

Without a clear understanding of deployment precisindpost-deploymenstability, it is difficult to establish
reasonable requirements for on-orbit active-control systems. Uncertainty in these requiremedeagsl reayncreased
complexity (andcost) in thedevelopment of aron-orbit active-controkystem. Furthermoreyncertainty in the
requirements leads tmcreasedsystem-developmenisk becauseestimates for deployment precisi@md post-
deployment stability requirements thae thought to beconservativamight, in fact,neglect effects, such as high-
bandwidth microdynamics, that could substantially diminish the performance of the active system.

Thus, attaining a better understanding of passive deployment precision and post-deployment stadiiysary
for the design of efficient (i.e., not overly conservatigall low-cost active controystems. While it iglearthat
active control cannot or should not be eliminated entirely, experience to date indicates that accurate characterization of
passive deployment precisi@amd post-deploymenstability canlead toimprovements in passivperformance and
can enable the use of efficient and low-cost active cosyreems. Th@resentresearctprogram can beiewed as
an effort to enable the design of precision deployable structures which are very low in cost because they incorporate a
reasonable combination of passive precision and active control.



MICRODYNAMICS OF PRECISION DEPLOYABLE STRUCTURES

The word "microdynamics" is ordinarily associated with a broad class of nonlinear structural dghandimena
with response magnitudes at or below the microstrain Igwel 10° times acharacteristicdimension of the
structure). By definition, microdynamics are nonlinaaddifficult to modelanalytically. Furthermoregxperience
has shown that the inherent uncertainéiesociatedvith microdynamicdeads directly touncertainty in the post-
deployment stability of a structure.

Perhaps the first question which one might ask regarding microdynamittidow cannonlinearities arisavhen
motion becomes small?"This question follows from théct that the nonlinear terms in thgeneral governing
equations of solid mechanics beconmegligible asdeflections becomemall. However, these governingguations
consider only geometric and material nonlinear effects which, by definition, are negligible for small motions.

For sub-microstrain levels ahotion, the usual assumptionsedfor classical mechanics models of structures
and materials are questionable. Generally, classical mechanics models exclude inhomogeneousfimettiéad .,
intercrystalline slippage in metals, or fiber-matiigbonding incomposite materialdnd non-conservativénterface
mechanics (e.g., sliding, yielding, and creep that happens in friotenfaceswithin the structure). Experience to
date indicates that non-conservative interface mechaniegithin deployment mechanisms dominates the
microdynamics of deployable structures at the tens of microstrain level down to the nanostrain leveurrénily
theorized that inhomogeneous material effects dominate the microdynamics of structures at sub-nanostrain levels. In
any event, it is important teealizethat the usual assumptions for classit&chanics models fail tmclude the
effects which dominate the microdynamic response of deplogabietures. However, it imcorrect to infer from
this observation that microdynamic response is purely random and unpredictable.

Dominant Microdynamic-Response Effects

While our understanding and observations of microdynamic nonlinearities are incompletardisereraleffects
which we currently know can affect both deployment precision and post-deployment stability. The peffextsl
of microdynamics which have beebserved to date arthe phenomenaeferred to as'microlurch” and the
"equilibrium zone" (Warren 1996). Microlurch is a residual change in the shape of a deployed structuceeuinich
after a dynamic transiembotion, andthe equilibriumzone isthe variability of adeployedstructure’s shapdue to
random microlurch response. Hence, equilibrium zone is a measure of the deployment stability of the structure.

