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Executiv e Summary

In the nuclear industry there is a requiremen for remotely operated inspection
deviceswith a horizontal reach of 5 m that t inside accesgubeswith diameter
of 0.2 m, that are able to support a tip massof 2 kg plus a distributed massof
0.5 kg/m.

This report presens a review of deployable boom technologieswhich aims to
identify technologiesthat |if suitably deweloped| would have the potertial to
meetthe aboverequiremens. Fifteen di®eren technologiesarereviewed, of which
six are found to be potertially of interest. After a further down selection,it is
concludedthat two technologies|push chains and thin-walled booms| are the
most promising.

It is unclearif a single systemcan meetall of the requiremerts, but the selected
technologiesare seento be complemetary; the former being better suited to
short-read systemswith heavier payloads and the latter to long-reat systems
with lighter payloads. It is recommendedthat both technologiesbe further in-
vestigated.
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Chapter 1

Intro duction

The nuclear industry has a requiremert for a deployable \arm" to be used|
for example| as a remotely operated manipulator in an inspection system for
nuclear facilities. Key characteristicsof the required deviceare as follows:

2 Maximum length L yax = 5 m;
2 Attached at the root to a remotely operated tilting medanism;

2 Can support itself, plus a tip massof 2 kg and 0.5 kg per metre of cabling,
when partially or fully extended,and in all con gurations described below;

2 Fits inside a circular accesgube with a diameter of 0.2 m, in its retracted
con guration;

2 Can be fully recoveredin caseof failure.

Figure 1.1 shaws two typical con gurations in which the arm is to be used. Fig-
ure 1.1(a) shows a vertical accesdube, up to 15 m long and with a diameter of
0.2m; the tilting deviceattachedto the root of the arm cantilt up to 20* beyond
the horizortal, i.e. the o®-axisrotation angle p has a maximum value of 110"
Figure 1.1(b) shaws the secondcon guration, with a horizortal accesgube, up
to about 5 m long, and p |again, measuredrom the axis of the arm| anywhere
betweenO* and 45*.

Se\eral delivery devices,AB in the gure, already exist to position the arm, BC,
and the tilting medanism, B, at the end of the accesstube. Hence,the main
purposeof this study is to investigate possibledesignsolutions for the arm BC.

This report provides an overview of existing technology for deployable booms
that arethought to berelevant to the presen application. It is basedon a review
of referencematerial. Fifteen methods of deploymert are identi ed and brie°y
descried and documerted. Robotic arms with medanically cortrolled joints
were excludedfrom the presen study.



Access tube
fmin =0.2m
Lmax=15m

Access tube
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(@)

Figure 1.1: Schematic diagram of two accessschemes.

(b)




Chapter 2

Review

2.1 Telescopic booms

Telescopichooms, Figures 2.1 - 2.3, can be divided into two categories:trusses
and cylinders. In both casesthey are limited by the thicknessof the telescopic
elemerts, which must be nestedinto ead other in the stowed con guration.

To securesuzxcient sti®nessin the deployed boom, sutcient overlap between
consecutiwe elemerts is required, henceit is not possibleto achieve the maximum
theoretical length of the boom. The sti®nessusually decreasesvith deploymert.
The tip of the boom doesnot rotate during deployment.

Telescopichooms can be deployed either syndironously or sequetially, and the
deploymert/retraction can be cortrolled by various metanisms. Typical meda-
nismsare spindle-and-nut arrangemets [37], cable-and-pulleyarrangemets [37],
chain drives[23], pneumaticsystemd39], or useof a secondarydeployable/retractable
systemfor deployment/retraction of the main structure [19].

PULLEY
/

a) b)

Figure 2.1: a) Sequetial and b) synchronous deployment of telescopicmast [37].



2.2. FOLDING BEAM

2.1.1 Telescopic triangular or square truss

Telescopidrusses,seeFigure 2.2, are constructedusing conceltric truss sections
supported on rollers to allow them to move relative to one another. Steeltruss
structures are often used for larger applications sud as masts or antennas on
earth. The sizeand sti®nessof thesestructures dependson the application [39].

QIO

Figure 2.2: Telescopictriangular truss [39].

2.1.2 Telescopic cylinders

These are often usedfor various antenna sizesand small deployable booms on
satellites. They are constructed using concenric tubular sections. Materials
usedfor spaceapplications are typically aluminium alloys and CFRP. For earth
applications steel is typically used. The smallestdiameter is typically about 10
mm. Typical wall thicknessof appraximately 0.5 mm for spaceapplications [37].

Various systemshave been constructed using telescopiccylinders. From one of
theseit has been concludedthat for aluminium tubesit would be possibleto
construct thesewith lengthsfrom 5 to 25 meters,for spaceapplications [9,19].

