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The In-Space Telescope Assembly Robotics (ISTAR) project has pased an architecture
for a large robotically-assembled telescope in space, comprised of many deployable truss
modules. The truss modules are based on the Pactruss deployment scheme and are equipped
with Rolamite tape spring hinges. Fabrication and assemplerrors that arise from bulk
manufacturing the modules may make the deployment unreliableA simulation toolkit has
been developed to characterize thedeployment behavior of themodule in the presence a$uch
errors. This paper first outlines the detailsof the toolkit, including the truss model, the
Rolamite hinge model, and the simulation methodologyit then describes the experiment
designed tovalidate the toolkit. A module was constructed andleployed while tracking the
displacements of a select nodand the rotations of the Rolamite hinges. The measured shape
of this module was recreated in the simulation modelnd the same parameters were obtained
It was found that the experimental and simulated nodal displacements matched within 10%.
The experimentl hinge behavior was generallycaptured in the simulation, with some
discrepanciesin the latching of one hinge The possible causes for the discrepanciemd
ongoing work to improve the resultsare discussed in the paper.

Nomenclature

deployed module hexagonal side length

deployed module depth

folded module side length

member outer diameter

member wall thickness

Youngbés modul us of member materi al
density of member material

member centerline distance of Rolamite tape spring hinge
pivot pdnt distance of Rolamite tape spring hinge

critical angle of Rolamite hinges

switch variable defining Rolamite hinge profile

moment provided by tape spring hinge

rotation of tape spring hinge

number of cases

reliability
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I. Introduction

UTURE astronomical studiewill require extremely large optical space telescopes in order to image-&aeth
exoplanets or study the first staf$iere is aninherent size constraifdr large primary apertures in spapesed

y
I

by launch vehile payload fairings, whicban be bypassed lxy-space assemhlfreasible assembly strategies can be

achieved with a modular approach, dividing the support strucfuhe optical reflectointo a series of repeating truss
modules that fold compactly ftaunch and are deployed and connected on bytatrobot Optical telescopes require
precision on the level of nanometers, and withike use ofictive optics can relax thigyht tolerance, theleployable
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modules musbe able taeliably unfold to thecarrect shape in order to avodlistortions in the assembled structure.
Even smallfabrication errors in the truss module members may compound to hinder deployrepioyment
reliability is thus an important parameter that must be quantified in orderataigisthe feasibility of the missiah

In this context, reliability is defined as the percentagemofiules with unique errodistributions that deploy
completelywithout any kind of failure (e.g. hinge failing to latch or a node largely out of place).

One architecture for a large modular optical reflector utilihesassembly robot to depl@ymple and passive
modulesequippel with Rolamite tape spring hingé¥he deployment scheme of the module is based on the Pactruss
developed by Astro Aerospace Corporatimmd NASA Langley Research Centefo optimize the design of the
module, the following questions must be answered:

1 How dodesignparameters, such as member diamdiege stiffnesswall thicknessand material, affect
deployment reliability?

1 What kinds of errors, such as member length errors and joint misalignments, are most detrimental to
deploymenteliability?

A purely experimental approach to answering these questions would entail the kanlditegting of hundreds of
modules with varying erradistributionsto obtain a statistically significant reliability estimalénis costly and time
consumingprocess can be mitigated with approach baseoih numericalsimulations.In this research, simulation
toolkit has been developgdsinga combination of Python aritle finite element software package Abadhat can
reproduce the deployment behavior of a Pactruss module in the presence of bisquaper outlinethe details of
the toolkit, sarting with the simulation model, which includes the complicated nonlinear behavior of the Rolamite
hinges.Possible types of errors that may be present in a physical module are discussed, as well as how those errors
can be included in the simulation model

This paper alsaescribeghe experiment performed to validate the simulations. Two modules were built to the
same nominal specifications. Their precise shapes were measured, yielding bounds on the magnitudes of errors that
may be introduced by this mafacturing process. One module was then attached to a motor that actuated a slow,
controlled deployment. Select nodal displacemantkshinge rotations were measured. The actual shape of the module
was reproduced in the simulation model, and the experaher@asurements were compared with simulation results.
The comparison showed good agreement in nodal displacements but some discrepancies in hinge rotations. Further
work is being done to builchore fidelity into the model.