Microlurch has been seen to occur in response to dynamic forces, such as impulses batieviedsto occur in
response to quasi-static thermal loading, although no such occurrences haweehsared to dateCurrentmodels
predict that microlurch is caused by a release of strain energy that is built up due to frictional interactions within the
joints and latches of a deployed structure. Microlurch behavior can be either random or prodepssigimg on the
state of the structure prior to loading. Specifically, it basnobservedhat justafter deployment, microlurches
tend to beprogressive such thauccessive microlurches accumulat® a net,quasi-stable, shape change of the
structure. In other words, @ppeardhat structuresend to changéheir shapeslightly after deployment taelax
internal stresses built up by the deployment process. After structures have undergone a post-deployment, progressive
microlurch, subsequent microlurching responses tend to be random but bounded in magnitumeinddrg ofthis
random microlurch response is the equilibrium zone of the structure.

Repeated deployment and stowage tests of precision deployable structurshdvawethatdeployment precision
might be an order of magnitude worse than post-deploystabtlity oncethe structure hamicrolurched towithin
its equilibrium zone. The most important implication of these observations is that the equilibriangeometry,
andNOT the initial deployedshape determineghe post-deploymergtability. Furthermoredatasuggest that it
might be possible to design deployed structures with post-deployment stabilities to better than paenphidn
of the overall dimension. However, it is also important to realize that all data to date hawetasiirom ground
tests, and the effects of gravity on the deployment repeatability and post-deplayatditty of precisionstructures
is currently unknown.



Affect of Microdynamics on the Problem of Active Control

The existence of microlurching and an equilibrium zone, as opposed to a single equilibrium geometry, establishes
the need for quasi-static shape control and possibly high-bandwidth active control for applications in which precision
requirements aremaller than the size of the equilibrivroneitself. To complicate the implimentation gtiasi-
static shape control systems, the possibility of repeated microlurching of the structure implies that qusisageatic
adjustment might have to be repeated after fairly short intervals of time.

To complicate the implementation bigh-bandwidth active shammntrol systems, theuddenrelease oftrain
energy during a microlurch has the potential to excite ffigtjuencystructural dynamics whichanfall outside the
practical bandwidth of an active control system. It is perhaps this aspect of microdynamics which is most troubling
to the developer of active shape-control systems. For example, $page-basethterferometersequirenanometer
stability up to at least 1,000 Hz, but the nomiaative controlbandwidth istypically limited to severalhundred
Hertz. If a microlurch occurs durirtpe formation of an image aluring an astrometric measurement, itlikely
that the instrumenivould need to beealignedandthe measurement began agaiRersistent events of thiype
would directly limit mission science data.

Microdynamic Test Methodology

Microdynamic testing is unlike conventional dynamic testing in thiatodynamic-response phenomeyassess
random attributes thaian beeasily confusedwith randomnoise in the test setup. TH@damental challenges to
performingaccuratemicrodynamictestsare: 1) tocontrol the environmental influences tteae often neglected in
macroscopic tests but which are significant systenstiars atmicroscopic or nanoscopic levels; 2) to resolve the
microdynamic mechanicwith "multiple witness" sensors withanometerand nanostrain resolutionand 3) to
isolate particular mechanical effects of the test apparatus from the mechanical effects of interest.

At the University of Colorado, a new faciligndassociatedest methodologiefiave been recentlgeveloped
which enable nanometer-resolution measurements to be made of microdynamic phenomena. The "Thermal Acoustic
Stabilization Chamber" (TASC) is Zrmeter cube enclosing aptics tablemounted on vibratiorisolation legs.
The walls of the chamber are shielded for passive acoustic attenuatiareamlilated by approximately 10 inches
of styrofoam for thermal isolation. Tests in the chamber typically achieve 6 micro-g vibrationdedaisur-long
milli-degree Kelvin thermal stability. Additionally, the facility includes high sensitivity, lightweight
accelerometers, a nanometer resolution laser interferometer, and picostrain resolution strain gauges. In particular, the
laser interferometer measurement path is encloseedtaethe effect of variations in theindex of refraction inair.
The net result is approximately 2ranometers of resolution feamplingrates ranging from quasi-static to many
10's of kiloHertz. Such a performance level was previously only possible in a vacuum.

