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ABSTRACT

This paper intends to help mechanism engineer to

successfully design, procure, assemble and test spurs

gears for space mechanisms.

It combines knowledge gathered from 4 different

mechanisms development, all using spur gears.

The paper proposes extensive checklists, tips,

recommendations covering all steps of the development

cycle, from engineering stage to MAIT:

- Mechanism choice of concept, considerations for
spur gears selection,

- The spur gears design features and justification file

- Development logic aspects,

- Tips for manufacturing e.g. lessons learned from past
quality issues, metrology, handling and storage.

1 INTRODUCTION

This paper intends to help mechanism engineer to
successfully design, procure, assemble and test spurs
gears for space mechanism. This technology is
conventional and there’s have not been many technology
improvements at least over the past two decades: despite
this, the number of encountered issues remains rather
high.
2  EARLY CONSIDERATIONS FOR SPUR
GEARS SELECTION: MECHANISM LEVEL
TRADE-OFF

2.1  Architecture or operations of mechanisms
impacting gear train selection

This chapter aims to illustrate, with a concrete example,
the impacts of mechanism architecture and concept of
operations on performances.

2.1.1  Case-study: requirement

Design

Let’s consider a calibration mechanism with 4 positions:
1 OPEN position, 1 CLOSED position, 2 position P1 and
P2 where a diffuser is mounted (first diffuser is acting for
one-per-day calibration purpose, while the second one
being periodically used and acting as a reference).

There is a reducer ratio of 1:8 in between the pinion and
the wheel.

Operation in-flight life requirement, with RDO1 factors:

- [Closed/P1/Closed]: 400 cycles
- [Closed/P2/Closed]: 20 cycles
- [Closed/Open/Closed]: 40 000 cycles

For the objective of this paper, focus will then be made
only on the main life demanding cycle in-orbit e.g.
[Closed/Open/Closed].

2.1.2  Possible architecture and concepts of operations

Architecture

2 different mechanism architecture are analysed:

- ARCH-1: P1 and P2 are diametrically opposed.
- ARCH-2: P1 and P2 are near each other

CLOSED CLOSED

Figure 1. Architecture 1 (left) and 2 (vight)
Concept of operations. Different operational scenarios
will be studied:

Movement [°] Rotation
OP-1' 100% [0, 180]' & [0, 90]° CW
cycles [0, 180]' & [0, 90]° CCW
oP-2! 50% [0, 180] & [180,0] CW, CCW
50% [0, -180] & [-180,0] CCW, CW

Table 1. Scenario OP-1 & OP-2, 'ARCH-1 & > ARCH-2

2.1.3 Evaluations

Concept of operation influence on gears lifetime (ARCH-
1, scenario OP_1 vs. OP_2):

The evaluation of the alternative concepts of operation
shows a significant reduction in wheel gears encounters
(~50%). This comes from a better use of the wheel.
Mechanism architecture influence on gears lifetime
(scenario OP-1, ARCH-1 vs. ARCH-2):

The evaluation of the alternative architectures for a given
concept of operation shows a significant reduction in
pinion gears encounters (~50%). This comes from the
angular range to travel to achieve the most demanding
number of cycles.

2.1.4  Conclusion

Mechanism designer should analyse in depth the impacts
of architecture choices on overall mechanism
performances.

Mechanism designer should consider the specifications
from the customer as negotiable.

It is a strong recommendation to the mechanism designer
to analyse and challenge, as part of Requirements
Review, the mechanism specifications, and the as-
specified operational scenario (ground, and in-orbit) to
find, with the customer, an optimum for the mission.




2.2 Tribology considerations: trade-off between
liquid and dry lubricant, knowledge gaps

2.2.1  Trade-off between liquid and dry lubricant:
criteria, and knowledge gaps.

Classical criteria and properties to be considered for a
gears lubricant trade-off are the following: temperature,
life capability in air, life capability in N2, life capability
in vacuum, friction coefficient in air, friction coefficient
in N2, Friction coefficient in vacuum, heritage (test,
flight), feasibility of accelerated testing, containment
(molecular / particulate contamination), storage &
handling constraints, commercial availability, lead times
& ease of application.

A (very) early lubricant trade-off, well documented, is a
driver of the overall development logic of the
mechanism.

- Many proprietary tests data exist at mechanisms
level. The capability of mechanism supplier to
provide within a Design Review cycle (starting at
EQSR) well documented heritage data is an
important element of lubricant trade-off to assess
relevancy of selected lubricant choice and identify
the need of development models.