Once the experimental validatids satisfactorythe toolkit can be used to simulate the deployment of many unique
modules with errors randomly selected from distributions bounded by realistic manufacturing specifications. The
geometric parameters of the module, the types and magmitdiderors appliecandthe deployment method can be
easily adjusted to perform extensive trade studies and optimize the dEls@ymgh only the Pactruss module is
considered in this resear@ny deployable truss geometry can be analyzed simply by gipgdihe endpoints of the
members and the behavior of the joints. Thus, the toolkit can provide critical reliability estimates for asgdégge
modular assembly mission.

Il.  Structure Details and Simulation Toolkit

A. Truss Module

Figure 1. Padruss module deployment

A Pactruss module has 39 migersin total, of which16 fold in the middle. Each michember hingés a Rolamite
tape spring hingeyith properties discussed ie&ionlIB. In thestowedconfiguration the moduleesembles folded
umbrellg with joint offsets that allow every membierbe vertical A diagram of the deployment is shownHigure
1. A robot deploys the module by holding two opposing vertical members and controlling the rate at which they move
apart.The module can setfeploy with only spring actuation, and e robot worksagainst the tape spring hinges
for a slow, quasistatic deployment.



Figure 2. From left to right: 1/6th wedge section in folded configuration, 1/6th section in deployec
configuration, tessellation of 1/6th sections to recreate full module. Dashed outlines indicate thhetsection
is mirrored with respect to a horizontal plane.

The modulebehaviorcan be initially studiethy considering a 1/6fiwedge section, whichis tessellated as shown
in Figure2 to recreatehe full hexagomal module 0 is the side lengtlof the deployed modul@ndOis the depthof
the deployed mdule The dimensiom is the @de length of the folded modyle measure othe stowage profile
compactnesdn the figurethe tape spring hinges amearked in red.

Dimensions not shown include:

. ‘Ohthe outer diameter of thebularmembers,

§ ohthe wall thickness of the members,

T O the Youngds modulus of the member material,
1 and”, thedensity of the member material.

The finite element software pkage Abaqus/Standaid used for all
simulations* In Abaqus, he members ar@odeledasbeam elements. Joint
offsets(shown in orange ifrigure2) are created using rigid baathat are
fixed to the vertical membem one side and connected with a revohite
joint (1 rotational DOF, no elasticityd the other membem the other side
The model of thé&kolamitetape springéinges is dexibed in SectionlB.
Factors like gravityandjoint massesreincludedas necessany recreate
physical scenariogAt this time, friction and compliance in the joints are
assumed to be negligible

Figure 3. Rolamite tape spring
hinge. B. Rolamite Tape Spring Hinge Model
A Rolamite &pe sping hinge shown inFigure3, consiss of a pair of steel
< measuring tapseectionsattached tdour circular camghat are restrained
» to roll on each other, allowing only one rotatiodaefree of freedont.hey
I S A canfold compactly ad then snap into stiff configuration upon unfolding
—ak The approximate momembtation profile of aRolamite hingas shown in
7} Figure 4. 1t is divided into two regions: prlatching and latchingThe
rotation angle—is defined to be 0 when tténgeis completely folded and
> “ when it is completely unfolded. As tlenge unfolds and—increases,
v the momenfollows the curve definely the prelatching regionWhen the
Figure 4. Approximate moment  critical angle] “(in radians)is reached where| is a constant close to
rotation curve of a Rolamite tape  ynity, the momentjumps to a much higheralue (three orders of
spring hinge. The prelatching  magnitude) then decreases along a line to 0 wherf radians Kinetic
region is shown in blue and the energy mayrotatethe hinge beyone— *“, at which point the moment
latching region in orange. becomes ioreasinglynegative,driving the hinge back to the unfolded
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state. Théningemay continue to oscillate arourd *“, butthemoment will still followthelinear profilethat defines
the latching regiomintil anyremainingkinetic energyis dampec