Microdynamic Testing of a Prototype Deployable Telescope Metering Truss
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FIGURE 2. Deployable Telescope Metering Truss.

Warren(1996) presents results from tests adeployable telescopmetering truss (Fig. 2) whicimcorporates
four precision revolutéi.e., hinge) jointsand one end-of-deploymentatch joint. This testarticle represents a
portion of a metering truss thabuld support onaeflector panel in asegmented telescopairror (e.g., one of the
six perimeter panels shown in either Fig. 1(a) or 1(b)). The metering truss is approximately 1.2 m in length, and
exhibits deployment precision of approximately 20 microns in gibsition of theoutboard nodes.Results from



microdynamictesting indicate that the structure microlurches up to approximately 10 microns in response to
transientdisturbances subsequent to deployment. Howelerstructure consistently settlesto an equilibrium
zone of approximately 2 microns in size after progressive microlurching from its initial deployed condition.

Stick-Slip Friction Model of Microlurching

Analytical results presented from a simple two-degree-of-freedom raadgkst that microlurching is amtifact
of stick-slip instability due to loattansferthrough friction(Warren1996). Since both the revoluj®ints and the
latch joint possesmechanical interfaces athich load is partially transferredhrough friction, it is plausible that
these mechanisms are responsible for microlurching in the deployable telescope metering truss.
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FIGURE 3. Simple System Model from Warren (1996).

The simplified model used by Warren is shown schematicaliign 3 with model parameterdescribed inFig.
3a. Inthese analyses, the simplified model was used to simulate a single degree of freedagnaintfeeresponse
of the deployable telescopmetering truss shown ifrig. 2 (i.e., vertical motion of anoutboardjoint). The
parameters of the simplified model represent modal parameters of the truss (e.g., modal masses and sdifiresses)
than physical parameters of the truss (emtember masseandstiffnesses). For thesiynamic-response analyses,
the model can be interpreted to represent a linear oscillator coupled with a nonlinear oscillator as $hgwBhn
The nonlinear oscillator exhibits stick-slip instabilitidse tothe Coulombic friction elementTheseinstabilities
give rise to microlurch motion in the total system response.

The analyses presented by Warren (1996) using this model closely agree with his egtqresimeentaldata on
the microlurching response of tldeployable telescopmetering truss shown iRig. 2. These analyseinforced
laboratory findings that microlurching imndomand possibly chaotic(i.e., deterministicbut highly dependent on
initial conditions), and dependent on excitation energy. The correlagioveen experimentaindanalytical results
strongly supports the notion that microlurching is caused by stick-slip interactions within the structure.

MICROMECHANICS OF DEPLOYMENT MECHANISMS

As a consequence @dssonsearnedthrough microdynamictesting ofdeployablestructures, new high-precision
deployment mechanisms have besaveloped, andubstantialmicromechanical response experiments hiaeen
performed. Specifically, numerous tests have been conducted to quantify the hysteretic responsdepildlyeseant
mechanismaunder loadcycling, and efforts have beemnade to correlate these measuredresponse resultsvith
analytical results from models of frictional interactions within the deployment mechanisms.

Precision Revolute Joint Concept

Early in thisresearctprogram,andwith very little a priori knowledge ofthe relationshipbetween nonlinear
response behavior in joints and dimensional instabilities in structures, NASA LaegegrctCenterdeveloped a
revolute (i.e., hinge) joint concept with the hope thawduld function well as a precision deployment mechanism
(Lake et al. 1996). The joirtoncept wadased orthe simple premise that nonlineaechanical responseithin
deployment mechanisms is thendamentalimitation to post-deployment dimensionstability in amechanically
deployable structure, and therefore, a precision joint is one which responds LINEARLY to load cycling.
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FIGURE 4. Linear Revolute Joint.