Figure 2.3: Telescopiccylinder [39].

2.2 Folding beam

An otherwiserigid beamcanbe madefoldable by inserting oneor moretransverse
hinges. Deploymen and retraction can be cortrolled by turning thesehinges,ei-
ther by meansof a cable systemor by cortrolling the hingeswith motors and
gears.During deploymert, the tip of the beamdoesnot rotate around the longi-
tudinal axis. The structural integrity of the systemdependson the sti®nessand
strength of the hinges[11,39].

One spaceapplication of this type of beam involved the designof a 6 meter
boom with 3 hinges. It was constructed using GFRP menbers and Titanium
and Aluminium hinges. The boom was deployed using a tension cable[11].

4



2.3. ACTIVE/P ASSIVE CABLE SYSTEMS

Figure 2.4: Folding beam [39].

A patented robotic arm for inspection of nuclear steam generatorsalso utilizes
this type of stowage. The medanism primarily consistsof two beam elemelrts,
but the entire systemis highly complex[43].

Figure 2.5: View of inspection arm within a nuclear steam generator [43].

2.3 Activ e/passiv e cable systems

This type of structure is basedon a seriesof rods forming a pantograph, plus a
number of "passiwe" cablesconnectedto the joints of the pantograph. One or
more active cables,following specially chosenroutes along the pantograph, and
running over small pulleys, deploy and retract the structure. The passiwe cables
becomeprestressedn the fully deployed state, thus increasingthe sti®neswf the
structure. During deploymert the only load bearing structure is the pantograph,
whosesti®nessis considerablylower. So far three models have beendeweloped
using this system. Two are basedon three dimensionalpantographs and the last
on foldable octahedra, neither of them shaw any rotation of the tip during deploy-
mert. The performanceof thesestructures can be predicted using computational

5



2.4. BOX BELLOWS

methods [33].

{a) (b)
Figure 2.6: Simple two-dimensionaldeployable structure shawving the use of active and

passiwe cable elemerts [33].

Another type of pantograph structure utilizes the di®eren deploymert rates of
pantographs of di®eren lengths [45].

Figure 2.7: Diagram of mast consisting of pantograph with triangular cross-sectionsee
(c), deployed by smaller pantograph [45].

2.4 Box bellows

Constructedfrom °at rectangular panelsjoined longitudinally by hinges,the box
bellows is deployed by torsion springs. The hingesopen inward and outward on
alternate panelsto allow for maximum storagelengthwise, it has beenrecertly

6



2.5. FOLDING ARTICULA TED TRUSSES

usedto support the solar cellsin a nanosatellite. Looking in plan, this folding
method increasesthe surfacearea of the system. The thin plates provide good
torsional sti®nessbut causeproblemswith buckling for long slenderstructures.
This type of structure is usually not retractable and has only beentested using
small scalemodels. One of thesehad a built-in rotation of 90* during deploy-
mert [39].

Figure 2.8: Box bellows [39].

2.5 Folding articulated trusses

This type of structure is usedwidely for spaceapplications and there are many
di®eren con gurations. Seweral companieso®er fully deweloped and scalable
systems. Available sizesvary from a diameter of 250 mm upwards [2,14,31].

sy

Figure 2.9: Folding principles for folding articulated trusses[38].

These systems,seeFigure 2.10 and 2.11, cortain hingesat the joints between
the longitudinal elemerts, or longerons,and the transverseelemerts, or battens.
Bracing cables,someof which are sladk during deploymert are attached to the
longerons. Thesestructures canbe deployedin a number of ways, including screw
jacks, belt drives,lanyard cablesand others, seeFigure 2.12. The elastic energy
storedin the battens during folding can be usedto provide deploymert force, see
Figure 2.11[2,31,44].



2.5. FOLDING ARTICULA TED TRUSSES

Extended

Extending

Stowed

Figure 2.10: 'HIMA T' retractable mast for spaceapplications [31].

deployed

Figure 2.11: Folding Articulated SquareMast (FAST) [38].



2.5. FOLDING ARTICULA TED TRUSSES
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Figure 2.12: Deployment methods consideredfor the HIMAT [31].

These structures are deployed sequetially, and hencethey can be constructed
sudh that they maintain full sti®nessduring deployment. Rotation of the tip
dependson the con guration used, as illustrated in Figure 2.9. The plan area
and volumeof the stowed systemsvary with the systemof folding, seeFigures2.13
and 2.14. Somesystemshave only a limited changein plan area. Systemswith
both three and four longeronsare available. Materials usedinclude Aluminium
alloy, GFRP and stainlesssteelfor the cables[1,2,31,42].

Folding
batten

Longsron——\

Diagonal

Batten.

a. Fully deployed b.