Figure5 shows the kinematic model of the Rolamite hingee two key dimensions arngthe distance between
the centers of the circular piecestwice the radius of curvaturand* , the distance between the attached member
centerlines when the hinge is folded. Other dimensions that affect the hinge betadwiethe distance betwedhe
edges of the tape sectioasd the length of the tape sections between the attachment pbimtsinge is modeled by
creating nodegd and, where the member centerlines attach to the Rolamite pieces, and coinciderth nades
& aat the center of one curved section anéndo aat the center of the other cudveectionIn Abaqus, the degrees
of freedom of two nodes are linked with connectors. Hinge connectors create a siDfple Hinge between two
nodes with an axisfaotation defined by setting a local coordinate systéwo hingeconnectorsink @ to & aand
AR TN eeespectlverThe rotations of the connectasedefinedto be equal in magnitude and opposite in sign. Rigid
beams conneab to ¢, () a0 G seand® ako ) .
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Figure 5. Rolamite tape spring hinge kinematic model.

The momentotation behavioof thehingeconnectors can be described as a piecewise function basesvidara
variabled  , such that th@relatchingportion of the profile is followe whend is equal to 0 and the latching
portion is followed wher is equal to 1The switch ind occursthe first time the rotation in the connector
exceeds the critical angle“and remains unchanged thereafiéris behavior is simulated ibaqusby ddining the
moment as a function of the rotation angland the field variablé with a lookup table. Wo customized user
subroutinegthat run in parallel to Abaquare requiredo set the value ob  : URDFIL and UFIELD.At the
beginning of the simulatior is initialized to zeroAfter every time increment, URDFléxtracts the—valueof
each connectaand feeds it to UFIELD, which determines whether | *“ Once this critéon is true, UFIELD sets
o} to 1, and Abaqus is signaled to follow that section of the moment table for the remainder of the simulation.

C. Possible Error Types

Figure 6. Graphical depiction of error types.

There are many ways in which the geometry and behavior of a physical modultevigtg from the nominal
design. Inthe toolkit, the following error types may be included

1. Node offsets: translation of nodesdny, andz directions.

2. Pin offsets: translation of pin locationsxny, andz directions.

3. Pin misalignments: nerero angle beteen actual pin axis and nominal pin axis.
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4. Tape hinge alignment errors: naaro angle between the normals of the two Rolamite halves.

5. Tape hinge centerline errors: valuefadifferent from nominal.

6. Tape hinge moment profile errors: moment provided by hinge at a given angle different from nominal.
The error typed-5 are graphically depicted figure6 and the coordinate systemHigure?7. While all of these error
types may be included in the model, only the node and pin offaetsbeernestedat this time.

D. Simulation methodology

The first step in the simulation is to create the mad#te stowed configuratiooy
specifying the endpoints of each member and the connectivity matrix, denoting v
connections ardRolamite hinges and whichare revolute pin joints. Errors can be
prescribed or drawn from a random uniform distribution, with bounds representati
realistic magnitudes for each error type. These ea@duilt directly into thenember
endpoint and joint axis definitions, méag the simulation has no knowledge of
nominal shapeConnectorsare defined to span the gap between the endpoints
connecteven if the endpoints includsrors. This means that there are no conflictir
dimensions and the model is unstressed aitreof the deployment, with the exceptic
of the momentsexerted by the Rolamite hingeGonstruction of physical modules
required little force to connect the membessiggesting that stresses caused
misalignments were negligibl@hus it is reasonaplassumed that such stresses can Figyre 7. Location of
ignored in the model. _ _ _ N fixed nodes (circles)