The revolute joint concept (Fig. 4¢presents aubstantialdeparturefrom conventional pin-clevis jointlesigns
in that it incorporates a precisiopreloadedangular-contacball bearing to allow rotatiotinstead of asimple pin.
The bearing is internally preloaded to eliminate freeplay, and the bearing diameter is maximized to minimize stiffness
changes due to nonlinear interface conditions between theahdlise races. Earlytests of the jointndicatedthat
its load-cycle response is very nearly linear with less than 2% hysteresis under quasi-static load cycling.

Hysteretic Response Testing

Substantial efforts have been made to characterize the hysteretic-response behavior of the precisigoirgyolute
and to correlate this behavior with predictions from analytical modEtsee separatstudies have investigated the
hysteretic load-cycling response thfe precision revolutgoints. Lake etal. (1996, 1997)resentedesults of
extensional load-cycle tests conducted over a wide rantpadtyclemagnitudes. Bullock (199§)resentedesults
of extensional and rotational load-cycle tests conducted at low load-cycle magnitudes.

InstrumentatiorandTestProcedures.in each of these experimental progragreatcarewas taken to minimize
noise and hysteresis in tiead and displacementnstrumentation inorder toensureaccurate characterization of the
hysteretic response of the specimens. In particular, fiber-optic displacement trang@uearsednstead of electro-
mechanical displacement transducers bec#usefiber-optic instruments exhibit no hysteresis in their response.
Also, the load cells used were calibrated prior to testing to ensure that their hysteretic response was insignificant.
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FIGURE 5. Typical Load-Displacement Response from Precision Revolute Joint.

A typical load-displacement response from thiests ispresented irFig. 5 (Lake etal. 1997). Theaw (i.e.,
unfiltered) response igresented irFig. 5(a), andthe corresponding raviysteretic responsflerived bysubtracting



the best-fit straight line from the total response) is presented in Fig. 5(b). These data illustratediptatte@ment
data possess more noise than the ietd,andthis noise is of digh-frequencynature. Consequently, substantial
efforts were madeduring thesedests to filter thaedisplacementiatachannelsand to improve the resolution of the
displacement measurements. Several numerical filtardgveragingprocedures weremployed duringhese tests
and the results are presented in Fig. 5(c). Compdigg. 5(b) and5(c), it can be seethat thedatafiltering and
averaging procedures effectively reduce displacement data noise by more than an order of nieayviiigdafiltered
displacement measurement resolution of approximately 25 nm.

GeneraResults. Results presented in the three references (Lake et al. 1996, Lake et ahritt®ljock 1996)
from extensional load-cyclesting of the jointindicatethat hysteretic response varidgimmaticallywith load-cycle
magnitudeandinternal preloadwithin the joint. For exampledatafrom Bullock (1996)indicate that thejoint
exhibits negligible hysteresis iesponse to low-magnitudead cycling (i.e., below 24 N (5 lpin load-cycle
magnitudeand approximately 200 nm of totadeflectionresponse). Data frorhake etal. (1997)indicate the
hysteretic loss of the joint increases monotonically Witid-cyclemagnitude and can reachvalues of 1 to 2% for
some specimens. Together, these resulticate that friction-induced micro slippage between the internal
mechanicalcomponents of the joint essentially vanishes at load-cycle magnitudes. Therefore, within the
limitations of thepresenttests, the joint exhibitperfectelastic response to quasi-stdtiad-cycling atthese low
load-cycle magnitudes. The broader implication of this result is that structures incorporatingititesihould be
elastic and dimensionally stable if disturbance forces are small.

Data from Lake et al. (1997) also indicate that hysteretic energy loss occurs in BO@htythar-contact bearing
that allows rotation of the joint, and the press-fit pin that is used to affect final assembly of tiieegiiy. 4(a)).
This result might be counter-intuitivdue tothe fact that the press-fit pin islesigned to be &ighly preloaded
interface that woulddcommonly beexpected tcexhibit aperfectly elastic response tad cycling. Based onthese
data, it appears likely that nonlinear microdynamic response would even be a problem in heavily preloaded structures.