Deployment sequence
—_—

Figure 2.13: X-beam concept[1].

g. Fully packaged



2.6. COILABLE TRUSSES

Figure 2.14: Deployment of large truss structure [42].

2.6 Coilable trusses

Thesestructures are lattice trusseswith triangular crosssectionand cortinuous
longerons,in the corners,bracedby cablesand/or battens. They are stowed by
coiling the longerons,starting at one end. The deployment methods are either
self-extension,also called local coil mode, or motor driven extension using a
deploymert nut, asshown in Figure 2.15[22,37].

' (b)

Figure 2.15: Coilable masts deployed in (a) local coil mode and (b) motor driven
deployment-nut [38].

The rst method relies on the energy stored in the elastically folded longerons
and is cortrolled by a lanyard, seeFigure 2.16. With this deployment method
during deploymert the tip of the mastrotates during deployment and the sti®ness
of the structure is much lower than in the fully deployed con guration, dueto the
pressureof the unsupported, partially folded transition zone. This method, how-
ewer, producesthe most compact stowed con guration. Weight and dimensions
of a lanyard deployer are shavn in Figure 2.17.

In the secondmethod, deploymert is cortrolled by a deployment nut and a canis-
ter. The canistercortrols and cortains the transition zoneand thus the deployed
part of the mast hasfull sti®nessbut rotates with the deployment nut relative

10



2.6. COILABLE TRUSSES

Figure 2.16: Deployment of Astromast using a lanyard [6].

Figure 2.17: Weights and dimensionsof lanyard deployer for Astromast [6].

11



2.6. COILABLE TRUSSES

to the storagedrum. This systemis illustrated in Figure 2.18. Dimensionsand
weight of the canisterare shavn in Figure 2.19.

Figure 2.18: Deployment of Astromast using a deployment nut [6].

Figure 2.19: Weights and dimensionsof canister for nut-deployed Astromast [6].

Deployment can also be conductedby uncoiling the ertire mast in one go. This
is called the helix mode. This method is, howewver, not widely used[30].

Seeral con gurations are available commercially with dimensionsfrom 100 mm
to much larger [3,28]. Design charts are provided in Figures 2.20to 2.23. A
hingelesscon guration hasbeendeweloped for increasedreliability through fewer
medanical joints [30,32]. For increasedsti®nessadditional bracing cablescanbe
incorporated in the design;thesecablesspantwo bays instead of the normal one
bay [28]. Materials usedare GFRP, Polymide and Titanium or StainlessSteel
cables[3,28,30].

12



2.6. COILABLE TRUSSES

Figure 2.20: Design chart from Astro Researth Corporation [6].

Figure 2.21: Design chart from Astro Researt Corporation [6].

13



2.6. COILABLE TRUSSES

Figure 2.22: Design chart from Japan Aircraft Manufacturing Co. [28].

Figure 2.23: Design chart from Japan Aircraft Manufacturing Co. [28].

14



2.7. TRIANGULAR WIRE BOOM

2.7 Triangular wire boom

This system utilizes triangular sectionsweldedto three longerons. One side of
the triangular sectionsis madeto °ex or is hinged, so that the other two sides
can be brought together. The collapsedmast is rolled up on a drum. When
rolled out by a medanical drive deploymert dependson the energystoredin the
°exed or hinged members. The longeronsmust be °exible enoughto allow them
to fold elastically around the reel. Diagonal menbers brace the mast. The tip
of the mast doesnot rotate during deploymert. This systemhasyet to be fully

deweloped [39].

Figure 2.24: Triangular wire boom [39].

2.8 Tri-b eam

The Tri-beamsystemis constructed from three idertical strips of material inter-
locked at their commonedges.The interlocking canbe achieved usingpermanert
tabs and sockets along the edgesof the strips [16]. Alternativ ely, it can be done
using velcro tape or snapfasteners[39].

Figure 2.25: Tri-beam[39].

Becausethe individual strips are very °exible beforebeing locked together, there
is a large degreeof freedomwhen placing them on separatestoragedrums. This
allows con gurations varying from °at and rectangularto long and circular. As
the beam has already achieved its full sti®nesswhen it exits the deploymert
medanism, it maintains its sti®nesshroughout deploymert. Thereis no rotation

15



2.9. INSTARECT

of the tip during deploymert. Materials are Beryllium Copper and StainlessSteel.
Two systems, with diameter of 75 mm and 150 mm have been commercially
deweloped and tested. SeeFigure 2.26 for results of bending tests conductedon
one sud system[16,39].

Figure 2.26: Result of bending test on Tri-Beam [16].