The module is deployed binposing a displacement boundary condition on gnq controlled node
controllednode In Figure7, the nodes marked with red circles are fully fideda static  (square).
step the node marked with a red squarerisved along the-axis for either a set
distance or until the net reaction forces inytfrection atthe fixed nodes are in tensidfor a module without errors,
the distanceto reach full deploymens 0 1. To mitigatethe instabilities associated with the discontiniitythe
Rolamitehinge moments, Abaqus is set to employ an automatic stabilization procedure that artificially damps any
large local velocitieshat may arise. The amount of applied dargps proportional to the extrapolated strain energy
released by the instabilitithe default proportionality constant in Abaqugis p 1t . For these simulation&, was
found by trying constants in the rangepoft top 1 thatavalue o pmt  was sufficient to remove instabilities
and complete the simulation without numerical errors.

E. Simulation results

As an example of the simulation resulsgure 8 shows some stages of thentrolleddeployment ofa model
without any errorssuch thathe nodes and members form a perfect triangular prism and all pin and hinge axes are
aligned with the face normalBor this example) O v TA landfj p @ I. The previously described boundary
conditions are applied, meaning thle controllednode marked with a squarés moved a distance @f 1 along
the y axis. Figure 9 shows thedisplacement of the node marked with a cincleFigure 8, as a function of the
displacementf the controlled nodelhis node is particularly useful feisualizing deployment behavior, because it
has bulk motion in all three directionEigure10 shows the rotations of the foRolamitehingesas they move from
fully folded (— 1t Jto fully unfolded — p @ jt 1 is evident from the inset that the two diagonal hinges latch at
the same timefollowed by the bottom folding longeron and the top folding longeron in close succession.

o

Figure 8. Stages of simulated controlled deployment.
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Figure 9. x, y,and z displacements of node irFigure 8 vs.y displacement of controlled node.
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Figure 10. Rotations of the four tape spring hinges shown ifrigure 8. Right inset magnifies the final

stages of deployment.

F. Reliability Estimation

To estimate the reliability of deployment, a set of analyses are performedimaddting the deployment of one
module with auniquerandomly chosen error distribution. Thinulationis determined to be a success if all of the

following criteria are met at the end of the deployment:
1 Alltape hinges are fully latched (have reached full rotation).

1 All nodes are within a set tolerancetbé&ir nominal positionas defined by the mission constraints
1 The reaction forceduring deploymenare within a tolerable levehs defined by the mission constraints

For¢ simulations in the analysis sethere¢ v Ttior statistical significancehe percentage of simulations marked

as successful, or the reliability; is recorded, with confidence intervél pgo@-Yp 'Y 8




lll.  Experimental Validation

A. Experimental Model
Experimental validatiorwas required to ensure that the simulations adequatapturerealistic deployment

behavior. Two key quantities were used as comparison measures between simulations and experiments: nodal
displacementandRolamitehinge rotations. This section describes the experiment moéelsurement techniques

and thevalidation results.

1. Truss geometry
Two physical modules were built from carbon fiber composite rods anc Table 1. Dimensons of

printed ABS plas_tlc joints. The nominal dimensions for both modules were experimental model.
same and are given ihable 1. In order todraw an appropriate compariso o o U GPa

between simulations and experiments, the actual, rather than nominal, gea N
of the modules needed to be reproduced as closely as possible in the simi ) p Y cEr
model.A specific kind of coordinate measurement machine calledraArm 0 U TTM
was used taneasure the shape of both modulasluding the locations of the 0 O TCM
six nodes, the offsets from the nodes of the 16 pins, and the axes of the. 1t

The same measurements were made for both the stowed and deg n p am
configurations.Figure 11 shows for the deployed modulg¢he average and 0 PP o TTM
maximum errorsin these measurements from the nomireed well asthe 5 & ¥ om

deformed shape superimposed on the nominal sfdaesults inFigure11

provide statistical data on the magnitudes of errors introduced in uus
manufacturing process, and will be used as the basislfability studiesin the future However, it should be noted

that the errors include not just fabrication errors in the modulealbatmeasurement errors by the FaroArm. The
FaroArm itself has a precision on the level of tens of micrometers, but the act of touching the arm to the module
deformed the module slightly, yielding a measurement error that was observaii¢ Quantified

