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Abstract

NEMS (Nanoelectromechanical systems) and MEMS (d&ilgctromechanical systems) have already
demonstrated their capabilities in the medical darfar in body inspections, operations and treatmen
of diseases. Selected NEMS and MEMS state-of-elthi@ogies could be used for inspections at Guiana
Space Center without dismounting and sending tofeifor industrial check. A few examples of micro
and nano equipment’s such as probot (utools), papo camera, for detection and data collection are
underlined in the article and a preparation tegtspaign is prepared according to precise spediitsit
coming from RLV equipment. This feasibility studythe first attempt to use these technologiesderor

to cope with the MRO RLV and start to contribut@ahaintenance characterization economic model.

1. Introduction

Prometheus [20]f9} and Callisto [1][4} are two keys elements of European future launptegsaratory roadmap
according to CNES. If the first represents theifetEuropean engine in the RLV domain, the seceral system

demonstrator project to master the RLV end-to-gmerations. Both of them have the objectives to destrate the

capacity of the efficient maintenance.

Historically in European space industry the laumsh®aintenance was not a priority because of #agiendable

nature. The maintenance has been concentrated graind segment and in very small part of lauristsetbsystems

lifecycle from production to final chronology, orlyacceptance tests or integration operationsiaiiean Spaceport
at Kourou in French Guiana.

With introduction of the RLV the maintenance hasdree a very important specification not only inemrtb refly
the launcher but it represents an important fefctoits economic model. The product lifecycle foetRLV launcher
is much bigger than for the expendable one andes®ons learned of US Space Shuttle show the caityplef
aspiring RLV systems to optimize its exploitatiasts and reliability.

The maintenance is strongly related to the teclyiesoused and adopted in the engine design or sfatye RLV
launcher and to the production organization. Inoperthe product lifecycle is strongly impacted bg geography.
All the production is situated in Europe while theropean Spaceport is situated in French GuiaBairth America.
Because of that particular situation, the histdriemdency is to reduce the maintenance requirefogndesign
(increasing margins, concept simplification, ...) lehin many cases it is not the optimal solutione Hiternative is
to identify the innovative maintenance means diyeict French Guiana. They need to be applicablerd&nding
directly at the spaceport without any strong supfrom the industry equipment’s and experts sitdiae more of
8000 km.
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2. RLV engine maintenance risk analysis and laun@hs’ lessons learned

The maintenance of RLV’s made an important pa8mce Shuttle lessons learn€d 6][46]1_1[17][27}. While initial
idea from 1970s was to produce high cadence laurtioherbit with low recurrent costs, in the end 8ignificant
feature of Space Shuttle was its complexity in bécdd definition and concept of operations. Otheguments
included erroneous market analysis, overestimdtiagieed for that kind of service and a tradetwdf sacrificed the
actual reusability against the non-recurrent cabtthat led to explosion of recurrent cost of spatuttle launches.
However the experience of Shuttle, being the fabhost RLV system in exploitation, provided numesrou
specifications to include in design of RLVS$17]{+71[18]{28}, including:

* Importance of having a full understanding of themional environment

< Establish periodic and preventative maintenanggdation and checkout plan for critical flight haede to
reduce the likelihood of failures. Checkout testimgrvals should be set based on component difticand
system functionality requirements.

« Importance of a robust and thorough Corrective dxcprocess that avoids extensive latitude for aaogp
repeated failures without preventive correctivecas.

» Design systems for ease of leak checking and dpeedtverification

Driving from that experience as well as from aeugitastandards in the framework of Prometheus aallisth

programs the maintenance needs were evaluatedibyg iato account launcher’s lifecycle for fearaeets identified
in the preliminary RAMS analysis. That analysistéking into account functional stage cycles andspial
particularities (typically properties of LOX/LH2 @X/CH4). The lessons learned from concurrent ladaithres and
production technical facts also serve to identify feared events that can be addressed by maiotsrearch as:

« Pollution in the fluid circuits of the stage, folling the wear or phenomenon’s due to propellantsbier
e Aggravated pre-existing structural defects leadmigaks or decreasing the structural reliability
e Geometric non-conformities following the cyclinggstomenon’s

Following the screening of innovative technologibg, means of preventive maintenance include tipdeimentation
of HMS systems and planned exchange of certain caemts which have reduced lifetime. However, in travoid

launcher misconfiguration and costs of complex MAWIanufacturing Assembly Integration and Test) agiens in

French Guiana, the alternative means for MRO (reasntce, repair and overhaul) in-situ are needeat ddncerns
such components as thrust chambers, auxiliary pawigs, and turbomachines.