2.9 Instarect

This is a beam composedof 3 strips. The two outer strips are preformedtape
springswhich are °attened and then rolled up; the certral strip is °at. The two
outer strips have sidetabs that interlock into holesalong the edgesof the certer
strip, Figure 2.27. Two models have beenmade using StainlessSteel; they have
a cross-sectiorof approx. 75 by 100 mm.

When stowed, the three strips are stored on reels. The deployment medanism
reelsout the strips and interlocks them [39].

Figure 2.27: Instarect [39].

2.10 Flexible tether

This systemusescylindrical sectionswith sphericalseatson either end, alternat-
ing with balls. All menbers have a certral hole running longitudinally through

16



2.11. THIN-W ALLED TUBULAR BOOM

them for accommalating a tensioningcable,which is xed at oneend and, when
tensioned, forcesall the sectionsto becomealigned and form a straight boom.
This systemdoesnot have much torsional sti®nessunlessmodi ed, and there is
thereforeno cortrol over the rotation of the tip during deploymert. The required
shape of the sectionscan be achieved by madining metals sud as Aluminium
alloy.

This type of deployable boom has low bending sti®nessand strength and also
poor storage characteristics as the stowed and deployed volume are the same.
Someengineeringmodels of this concepthave beendemonstrated[39].

Figure 2.28: Flexible tether [39].

2.11 Thin-W alled Tubular Boom

Thin-walled tubular boomsare commonly usedfor deployable/retractable struc-
tures. Thesestructures utilize the ability of thin walled shellsto deform elasti-
cally. There are a large number of con gurations for these °exible shells, eat
with certain speci ¢ properties,which are highlighted below. Materials commonly
usedfor the shellsare Beryllium Copper, StainlessSteeland CFRP [4,37,38,42].

A comparisonof the sti®nesscharacteristics for various °exible shell systemsis

shown in Figure 2.30. STEM systemsare already being usedfor inspection ap-

plications in North America [36]. Note that the tubular STEM systemsdiscussed
in 2.11.1and 2.11.2can be combined with an outer layer of telescopictubesto

increasestrength and sti®ness. This type of hybrid con guration, howewer, is

only applicablefor shorter systems[7].

2.11.1 Overlapping STEM or single STEM

This con guration is basedon the sameprinciple as the tape measure,but the
cross-sectionforms a complete circle with someoverlap. This provides a sti®
tubular sectionbut there are inherernt problemsdue to the lack of torsional sti®-
nessof the open sectiontubes. Torsion can be carried only if there is suxcient
friction in the overlap region.

The strip is coiled on a drum for storage,at the base,and can be deployed and
retracted by rotation of the drum in a compact medanism. Strain energy is

17



2.11. THIN-W ALLED TUBULAR BOOM

Figure 2.29: (a) Tubular boom, (b-d)di®erert crosssections,and (e) deployment cas-
sette for bi-STEM [37].

Figure 2.30: Overview of bending sti®nessfor various °exible shell systems[41].

18



2.11. THIN-W ALLED TUBULAR BOOM

stored within the strip, this energymust be contained by the stowagecassetteor
someother structure [35,37,40].

An exampleof the sizeof the deploymen and cortainment medanismis 2122 212 220
mm for a tubular singleSTEM i.e. consistingof a singlestrip, with a diameter of

24 mm [17]. Overlapping STEMs have standard commercialsizeswith diameters
varying between 10 mm and 130 mm [7,40]. Design methods and calculations

are well proven and are available [5,7,40].

Two alternative methods of deploymert, onewherethe STEM is deployed from
a drum at the tip of the STEM and one using the jack-in-a-box deploymert,
are illustrated in Figure 2.31. But these methods are not useful if cortrolled
deploymert is required [40].

Figure 2.31: Deployment of single STEM (a) drum, (b) tip drum, and (c) Jack-in-a-
box [40].

2.11.2 BIi-STEM

This con guration of the STEM is a dewelopmen from the single STEM. The
Bi-STEM employs two diametrically opposedstrips. One strip is placedinside
the other with an overlap, sothe concave sidesof eat elemen faceoneanother.
This con guration forms a tubular structure, seeFigure 2.32.

The BI-STEM can be stored on a single or multiple drums in the samefashion
as single STEMs. The main advantage over a single STEM of the samelength
and sti®nesgs that the two strips in the Bi-STEM are narrower than that mak-
ing up the single STEM. Thus the drums can be shorter and the design more
compact. As for the single STEM there is no rotation of the tip during deploy-
mert/retraction [7,35,38].

19



2.11. THIN-W ALLED TUBULAR BOOM

The Bi-STEM hasbetter medanical propertiesthan the single STEM. Both the
bending and torsional sti®nessesre slightly higher than for that of similar sized
singleSTEMs but at a small increasein weight. The propertiesof Bi-STEMs can
be calculated on the basis of published material; designcharts are provided in
Figures2.33to 2.35. Note that Figure 2.33includestypical padkagingdata. The
maximum diameter of a BI-STEM is appraximately 130mm [5,7,35].