The deployed shape is shown becaiise of greatest practical interesiowever, the simulation model wa
constructed in the stowed position using only the stowed position measurements. At this time, only the measured node
and pin locations were recredti® the simulation model. The pin orientations wegpt atthe nominal valuenormal
to the corresponding face of the perfect triangular prBoth modules were measured to obtain a larger statistical
sample size, but only the second module was usttiaxperimentpresented in this papéfrhe mas®f each joint
wasalsomeasured andhcluded inthe model, with gravity applied in the direction that ohats the experimental

scenario.
Average Error Maximum Error Average Error Maximum Error
Node locations 1.89 mm 7.07 mm Node locations 0.86 mm 2.73 mm
Pin locations 0.55 mm 1.73 mm Pin locations 0.92 mm 3.27 mm
Pin orientations 0.77° 1.49° Pin orientations 1.23° 3.84°
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Deformed shape magnified 5 times

Figure 11. FaroArm measurement results for module 1 (left) and module 2 (right). The nominal shape i
shown with blue joints and dashed members, while the actual shape is shown with red joints and sol

members.



2. Rolamite tape spring hinges
The four Rolamite hinges in each dude were

0.9 constructed vyith the same nom'inal dimgnsions.
0.8 The tape sections were commercially obtained and
Y the design dimensions were chosen to minimize the
£ 0'6 | size of the hinge while mainFaining a radius of
= 0'5 ‘ curvature large enough to avoid damabee tape
2 0'4 [ segtons were 7 cm long 'betwee.n attachment
= 0'3 " ‘ points, separated by a maximum distance of 1.33
' e y, cm. The distance between the centers of
0.2 TR il curvaturér), was 4.2 cm, while the distance
O'é G il 1 between member centerlings, was 2.6 cmThe

momentrotation profile of one hingewas
0 20 40 60 80 100 120 140 160 180 200 experimentallymeasuredy atachingeach end to
Rotation [deg] a geay such that a rotation of the gears caused a
Figure 12. (Blue) experimentally determined moment rotationin the hingeas show in the inset oFigure
rotation curve of a Rolamite tape spring hinge. Qrange) 12 The gears were equipped with strain gauges to
Analytically estimated latching curve that could not be ~Measure the moemt imparted by the hing&rom
Captured by experimenta| resolution. (|nset) the fU”y folded pOSition, the rotation of the hinge
experimenta| measurement system_ was incremented and the moment at each
incrementecordedThree tests were performed, as
shown by the markelis Figure12 The angle corresponding to each increment was approximately, but not exactly,
the same for the three tests, meaning that eachkrnrent has three angle data points and three moment data points.
The average curve shown in biseomprised of thmean angleand mean momestor every incremeniTheaverage
standard deviation of thiiree angle measurements across all incrementsii@&as, which gives a sense of the
resolution of the measurement. Similarly, the average standard deviation in the momesiowab.

Thisexperimental methodid not have high enough resolution to fully capture the latching retisnwvas instead
estimated analyticallyjusing methods discussed in Ref. 5. This analytical curve is shown as the orangé&ilyuzen
12. In the model, the moment discontinuously jumps from the peak of the blueataredtical angt off “ p x&p J
to the moment on therangeline that corresponds to the same rotation.

Even wherthe physical module was fulstowed, the hinges were slightly open due to misalignments and gravity
sagging For instance, the largest initial angle was appraxelyc® Jn the left diagonal hinge. Thaitial angles
were measured and the applied monretdtion curve was shifted accordinghythe model so that the rotation still
started aft &t the start of the simulatidrutthe critical anglelecreasedrhe shift was then removed for plots so that
| “was consistent for each hinge.