CALLISTO (fig.1) Z[1][} is a flying demonstrator of reusable rocket thiltlve operated at Guiana Space Centre
(French Guiana) in 2022. After lift-off in Frenchufana Space Range (CSG) it is supposed to retuansfmecific
landing site, either located on ground or on thetinge barge. Its development is an opportunitietst the innovative
MRO means.

Figure 1: Callisto on barge after landing and éromoperation (Simulation)
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Beyond RLV needs and up to some degree the maimternaays the role even for the expendable laus¢kéarce
their equipment’s are tested before flight and domes they fail leading to the additional equipmeaitirbishment,
exchange and test operations. Depending on thenggahce (equipment, stage, launch campaignntpadt on the
overall launch campaign can be very important.

The inspections are a classical quality tool tagessghe conformity of the launcher equipment whté tlefinition that
is qualified and foreseen by the launch operatet.after specific milestones (integration of upgtages, closing the
human doors, integration of specific equipmentrggipe fire testing) they are impossible withouttjmgt a strong
strain on the planning and costs of the campaign.

The deconfiguration following the failure of a sgiecequipment can have very important impact om jistification
of the flight worthiness. That constraint is trugidg all phases of the life of the system conaggrioth basic
building blocks and the whole launcher that ishi@ $ynchronized sequence waiting on the launch@awltrary to
the appearances the failure on low level subsytggal in its manufacturer premises could impactgheallel
launch campaign flightworthiness if the issue reggito inspect or alter the concerned subsystetheolauncher,
that is fully integrated. Often that very alteratiwill lead to deconfiguration requiring a specifistification by
specific engineering studies, increasing the codtdelay of launch. In similar way the parallel diepment of
future evolutions of the system sometimes reveatsitous failure cases (notably in case of harddests)
impacting the system of previous definition in ejifation.

Often the problem comes from the technical limitasi of the Non Destructive Inspection (NDI) meangh as
endoscopes, portable radiography. It includes tbagth, diameter, the bad luminosity in the zanbé inspected,
particular behavior of the items to be inspecteti(Bisibility of additive manufacturing powder wK.rays)

Following the analysis of above examples of failcases, the following 4 families of maintenancgets were
defined:

Table 1: Families of launch system maintenanceetargnd their particularities

engines and propulsion
functional system fluid
equipment’s

mm
Length several
meters

Varied geometry|

No. | Family of Dimensional Examples Expected maintenance action
maintenance target particularity
A Fluid lines of the Diam. several Engine feed system, stag| inspections, refurbishment of

pressurisation lines, their
valves, filters

defects of structures or specifig
coating materials, declogging,
cleaning the pollution.

B Engine equipment’s
specific circuits “on the
table” nondestructive
inspection

Diam: 1-2mm
Length several
meters

Varied geometry|
with numerous
strong bendings

Regenerative circuits of
combustion devices of
very small diameters
(Thrust chambers, gaz
generators),
turbomachines

Inspections, refurbishment of
defects of structures or specifig
coating materials, declogging,
cleaning the powders and other
pollutions accumulated in the
cavities (typically post additive
manufacturing de-powdering
and decontamination)

Inaccessible launcher
cavities of the after
integration operations

Diam: several
dozens mm
Length of
several meters

Engine Thrust Frame
equipment’s on its inner
side, equipment plate

Inspections, limited testing
(metallisation, continuity,
helitest, x-rays, etc.),
revalidation (apply the
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ety O L [ mechanical couple, connect a
4 ! -' connector, etc.)

"f:'*».\‘

D Ground segment Diam: of dozens| inaccessible ducts and inspections, refurbishment of
equipment’s, on mm and cavities, fluid lines and defects of structures or specific
several km coating materials, declogging,

their equipment’s

length cleaning the pollution

The above mentioned problems require nonstanddutiasts to break through the maintenance costsitaiito
account temporal and space constraints imposed_dis.R'he small robotics had been investigated fiat purpose.

3. NEMS/MEMS robotics state of art

NEMS (Nanoelectromechanical systems) and MEMS (dMitgctromechanical systems) have already demoedtrat
their capabilities in the medical domain for in adspections, operations and treatment of diseddesr use in
industry is uncommon. Selected NEMS and MEMS stétart technologies could be used for inspectioithaut
dismounting and sending to Europe for industrisgdath A few examples of micro and nano equipmenithsas
probot (ptools), p or nano camera, for detectiahdata collection are underlined.