Systemsusing Bi-STEMs have beendeweloped for inspection of nuclear facilities
and waste tanks in North America. In a particular application 3D mapping
instruments have beendeployed up to 30 feet horizortally by using a steerable
version of the Bi-STEM. The steering medanism is cortained in a joint which
allows up to 120" about a single axis [36]. The systemis illustrated in Figures
2.36and 2.37.

Figure 2.32: lllustration of the Bi-STEM [36].

2.11.3 Interlo cking BI-STEM & Tablock Bi-STEM

The Bi-STEM con guration can be further improved by interlocking the two
deployed strips while they deploy. This is done by tabbing the inner strip along
the edgesand guiding thesetabs into correspnding holesin the outer strip. This
locks the two strips together and improves the torsional sti®nessof the STEM
though there still is somefree play within the holes.

Free play can be completely eliminated by using the tablock system, specially
designedfor this purpose. Mechanical properties for both systemscan be easily
calculatedif it is arrangedthat the interconnectiontakesplacein the deploymert
medanism[5].

These structures have been used on spacecraftin the past but, due to their
complexity and potential reliability problems,are no longerbeingusednowadays.
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2.11. THIN-W ALLED TUBULAR BOOM

Figure 2.33: Padckaging dimensionsfor STEM and Bi-STEM [7].

Figure 2.34: Critical bending momern of STEM and Bi-STEM [7].
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2.11. THIN-W ALLED TUBULAR BOOM

Figure 2.35: Bending sti®nessof STEM and BI-STEM [7].

Figure 2.36: SteerableBi-STEM unit [36].
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2.11. THIN-W ALLED TUBULAR BOOM

Figure 2.37: SteerableBi-STEM in a waste tank [36].

Figure 2.38: Fully deployed crosssectionsof di®erert STEM types[5].

23



2.11. THIN-W ALLED TUBULAR BOOM

2.11.4 Collapsible Tube Mast (CTM)

A collapsibletube is madeby bonding two thin, transverselycurved strips along
the edges. This createsa tubular boom with higher torsional sti®nessthan
the STEM. The tube can be collapsedand reeled on a storage drum much
like a STEM. Like the STEM, there is no rotation of the tip during deploy-
mernt/retraction.

The tube is formed into a biconvex shape and is unstressedin the deployed
position. The two strips are either welded or glued together, seeFigure 2.39
[4,12,37].

Figure 2.39: Cross-sectionof collapsible tub e [4].

The cross-sectionablimensionsof CTM's manufactured so far go from 22 by 33
mm to 133 by 194 mm, though only larger sizeshave beenmadein both CFRP
and CuBe. CFRP is troublesomein smaller sizes[42]. Somedata for speci c
CTMs are provided in Figure 2.41.

Figure 2.40: Collapsible tube [34].
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Figure 2.41: Data for CuBe CTMs [4].

2.11.5 Bi-stable Tubes

A recert dewelopmert in tubular booms s bi-stable reeled composites (BRCs).
These materials are stable in two shapes; as a straight tube and as a compact
coil. Boomsproducedusingthesecompositeshave the advantage of more compact
stowage,asthe stowed con guration is stableand thusthe cassettecortaining the
storedstructure canbe madesmallerand lighter. Also the deployment/retraction
medanism can be simpli ed.

Most types of tubular booms could take advantage of the characteristics of bi-
stable composites, illustrated in Figure 2.42. Open sectionboomsusing bi-stable
materials have beenmade with diametersof 15 mm and upwards. Booms with
a diameter of 150 mm and 200 mm diameter have been produced and usedfor
camerainspection of nuclear reactors[15].

212 STACER

The Spiral Tube & Actuator for Controlled Extension/Retraction (STACER),
Figure 2.43,is constructedof a singlespiral-wound, overlapping, prestressednetal
strip, which forms a rigid tube when extended. Two methods for deployment are
used,only one of which provides a retraction capability. The repeatableroll-out
STACER is bak-wound onto a drum and rolled out during deployment. The
drum can be motorized or driven manually. During deployment/retraction the
tip of the helix rotates to allow the strip to roll around the tube. [24,39]

The spring helix is produced commercially for a large variety of uses,including
antennaswith alength of morethan 12 metersand minimum diameter of 10 mm.
Typical materials are StainlessSteeland Beryllium Copper. A bending strength
designchart for the STACER is provided in Figure 2.44.
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Figure 2.42: Rolatube usedfor camerainspection [15].

Figure 2.43: Back-wound spring helix [24].