B. Experimental Setup

In the experiment, theecond of the two modules measured with the Farosasattached to a frame, as shown
in Figure13. Two points on one vertical membeererigidly fixed to the framewith load cells in line to measure
reaction forcedn thewaxis. The other vertical member on the face with the folding longevasfixed to a carriage,
which movel along a lead screw driven by a motdhe motor operatkuntil the net eaction force registered by the

load cellswere in tension. This transladeto a
Carriage carriage displacement of abaif cm, the value of
. 0 n.

The displacements of select nodes were
measuredn 3D spacey tracking fiducials on the
module and frame wittsteleo camera pair,as
shown inFigure14. Markers 3, 4, and 5 were used
to establish the coordinate system, with 3 defining
the origin, 5 defining they-axis, and the three
points defining they-z plane. Marker 5 was
attached to thearriage, and thus its displacement
in thewrdirection contrded the deployment.

Figure 13. Experimental rig design



The hinge anglesvere estimated from videos
startingat a carriage displacement of roughly :
cm, 7 centimeters from the end of the deployme
Only this stage was captured to minimize rig
body movement that magkew the anglesThese
videos were synchronized so that the time at wh
each hinge latched could be determinddgles
were extracted from the videdwy first manually
selecting the endpoints of the Rolamite secti
edges for a sparse number of framesd a
interpolating to compute approximate slopes of t
edges for each frame. Then, for every frame, Hot
transforms were applied to automatically detect a
edges’ The edges of the Rolamite sections we
thus the detected edges with slopes closest to
manualapproximationsTo estimate the precis
associated withthis process each hinge was

Figure 14. Nodal displacements tracked witha stereo
camera pair. (Inset) Hinge angles when tracking begins.

observed at a constant angle for some time. The angle was computed for each frame, yielding a mean and standard
deviation. For the four angles and four tests, the maximum standard deviatioBoyas

C. Resluts

Figurel5shows snapshots of the deployment during experiments. At stage 1, the masfuldy folded and the
motor begandisplacing the carriage along theaxis. The two vertical members on the back face maymrt from
each other, while the closer vertical member, starting from a high positiore downward and outward in the
and directions. At stage 6, the diagomdlamitehinges latched in quick succession, with the left hinge latching
slightly ahead of thether. In stage 7, the lower longeron hinge latched. Finally, in stage 8, the upper longeron hinge
latched and the module reached full deploym@&imilar behavior was observed in each of four experiments

performed.
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Figure 15. Stages of deployment experiment.
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1. Hinge angles

Eachplot in Figure 16 shows the rotations of all four hinges in one test, plotted against the displacement of the
controlled node. The hinges are labeled according to how they appEmune 15. A hinge is latched when the
rotation reachespproximatelyp @ radd becomes constafthis plot clearly shows that that two diagonal hinges
generally folloved the samepath until just before latching-he left diagonal hinge latchifirst. This action force
the right diagonal hinge uddenly open to an intermediate valnighlighted bythe blue dashed line, and maintain
this value fora shortime. For the four tests, this valuasp ¢ ¢ JpJ. Eventually the right diagonal hingéddatch,
followed by the lower longeron hinge atigenthe upper longeron hinge.

Test 1

150
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Displacement of Controlled Node [m]

Figure 16. Rotations of Rolamite hinges for four tests. The blue dashed line highlightsd steady portion of
the right diagonal hinge prior to latching.

Eachplot of Figure 17 shows the rotation of one hinge for all four tesite® simulationof the actual measured
module, and the simulation of the perfect modulepe with the nominal design pareters The results show
generally good agreement between experiments andebhsured module simulatiowith two notable discrepancies.

First, the upper and lower longeron hinges tended to latch later in the experiments than in the simulation. Secondly,
the simulation predicted that the left diagohaigewould not latch, but rather stay @pproximatelyp @& Jor the
remainder of the deploymenf.he simulation of the perfect moduldoes more closely match the longeron
experimental results, but is furthieom the left diagonal hinge results atides not capturtine prelatching behavior

of the right diagonal hinge.
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