Globally the state of art of the micro and nanootslzan be classified in terms of applied techrie the
following manner (with referenced bibliographic exaes):

Table 2 nano and microrobots technologies verspbcapions

Robot Technology Launch system application (82)TRL
A B C D

Means of displacement

w/o contact magnetic[2]-{2} X 3

transporting fluid 1[3]F3} X X 9

surface contact [4][4} X X 3

flying drone[5][5} X X X 9

wheeled |[6][6} X X 9

endoscopy/deployment[7]F}1[81f8} X X X 4

Sensors

nano-cameras/[9][S} X 1

endoscopic laser pointing[10]06} X 5

LGRUT (Long Range Ultrasonic Testing)]11]{21} X 5

multimode optical fiber][13]{13} X X 2

EMAT (Electromagnetic Acoustic Transducers)

U[12]f22} X X 3

Refurbishment actioners

Laser 1[10]f20} X X X 5
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The actual bibliography is much richer than sevprakented examples, but they show already tiapitssible to
address with use of robots the needs identifiegRinn particular the Concentric Tube Robot{g]f7} and
endoscopic laser pointing were identified as a gaoget for a preliminary experimentation on spackeistry
component items (corresponding to maintenancet&fgand B). The former one can be seen on figr8dfter and
the endoscopic laser pointing, equipped with Iggirce and visual light camera is depicted belfiw][14]:

l (b)

Augmented View

Laser Control

v .

Endoscope

o
Al ,.I'

Figure 2 uRALP endoscopic laser

The bigger robotic systems (several dozens of wetérs) were not really a focus in this study degieir very
high technical maturity, since the miniaturizationits were of the biggest interest.

Other robotic means represent lowest TRLs, typicadidressing the inspection of very narrow, curseicals
geometries over long distance. There are numenmisgms to overcome their limitations in terms of
instrumentation type that can be associated with soncepts and their technological contradictidmsexample
use of electromagnetic field for inspection of e gieces) even though the biomedical applicaidrive the
development of that kind of nanorobots associatitl ivwentive sensors (use in conjunction of X-eand pressure

sensor in_[20]f267).

The actioners applicable for localized manufacwiane limited mostly to the application of lasergen though
there are trials to develop innovative solutionsnfacrofabrication with micro-actioners such asendonstruction

I[45][5).
4. Additive manufacturing test item definition

With current demand for efficiency in material agmdergy usage, new manufacturing techniques su&ddgive
Layer Manufacturing (ALM) processes (also knowmpawsider bed methods) are the subject of great duresearch
interest. The materials that can be made through Atocesses are very different in nature. The e&dqminciple of
the process translates a 3D image held in a compitea metallic part, with very low levels of wage or final
machining required. The processes have arisen ffapid prototyping, where a computer-aided desighimodel
is created and formed into a solid part by addaygits (hence additive layer manufacturing, ALM)e3é& methods
were first applied to polymers, although some vestapted to produce as said metal parts. The pasadse recycled
back into the process. The metal products couldcamdbe used with efficient results in terms of i@ mechanics
properties and very interesting geometries and igainass and production costs. In rocket space ootha ALM is
already in use and exploitation for example at Rtickb, Nasa, Spacex. According RocketLab,[21]tadl éssential
components of the rocket have been 3D printed usingEBM (Electron-Beam Melting process). EBM usés
electron beam as the power source instead of at@8® print metal. An electron beam melts metalger layer by
layer in a high vacuum and can achieve full meltihghe metal powder. This method can produce fidigse metal
parts and can retain the characteristics of theeriaht This method actually allowed the companyrtanufacture
inexpensive engine parts, with a 24H printing tipneduction for their main engine.
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In our case the ALM production is an opportunityoider to realize the NEMS and MEMS inspection t&bo
solutions and verify these new type tools and clatke same time the inner quality ALM productarts as
future perspective realistic situation. The chatée ALM production is determined by the factttba one hand
we would like to test in a challenging and innovatenvironment as specified in 82, on the othirtite simplest
way to figure out the realistic specifications b@iihour space systems and potential robotic means.

The following specification had been proposed $b tiee inspection capacity for the benefit of Gadliand Prometheus
project:

- Environment: ambient temperature, standard huynidireseen inside the maintenance hall in the GuiSpace
Centre : ~50%.

- Materials: Inconel Copper, Inox (engine), all@fsAl, Ti and carbon fiber composites for a stage.

- Geometries: holes mostly with diameters 5-10 mome specific holes are 2,5 mm.