In addition to extensionalload-cycletesting, Bullockconductedrotational load-cycletesting of theprecision
revolute joint. The motivation for these tests wasitderstandhe nature of the hysteretic response ofjtiets
under rotational motion, and to study the effects that this hysteretic response might have on deppgatabtity
of structures incorporating the joint. The primary result of Bullock’s rotatioadtcycletests is that, unlike the
case ofextensionalload cycling, the joint exhibitsmeasurable hysteresis fall load-cycle magnitudesduring
rotational load cycling. In other words, tjwnt fails to beperfectlyelastic in response to rotatiodahd-cycling
and structures incorporating thesgeints should beexpected toexhibit somedegree ofdimensional uncertainty
between successive deployments (i.e., error in deployment repeatability).

Hysteretic Response Analyses

Hachkowski (1996xorrelatedBullock’s rotational-responsdatawith an analysis of the frictionaksistance of
the bearing to rotation. Hachkowski's analysid&sed orthe Todd-Johnsortribological friction model ofrolling
resistancewithin ball bearings(Todd andJohnson 1987)and includesthe effects of Coulombic micro-slippage
between the bearing components and material hysteretic damping. His anatigsislépedising nondimensional
parameters to descriliearing preloadgeometry,and material properties, a formulation that facilitagegrametric
analysis and design optimization. The significant contribution of Hachkowski’'s work is titatrelatedanalytical
predictions ofrolling resistancewvith experimental dategnddemonstratedhat the error betweerthe predicted and
actual friction torques is within the uncertainty of the properties of the bearings.

More recently, Hachkowski has extended his analysigredictthe effects ofmicro-slippage on the response of
the revolute jointunderextensionaload cycling. Preliminary results from this workdicatethat the Coulombic
micro-slippage between the bearing components leads to hysteretic loss effects similarftautitbsgperimentally
by Lake and Bullock. Furthermore, Hachkowski kamonstratedhat eventhe simplified frictionmodel presented
in Fig. 3 predicts, qualitatively, the gross hysteretic-response behavior seen in the precision revolute joint.

The general conclusions of analyses to datghat: 1) hysteretic losses within the revolidet are caused by
localized friction-inducednicro-slippage betweethe interfaces ofthe variousmechanicalcomponents within the



joint; and 2) these effects can be represented qualitatively FOR MOST, IF NOT ALL, PRECISION DEPLOYMENT
MECHANISMS by the dual-load-path model suggested in Fig. 3.

DESIGNING HIGH-PRECISION DEPLOYMENT MECHANISMS

The generalconclusions from Hachkowski's analysean be applied to develop genemaes for thedesign of
high-precision deployment mechanisms. Specifically, since hysteretic response under load cyaliisgdsbyload
transferthrough friction atinterfaces betweelvad-carryingcomponents within the mechanism, it follows that a
general principal to be applied in the design of high-precision deployment mechanisms is tahddsigm-carrying
mechanical interfacesuch that minimalload is transferredhrough friction. Tounderstandhow this design
requirement might be met in practical designs consider first how friction develops at an interface.

Load Transfer Across Mechanical Interfaces

Under the action of externallypplied loads, internalload paths develop betweerthe variousmechanical
components of a mechanism. As load is transmitted between adjacent mechanical comptarausstresses and
localized material deformationsre developed. The interface stressesand deformations can belecomposednto
normal andtangential (i.e.shear)components adepicted inFig. 6. Load transferthrough normal stress at the
interface involves no friction and is thus elastic. However, load transfer through shear stress at the interface involves
friction, and can thus be hysteretic (iiaglastiq if slippage occurs.
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FIGURE 6. Interface Loads Between Two Mechanical Components Within a Deployment Mechanism.