Figure 2.44: Critical bending momert of STACER [24].
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2.13 In°atables

Seweral types of in°atable booms have been proposed. For applications where
retraction is not a requiremert these structures are usually rigidized, e.g. by
curing athermosetting epoxy for increasedsti®nessafter deploymen. Retractable
structures rely on the sti®nessof the thin skin to provide suzcient stability.
Various typesof retractable con gurations have beenproposedand they include
rolled up and °attened tubes, jack-in-a-box and folded tubes. Skin materials
include plastic foils, sucdh as Mylar and Kapton with or without sti®ening bres,
and low-yield stressAluminium coated with a plastic ITm. The deploymert is
usually cortrolled by the gasusedfor in°ation [8,10,39].

Figure 2.45: In°atable tube rolled on reel [39].

2.14 Flexible actuator

A FLexible Appendagefor Positioning and Stabilization (FLAPS) hasbeenpro-
posed. It is being deweloped for maritime inspection, repair and maintenance.
This appendageusesa °exible actuator, called the elephart's trunk actuator.
This works by elemen de°ection rather than by links and joints, which improves
reliability and decreaseshe complexity of the system.

The operation of the trunk itself relies on the elastic deformation of cylindrical
metal bellows. Theseare of such a con guration that longitudinal extensionis
introducedwhenan internal pressures applied. By conmbining three sud bellows,
rotation about all three axescan be achieved. At the momert only prototypes
have beenconstructedand theseare of limited size,apprax. 1 m or smaller[20].

2.15 Chain systems

Various systemsutilizing the principle of the bicycle chain are available commer-
cially. In a normal bicycle chain, the links pivot around cylindrical-joints and
are allowed to rotate freely until they comeinto cortact with neighboring links.
As this doesnot provide a sti® system, various other con gurations have been
deweloped for other applications.
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Figure 2.46: Actuation principle of "elephant trunk" [20].

Figure 2.47: Working prototype of "elephant trunk" [20].
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2.15. CHAIN SYSTEMS

2.15.1 Cable carriers

This type of chain has beendeweloped to allow madinery freedomto move lin-
early alonga prescribed path while allowing electrical and other cabling to follow
along. Electrical cablescan thus be permanerly xed to both the moving ma-
chinery and a xed support.

For this type of application the behavior of the chain is governedby the supports
at either end, which restricts the rotation of the links within a certain range.
Figure 2.48shavs that beyond a certain length the upper part of the chain needs
to be supported to prevent excessie de°ection; alternatively the de°ection canbe
reducedby pretensioningthe chain. Note that the sti®nesof this chain requires
proper support conditions, which prevens cable carriers from being used as a
boom.

Driver
Fixed point

Figure 2.48: Movemert of cable carrier with intermediate support [29].

Cable carriers can be made from plastics or Steeland the unsupported length of
the upper part of the chain canreat 6 metersif a sutxciently large de°ection is
allowed [27,29].

2.15.2 Push chain

Push-pull chains are also usedfor linear motion but, unlike cable carriers, they
have beendeweloped to provide an axial forceto an object. To do this, the push
chain is made sud that the links are only allowed to rotate one way from the
initial straight con guration, thusthe push chain becomesigid and will not fold
when subjected to an axial compressiorforce.

A widely used medanism for providing the rotational restraint is to provide a
“nger onthe links, ascanbe seenin Figure 2.49. This createsa locking chain link,
whoserigidity is dependert on an o®-ceter compressie force, or other bending
momernt putting the ngers into compression.This con guration could be used
for a deployable boom, as gravity loading would provide the bending momerts
that rigidize the chain.

Thetip de°ection of aboom basedon a pushchain is cortrolled by the cumulative
play in the pivot pins and the guide rail in the drive housing. Thus, °exing will
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2.15. CHAIN SYSTEMS

Figure 2.49: Mechanism for links with "nger [21].

occur in both horizontal and vertical planes,but no data is currertly available on
the magnitude of thesee®ects.Materials are either Steelor StainlessSteel [21].
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Chapter 3

Preliminary

selection

No. Solution type | Selected Reasons
2.1.1 | Telescopictrian- No - The cylindrical shape providesmuch better
gular or square performancefor the presen scope.
truss
2.1.2| Telescopiccylin- No - Performance depended on initial length,
ders which is probably too long.
- Well know technology and medianics.
2.2 | Folding beams No - Low compaction.
- Direction of tip changesduring deploymert.
- Performancedependedon initial length.
2.3 | Active/passiwe No - Reliability of large number of pulleys and
cable systems joints.
- Unsuitable for small dimension applica-
tions.
2.4 | Box bellows No - This type of boom have beeninsuzciently
deweloped at presern.
- Problemswith making boom retractable.
2.5 | Folding articu- No - The large number of joints preverts it from
lated trusses being scaleddown.
- Reliability of the many joints is a problem.
2.6 | Coilable trusses Yes |- The hingeless con guration of coilable
masts eliminates the many joints which
might causeproblems.
- The stowed con guration is parallel to the
axis of deployment, which allows larger di-
ameter of boom unlike eg. STEM systems.
2.7 | Triangular wire No - This type of boom is not suxciently deel-

boom

oped.
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No.