- A company without heritage, willing to implement
gears system, shall be aware of the need to plan
extensive derisking tests campaign, with the goal to
build its own heritage.

2.2.4  Special consideration for anti-creep
implementation in the case of liquid lubricant
selection

For anti-creep implementation, RDO1 lists a series of
well know requirement.

2.2.2  Life driving factors and gears encounters

Primary concern for space mechanisms is classically not
material strength related, but tribology related, to ensure
that the lubricant / surface coating strength, where
maximum contact pressure occurs, survives the number
of gears encounters.

No specific guideline for anti-creep implementation

exists for gears. However, common sense and following

practices should be followed:

- no creep barrier on the teeth

- apply anti-creep only on the neighbouring to the
contacts surfaces.

Gears life is governed by the number of tooth encounters
(also called gear encounters, tooth meshes, or stress
cycles) under load (hertzian contact stress level).
Differentiation is classically made between pinion tooth
encounters and gear tooth encounters (stage's life is
related to pinion tooth encounters).

2.2.3  State of the art, suitable for the level of overview
this paper provides.

Public papers. Public papers related to life of gear
systems (stress/life relationship) are very limited, and
most of the time not allowing a robust re-use, as
containing limited information (typical missing key
information are knowledge of stresses, materials, tested
misalignment, detailed test configurations and a common
definition of a failure criterion).

On-going work conducted by ESA/ESTL. ESA/ESTL

have identified the need for a comprehensive programme

of testing of gears with the (ultimate) goal to provide, at

gear level, indications of lifetime for solid and fluid

lubricants as a function of stress, temperature and other

parameters. This ambitious roadmap includes:

- a test-rig definition & build allowing controlled
stress in the gear pair

- testing of different materials and lubricants

- testing of gears with hard surface treatments

As of today, this roadmap is part of the long term, and we

don’t have yet any data to share.

Mechanism supplier heritage. Considering above-
described context, mechanism suppliers heritage is key.

2.3 Backlash

2.3.1 Backlash definition

Gear backlash is a term referring to the loss of motion,
when a gear direction is reversed (backlash only occurs
in gear systems that change direction), resulting from
spaces/gaps occurring between gear teeth during the
mesh process.

Different types of backlash definitions exist, that are well
defined in RDI14. We can distinguish, for space
mechanism gears circumferential backlash, normal
backlash, angular backlash and radial backlash.

The “angular backlash” is the usual parameter specified,
analysed and measured on space mechanisms.

2.3.2  Why gear backlash is important

As a mechanism and gear designer, there are several

factors to consider and understand to accommodate a

“good-enough” amount of backlash in the gear system. It

is important to understand that backlash is not only a

matter of design choices, but it is the consequence of a

complex interplay of:

- Gear box manufacturing tolerances

- Thermo-mismatch of the gear box (material
mismatch between the two gears is often beneficial
tribologically, choosing it for the design needs to be
traded off against centre distance and backlash
tolerances)

- Gear lubrication.

- Elastic deformation under operational stresses.

- Assembly / alignment.
Essentially, adequate backlash needs to be present in




the gear to prevent jamming in case of adverse
combination of the above effects.

2.3.3  Why it is an important functional performance?

The backlash is an important functional parameter that
indicates the mechanical precision of the transmission
function.

Excessive backlash can lead to positioning errors,
damage of gear’s teeth and wear.

Insufficient backlash can generate jamming, increased
friction, potential overheating, and/or premature failure.

2.3.4  Method to reduce backlash with classical gear
system

Material Selection. Use materials with low thermal
expansion coefficients to minimize the effects of
temperature changes on gear dimensions.

Precision  manufacturing  with  tight tolerances.
manufacturing gears with high precision and tight
tolerances reduces the clearance between mating teeth,
minimizing the play at the origin of backlash. Pairing this
with strict quality control measures ensures that gears
meet design specifications consistently.

Work with an Experienced Gear Manufacturer.
Discussing early in the design phase with gear
manufacturer is the best way to prevent problems. An
experienced manufacturer can provide expert guidance or
customized solutions to ensure optimal performance
Physical adjustments to the gear assembly. One of the
easiest methods to reduce backlash is by physical
adjustments of the position of gears relative to each other.
Changing the center distance of the gear, enables
adjustment of the backlash. However, adjustment of the
center distance is complicated.