The simplified modepresented irFig 3 to explain microlurchingesponse caalso beused toillustrate this
dual-load-path behavior across an interface (Fig. 3(€})is model indicatehow an externallyapplied load, F, can
be divided into elastic (i.e., normal) and inelagtie., tangential)load path components fdoad transfer across the
interface. The elastic load path involves only a single elastic elemewthikh transmits the normal component of
the externallyapplied load. The inelasticload path includes an elastielement, k, which transmits theshear
component of the externally applied load from the point of application to the interfaceint@feeceportion of the
shear loadpath isrepresented by a secoethstic element, k in parallelwith a friction element,uN. This
subdivision of theshear load athe interface accountfor the fact that some of theshear loadi.e., in areaswhere
slippagedoes nobccui) is transferredacross thenterfaceelastically, whereassome of theshear loadi.e., in areas
where slippageoesoccu is transferred across the interface inelastically.

General Design Rule

To minimize the potential for inelastic load transfer, and thus to minimize the possibility of interface slippage, it
is desirable to minimize shear stresses atiritesfaces between mechanica@mponents within the mechanism. A
number of factorsaffect the interface stress distributionbetweentwo elastic components in contact, and
understanding which of these factors lead to the development of shear stresses at the interface is a critical step towards



developing guidelines fahe design of mechanisms whighinimize interface sheastresses. However, general
rule that can be applied is:

to minimizeinterfaceshearstressesandthe possibility ofmicro-slippage,minimize locally the
tangential stiffness in the region of the interface (i.gin lEig. 3).

In the case of the precision revolute joint presented in Fig. 4, the nuneterfaces betweethe ballsand the
raceswithin the bearings exhibitminimal local tangential stiffness by virtue of tliact that the balls are
kinematically free to roll. Hence, ball bearings are inherently good mechanisms for high precision applications.

Conforming Versus Non-Conforming Interfaces

Practically, thisgeneralrule discourageshe use of‘conforming” interfaces(i.e., interfaceswhose geometries
match over a relatively largarea). Conforminginterfacesinvolve large contact regionwithin which it would be
very difficult to reduce or eliminate local shear stiffness. Conversely, non-conforming interfaces (e.goearlve|
against a race) involve relatively small regions of contact, ldnding themselves to local elastic tailoring of the
structural design adjacent to the contact region to reduce shear stiffness.

CURRENT RESEARCH THRUSTS

During the pastthree years,ithe presentresearchprogram hasresulted in substantial advancements in
understanding the problem of high-precision deployment. As a result ofatiemecements, it inow possible to
design deployable structures that exhibitrodynamically stable behavior (i.e., dimensional stability to the level of
parts permillion). To further advanceour understanding otthe nonlinearmicrodynamics of these precision
deployable structures and to enable active control of their geometries to the level pephailtton, a number of
new research thrusts have been recently established.

Inhomogeneous Material Effects

As mentioned previously, inhomogeneous material effects, such as intercrystalline slippagal& orfiber-
matrix debonding incomposite materials mightave a significaneffect onnanostrain-level response in precision
structures. To begin investigating these effects, thermal and mechanical stabilityatestseerconductedrecently
on a low-CTE composite strut developed for application to optical metering structures. tétesere performed
in the TASC facility at the University of Colorado, and wdesigned tdsolate nanostrain-level nonlineggsponse
similar to microlurch. Specifically, the response of the strut to gradually varying thanchadechanical loads was
interrogated for occurrence of sudden high-frequency events such as acoustic emissions.

During these tests various combinations of axial and thermal loading were applied to thedstsuextensional
response was measured to nanometers of resolution. For extensional stress up tenfpersiture changes up to
2(° C, andextensional strains up to 250 nanostrain, the test spechwmedbenign monotonic response to
variations in loads with no evidence of the acoustic emissions.