Solution type

Selected

Reasons

2.8

Tri-beam

Yes

- Closedsection providestorsional sti®ness.
- Various storage con gurations possibleas
the °at strips are very °exible and thus al-
lows remote stowage.

- Interlocking medanism deemedtoo com-
plicated.

- Could be constructedusing bi-stable mate-
rials.

2.9

Instarect

No

- The closedsection provides torsional sti®-
ness.

- Various storage con gurations possibleas
the °at strips are very °exible and thus al-
lows remote stowage.

- Interlocking medanism has to be dewel-
oped.

- Could be constructedusing bi-stable mate-
rials.

- Few advantagesthat could not be provided
by a simpler CTM or bi-STEM.

2.10

Flexible tether

No

- Very low bending sti®ness.
- Very low compaction as stored volume is
the sameaswhen deployed.

2111

Overlapping

STEM or single
STEM

Yes

- Good sti®nessthough poor torsional sti®-
ness.

- Simple medanical principles.

- Containment canister and deployment
medanism may be too large for presen ap-
plication.

2.11.2

Bi-STEM

Yes

- Provide good sti®nessand simple medan-
iCS.

- Smaller canister than for single STEM but
still large.

2.11.3

Interlocking Bi-
STEM &
Tablock
STEM

Bi-

No

- As for other STEMs large cortainment can-
isters required at presen

- Complex connection medanism for inter-
locking.
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No. Solution type | Selected Reasons
2.11.4| CollapsibleTube Yes - Closedsection provides torsional sti®ness.
Mast (CTM) - Higher bending sti®nessabout one axis can
be utilized in the presen scofe.
- Presenly the containment canister is rel-
atively large compared with the deployed
boom.
2.11.5| Bi-stable Tubes Yes | - More compactstowage.
- Simplerdeployment/retraction medanism.
2.12 | STACER No - Tip rotation during deploymert.
2.13 | In°atables No - This type of boom have beeninsuzciently
deweloped at preser.
2.14 | Flexible No - Low bending sti®ness
actuator - No compaction
- Large radius of bending
2.15.1| Cable carriers No - Not appropriate for presern application.
2.15.2| Push chain Yes - Relatively cheap solution and known tech-

nology.

- Problemswith °exing.

- Fixed angle changesabout all axisin drive
housing.
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Chapter 4

Recommendations

The review of existing technologies,in Chapter 2, has produced a large number
of solutions but only a few of them are suited for the presen application. The
preliminary selectionin Chapter 3 hasidenti ed sewensystemsofinterest, but two
will be excludedin the next section. This leavestwo di®eren typesof solutions,
push-tains and Bi-STEM/CTM/Bi-stable tubes,for further consideration. It is
currertly unclearif thesesolutions canleadto working systemsthat meetin full
the requiremerns described in Chapter 1; further study of thesesolutionswill be
required.

The following calculations are basedon an applied tip load P = 20 [N], a dis-
tributed load p = 5 [N/m], and a maximum deployed length L = 5 [m]. Self
weight of the structure itself is neglected.

4.1 Rejected systems

4.1.1 Hingeless mast

The performanceof the hingelessnast producedby JapanAircraft Manufacturing
Co. wasewaluated for a structure with a diameter of 200 mm, using Figure 2.22.
Calculating the tip de°ection + for a bending sti®nessE| = 4:10° [Nmm?], from
the gure:

pPL3 .\ pL* _ 20£ 5000 , BE£10 3£ 5000
3EI 8EI 3£ 4f£ 10 8E£ 4£ 1

+ =

L
— 1
306[mm] ¥ 7= (4.2)

From Equation 4.1 it canseenthat the sti®nesf the structure is too low for an
application requiring precision. Thus, this systemis deemedunsuitable for the
presen application.
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4.1.2 Tri-b eam

Reewaluating the designof this structure it was found that designinga reliable
joining medanism would be very dixcult. It is thought that other systemswill
be easierto implemert.

4.2 Recommended systems

4.2.1 Push chain

The push chain systemsare commercially available and basedon well known
technology They provide a simple systemwith a high reliability, but there are a
number of potential disadvantagesthat will needto be investigated.

As they are constructedfrom a large number of small links they will be °exible
due to free play in the joints and, becausethe available systemsare made from
Steel,they have a high selfweight. Theselimitations make the systempotertially
lessattractiv e for long distancehorizontal deployment, but it may well proveideal
for shorter booms.