Figure 2. Gear with ABL axial springs (system exists
with torsion spring)

Friction. The 2 surfaces of the gears shall freely rotate
with each other to allow the preload spring between the
two halves gears to correctly function. If a coating is in
place, thickness shall account for when the gear
dimensions and tolerances are defined. A run-in can be
envisaged. Friction shall be characterized.

24 Fracture Control assessment

Whether gears are PFCI or not needs to be assessed for
(fracture) criticality as per RD04 (ECSS-E-ST-32-
01C_Rev.2) criteria and definition.

However, independently of the above criteria, in case the
mechanism is rated highly critical by the customer due to
other aspects than the catastrophic hazard as defined in
RDO0S5, the applicability of RD04 is extended to mission
critical elements (RD04 Req. ECSS-E-ST-32-01).

It is a good practice to agree as early as possible,
preferably in the Requirement Specification (or at
mechanism SRR) if gears are / are not considered as PFCI
to implement adequate fracture control as per RD05 and
fracture control NDI as per RD03.

This assessment is specific per project, and for the same
gears/products, conclusions might differ.

Establishing and setting a proper balance eg. an
appropriate amount of backlash is essential in gear design
and manufacturing to ensure optimal gear performance
and longevity for space mechanisms.

2.3.5  Method to reduce backlash with a specific ABL
gear system

Why? It is frequent that space mechanisms, requiring
high positioning accuracy, are specified to very small (or
zero) backlash. To meet such requirement, gears called
“ABL gears system”, or “no backlash gears”, or “zero
backlash gears” exist. Main principle is to introduce a
preload in the system.

Example of design feature. A common approach is to
split the gear on a plane perpendicular to its axis and add
a preload torque to the system by connecting the two
halves together with axial springs, creating a torsional
load (another solution can be to use a torsional spring).

3  GEARS DESIGN AND JUSTIFICATION
FILE

3.1 Geometry

3.1.1 A co-engineering iterative process

The necessary inputs to adequately conduct a gears
definition are multiple, combining different domain of
expertise, covering:

- Normative aspects and knowledge of ISO.

- Mechanism design aspects (from accommodation,
and tolerance chain (see alignment control plan
budget)

- Base materials and hard coating (like nitriding)
choices

- Lubrication selection (in particular for dry lubricated
gears where the coating is influencing thicknesses of
teeth flanks)

- Gears manufacturing rules techniques selected, and
optimisation possibilities (RD02)

In most of cases, one person / company does not retain in

detail all the needed knowledge to adequately set the

detailed drawing, and subsequent inputs to iterate gears
analysis until a final frozen design.




The detailed drawing is the results of co-engineering
iteration (from a preliminary design to an optimised
detailed frozen design) between different stakeholders
(mechanism design, gears manufacturer, company in
charge of coatings).

3.1.2  Hunting and non-hunting ratio

The gear ratio is the number of teeth on the driven gear
divided by the number of the teeth on the pinion drive
gear.

Gear ratios are typically defined as “hunting ratio” and

“non-hunting” ratio.

- In a non-hunting ratio, one given gear tooth will
contact its corresponding gears teeth in the same
place every time.

- In a hunting ratio, the teeth number of the gear train
have no common factors between them. When the
gear train operates, it takes a very long time for same
teeth to once again make contact between each other.

It is recognised, and quite intuitive, that non-integer gear

ratio can improve service life (and reduce gear noise).

To illustrate, let’s assume first that (See Figure 3).

- agear tooth on gear A is faulty.

- the gear ratio is 20:10

The faulty tooth A1) engages, at every rotation of Gear

A, with 2 locations on the gear B, e.g. areas Bioi,02) and

Byi1,12). Potential wear coming from this faulty tooth will

cause wear only on those two locations.
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Figure 3. Non-hunting ratio scenario

Then, a second illustration is assuming a gear ratio equal
to 31:9. The engaging locations on the gear is shifting at
every rotation, hence wear is distributed multiple teeth of
gear B and each tooth takes less wear in the long run thus
more service life.

Figure 4. Hunting ratio case

Use of non-integer gear ratio to improve service life.

In a hunting ratio, the teeth number of the gear train have
no common factors between them, so when the gear train
operates, it takes a very long time for same teeth to once
again make contact between each other.

3.2 Material choice

3.2.1 Material selection

RDO07 and ESTL tribology course gives detailed
explanation on gear material selection and criteria for
space mechanism application.

Conduct a proper material trade-off with criteria
combining structural strength capability, wear resistance
capability, outgassing and SCC resistance.