The Effects of Interface Preload on Micro-Slippage and Load-Cycle Hysteresis

A common misconception regarding the design of deployment mechanismspretbadiprevents slippage in a
joint or latch if theload doesmot exceedthe Coulombiclimit. In fact, recenttest resultshave shown thatthis
notion is not the casendthat significant presliding slippage (also known as microstipfurs in preloaded
interfaces. Preload therefore does not mitigate microdynamic effects.

To investigate the phenomenon of microslippage acrogwelwadedinterface, and to develop a better
understanding of the relationship between interface prelnddicrodynamic response effedsch as microlurch, a
new test apparatus has been constructed recently at the University of Colorado. The objectiepphithiss is to
test the nanostrain-level response of an interface across which load is being transferred through friatiaie, o
data have been found in the literature to describe such behavior, and the presenigestias denchmarkeffort
in this area.



Systematic Methodology for Spatial Localization of Microdynamic Events

An effort is currentlyunderway to develofest andanalysistechniques tdasolate the “origin” ofmicrodynamic
events within deployable structures (i.e., the specific joint within the structure which is microslipping). In support
of this effort, microdynamictests will beconducted on grototype deployable reflectotruss and a deployable
interferometer boom. The microdynamic response of these structures to a variety @nstdyicamicthermal and
mechanical loadare to be studied atanometemresolution. To isolate the origin a@hicrodynamicevents, the
measured response will be compared witheictedresponsegeneratedising linear models. An importafdature
of this approach ighat it alsoincludesthe "microdynamic error" in anathematical form which is convenient for
control system design.

On-Orbit Microdynamic Experiments

One of the most critical questions in microdynamic research is the effect of gravity (in bothajaimsterials)
on the microdynamic response dftructures. Toanswer this question, the MicronAccuracy Deployment
Experiments (MADE)facility is being developed. Intended aspermanent facility on the Internation&8pace
Station, MADE is scheduled for installation in 2002. It is being developed as part of NASA's EngifReseagch
and Technology (ERT) program. ThHwoadgoal of MADE is toprovide acapability to performmultiple, long-
duration microdynamic experiments on-orbit, and to correlate the on-orbit test vesiulground measurements to
determine the effects of gravity on microdynamic behavior.

Defining Passive Limits for Deployment Repeatability and Post-Deployment Stability

NASA LangleyResearctCenter is currently planning the design, fabricatiamg testing of a2.1-m-diameter
deployable lidar telescopmirror testarticle for ground microdynamitesting (Fig. 1(b)). The tesrticle will
incorporate recent advancements in precision deploymenhanismsandrecent advancements in low-areal-density
and low-CTE composite reflector panels and structures. The test article is intended to help dgfiaetitadlimits
of passive deployment repeatabiliyd post-deploymenstability. Therationale for selecting #dar telescope
application as the focus of this testticle design effort ighat the dimensional precisiaequirements fotidar
telescopes are on the order of partsmiélion - a level that might battainable without the use aftive control.
Current plans are for the test article to be completed and the microdynamic testing to begin during 1998.

SUMMARY

Prior to the presenesearctprogram,experience indicatethat traditionaldeployment mechanisms inherently
limit the dimensional stability ofleployable structures tihe level of approximately one millimet&ver a one
meter span (i.e., dimensional stability to pgmsthousand The presentesearctprogram hagesulted in general
guidelines for thedesign of high-precision deploymemtechanismsand tests of prototypedeployable structures
incorporating these mechanisms hamewnmicrodynamically stable behavidr.e., dimensional stability tgarts
per million). These advancements have resuliemin the identification of numerouseretofore unknown
microdynamic and micromechanical response phenomenad the development of newtest techniques and
instrumentation systems to investigate these phenomena. In additiorhaestseen begun recently to investigate
thenananechanical response of materiafgdjoints and todevelop an understanding tife nonlineamanalynamic
behavior ofmicrodynamically stable structures. The ultimate goal of these efforts is to eratm@recision active
control ofmicro-precision deployable structures (i.e., active control to a resolution of patiglioar).
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