This can be veri ed by a simple calculation wherethe constart bendingmomernt
from the o®-axisaxial compressionis compared with the momen causedby
loading, excluding selfweight. The smallestpush chain from Drivesinternational
Ltd hasa maximum push force of 5,000N and an ecceitricit y of 9.5 mm.

Maximum bending momert in horizontally deployed arm:
M = PL + 1pL? = 20£ 5+ 1 £ 5£ 5 = 163[Nm] (4.2)
Bending momert due to max. axial load in push-dain:
M = Ne= 5/000£ 9:5£ 10 3= 475[Nm] (4.3)
Equations4.2and 4.3 show that the proposedapplication will causehigher bend-
ing momert than the chain is designedfor, which may causeexcessie °exing and

maybe evenfailure. The selfweight of the systemcould be reducedby producing
the chain from a material lighter than Steel, by using a tapered design,etc.

As the available systemshave a xed angle in the drive housingit would be
necessaryto dewelop a housingthat allows somecortrol of the pointing of the
arm.
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4.2.2 Thin-W alled Booms

Thin-walled boom technologiesare already being usedfor applications similar to
the present and there is quite a variety to choosefrom. Theseinclude single-and
bi-STEM, CTM and bi-stable tubes. All of thesecreatean approximate circular
cross-sectionwhen deployed and in the following calculationswill be treated as
sudh. The calculations are usedto verify the feasibility of the various types of
thin-walled booms.

In the following calculations the diameter of the deployed cross-sectionof the
boom, the material thickness,and the length and diameter of the storagedrum
are calculated for a bi-STEM/CTM made from BeCu and Steel. Finally, it is
shavn that their designis driven by a de°ection limit, not by stressand thus
thesestructures could be madefrom bi-stable materials, which may have a lower
stresscapacity due to the existenceof residual stresses.Selfweigh hasnot been
included in the calculations.

d = Tube diameter, mm
D
E

Drum diameter, mm

Modulus of Elasticity, N/mm 2
| = Length of drum

%p = Yield stress,N/mm?2

t = Tube wall thickness,mm

0 = Poisson'sratio

From [40]:
d_E Pig+o 4.4)
t Y% (1 oz)D/d '
Tip de°ection of boom:
PL® pL*
+= — -
*T 3 T gl (4.5)

The width of the °attened Bi-STEM/CTM is approximately equalto the length
of the drum, I:

Yaf d

| Y, (4.6)

Preliminary sizeswere determinedfor two di®eren sti®nesgequiremerns, L=500
and L=100. For D=d = 1, BeCu and Steel are ewaluated using Equations 4.4
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Table 4.1: Results for Bi-STEM/CTM con gurations

BeCu Steel
L=500| L=100| L=500| L=100
182 122 153 102
1.24| 0.831| 0.879| 0.588
182 122 153 102
286 192 240 160

—lgl | o+

to 4.6.

As canbeseenin Table4.1,the stricter sti®nesgequiremen (+x = L=500)cannot
be met in a systemthat ts inside an accesstube with diameter of 200 mm.
The only feasiblesystemis a bi-STEM/CTM madefrom Steel. To decreasehe
de’ectionsit would be necessaryo decreaseeither the loading or the deploymert
length.

For a tubular sectionof Steelwith d = 102mm andt = 0:588 mm, the maximum
bending stressdue to the momert in Equation 4.2 is:

M 163£ 10° £ P
%= W %1024 (102; 0:588)4 58 N=mm 4.7)
32 102

Equation 4.7 shonsthat the maximum stressdueto bendingis much smallerthan
the permissiblelevel of stressin bi-stable materials, which are seweral hundred
N/mm 2.

This leavesfour approadesto thin-walled booms: (i) the commercialsystemfrom
SPAR Environmental Systems,Ontario, Canada, which might not satisfy the
tight dimensionalrequiremerts, (ii) dewelopinga bi-STEM or (iii) a CTM system
using either convertional materials or bi-stable materials, the latter giving the
possibility of a morecompactdesignof the deployment medanism;(iv) reewaluate
the initial designrequiremerts.

4.2.3 Modied design requiremen ts

Consideringthe systemsidenti ed sofar, one could imagine partitioning the ini-
tial designrequiremerts into two parts and dewelop two di®erern systems. One
would be a light deployable system which would be able to deliver a light tip-
mounted padkagewith light weight cabling up to a distanceof 5 metershorizon-
tally, and one for a heavier systemwhich would carry a heavier load but at a
shorter distance.
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By doing this, both the push chain and STEM systemsbecomebetter suited for
one of the two designervelopes.
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