- Inspection depth: 2 m max. (engines). Stageseguire several dozens of meters.

- Curves : in the engine the curves can be up tmf0ery small distances (<2-5 mm, turbines blades

The test pieces are as follows:

Fig.3 Inspection test pieces

They address the first two (out of 4) families ddimenance inspection problems identified in thevimus chapter.
The products showed in the figure 3 represent gemetbopumps parts, generative circuit parts atierosensitive
components. They represent identified needs inge&inmspection for reusable engine between tigasi

5. Preliminary specification for inspection robot

The review of past lessons learned, the NEMS/MEK& of art allows to propose the specificationhef robot to
be tested. For the 3 additively manufactured itéfigs3) it is foreseen to use the robot with cortdertubes (CTR)
using the fiber camera, light source for visuabixgion using the principle "follow the leader".€eTfigure below
depicts the example of such robdt7]1[#}-
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Fig.4 Concentric Tube Robot

The dimensions of the robot end part will be confghatwith all those 3 items, but it would requieuse different
number of tubes for each application. The curraptcity of CTR is 10cm mayx, its longer tubes c@ddo 2 meters
corresponding to the target need, but the frictimasses become predominant in such a configuratide the tubes
are motorized in such a way that they could movéobsion and flexion with respect to other tubdse TTR robots
are basically tele operated: the model of commandnibedded in robot system to allow generatingréagired
movements.

Existing solutions addressing all those needs shawthere are no “showstopper” technological abetato resolve.

6. Preliminary test plan
The test plan for our robot solution is supposetidgat a wide feasibility study. The main objecsivé the tests are:

- Use of MEMS and NEMS solutions in rocketry domainhie MRO asset for the first time

- Determine the consistency of the solution (dispiaeet, vision and repair criteria) and improve thLT

- Determine the feasibility inspection and repaiusioh for future RLV use and prepare the follow up
demonstration

- Determine also an opportunity maintenance or inspesolution for the actual launcher expandable
exploitation

In the 84 CAD drawings the major constraints araliséc geometries were introduced coming from experience
in Prometheus and other rocket propulsion engimesddition to that the specific defects could iteaduced for
failures NDI testing, based on the past productixploitation anomalies and critical points. Alke fpreexisting,
non-ALM launcher representative pieces will be apd for comparison.

The detailed content of the test plan is still undigfinition using this classical iter:

Analyze the robot inspection product

Design the Test Strategy (Risk analysis, test tmgignd integrations and function analysis)
Define the Test Objectives

Define Test Criteria

PR
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Resource Planning

Plan Test Environment
Schedule & Estimation
Determine Test Deliverables

©No O

To finalise it we have to further progress in ALbguction (84) and the test robot assembly (85ktviaire
necessary steps for our test campaign. Those ambjbctives of the next months to be suppliechftest campaign
that should start in late 2019.

7.Perspectives

The solutions developed in the framework of currexperimentations could be further evaluated fanfatheus
engine MRO. Callisto demonstration could use themnspect the internal cavities of that reusabbgestand
consolidate its maintenance operations test plainglthe test campaign in French Guiana.

Fig.5 Callisto stage cavities Fig.6 Promethengine Fig.7 Ariane Next reusable stage

Future Themis reusable stage is supposed to takadeantage from Callisto to include even more aiminst
demonstration of multi-engine bay inspection wittjeztive to limit potential MAIT operations.

The specific solution for a®™problematic of ground segment maintenance monigais to be yet defined, knowing
that bibliography in 83 indicates very high TRLiripast experience on that subject (typically thpepirones). The
launch table with its chambers inerted and subohittethe ATEX environment is an interesting tarfgetsuch future
application. The solutions similar to autonomousadrwheeled robots /[6][6} could be further investigated in
dedicated ground segment maintenance study.

The inspections of the very small diameter orgaesahallenge for a future development of low TNEEMS robotics.
Going beyond inspection and being able to actyshjorm the localised repairs on inspected zonaksa difficult
task considering current limited solutions.

8. Conclusions

The investigations performed up to now allowedouddfine the potential robotic systems respondim@ll identified
needs. In particular, the inspection of the endjimie equipment’s is specified with existing MEMSeans, notably
CTR robotic intelligent endoscope issued from bidivel domain. The performance of presented test plidh
proposed specimens will allow confirming its opemaal applicability for RLV maintenance and couldabring
solutions for actual expandable launcher systemdymtion inspections and maintenance in launch a&gnp
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