For many applications it is common to make the pinion
from a stronger material than the wheel (highest number
of load cycles).

3.2.2  SCC consideration (RD17)

Per RDO1, chapter 4.5.2.4 and Requirement ECSS-E-ST-

33-01, ECSS-E-ST-33-01 and ECSS-E-ST-33-01

a) Materials shall be selected as specified in RD08

b) Materials with unknown characteristics shall be
tested in conformance with RD20 [*]

c¢) RD21 clause “Stress corrosion resistance” shall
apply.

[*] this applies as well in case of doubt or disagreement

between experts

If SCC susceptible material is planned to be used, provide
RFA and SCC evaluation form the earliest possible (e.g.
before materials procurement) to both Mechanism and
Material and Process experts for agreement of
acceptability of selected materials.

3.3  Special process: focus on nitriding hardening
process and early recommendations

3.3.1 Benefit

Hardening is a process carried out, if considered needed,
to maximise the tribological lifetime of metallic gears
when lubricated either by fluid or solid lubricant.




The most commonly used hardening process, subject of
this paper, is the plasma nitriding that has been used
successfully for more than 20 years in major satellite
programmes and commercial constellations.

This process results in a hard layer and soft core, typically
of order ~ 10-40 microns thick due to the diffusion of
nitrogen into a base steel material.

3.3.2 Recommendations
Design / Nitriding growth and metrology

Nitriding processes can lead to an increase in the
dimensions/roughness of parts (due to gas mixture,
furnace temperature, treatment time, part initial geometry
and microstructure), typically in the order of magnitude
of 3 to 5 microns (for a well mastered process).

Next pictures illustrate a not well controlled nitriding

process, leading to an unexpected change of dimensions:

- Measurement is along the flank (blue dotted line)

- Metrology for one tooth before / after nitriding.

- Difference is around 4 to 6 microns, with a “reverse
crowning” (red dotted line).

- Tested results, with clear degradation of gears flanks.

G 61 -

Figure 5. Nitriding growth effect, illustration
Masking and nitriding process

The eventual need of masking of specific surfaces from

the treatment (good example is a thread) shall be

discussed as early as possible (and ultimately traced in

the gears detailed drawing) with nitriding supplier, as

masked areas:

- Can influence
implementation/results

- Increase risk of electrolytic corrosion

- Can impose implementation of specific toolings.

overall process

from this paper was at least 18 months (until parts were

ready for integration in a qualification model), worst case

being above 24 months.

3.4 Recommendations for gears sizing, and
analysis

3.4.1  Requirement

As specified in RDOl, Req. ECSS-E-ST-33-01,
dimensioning and sizing of gears shall be performed in
conformance with, ISO 6336-1, ISO 6336-2, ISO 6336-
3, ISO 677, and ISO 678.

34.2  Why a gear analysis?

Conducting adequate gear analysis, is a key expectation
of mechanism Preliminary Design Review, or Critical
Design Review to ensure adequacy of gear train design
compliant with the Mechanism mission profile, and
specifications.

The most commonly used software is KISSsoft, a
Gearbox and Transmission Design Software

3.43  Generality

Complexity of gears analysis: a need of co-engineering
between all stakeholders involved.

KISSsoft is a software frequently used for gears design,
performances analysis and optimisation.

The necessary inputs to adequately conduct a gears
analysis are multiple, and combining different domain of
expertise (see chapter 3.1.1 A co-engineering iterative
process).

In most cases, one person / company does not retain in
detail all the needed knowledge to adequately set the
inputs and/or conduct a gears analysis.

And experiences show that in most cases the Mechanism
responsible entity sub-contract the gear train analysis,
based on a specification.

User misunderstanding in the problem setup (input and
output), and co-engineering

A mistake which is too often observed in gear analysis is
a user misunderstanding of the problem setup e.g. in the
inputs coming from the specification). It is a “human
factor”/user-definition” error, leading to irrelevant
output.

Schedule consideration: nitrided gears are a common —
but not necessarily recognised — LLI.

A recurring procurement of nitrided gears configuration,
(frozen design and established supply-chain for this
design) is not seen as LLI, where the typical lead time,
with no anomalies, is in the order of magnitude of 6 to 8
months.

A new nitrided gears configuration development (new
design, e.g. non-established supply chain for this design)
has systematically proven being a LLI. This seems a
quite good sense observation, looking at the overall flow
of activities and considering the numerous entities that
can be involved. The procurement time of the examples

The solution for this is to organise a co-engineering
between all parties involved (mechanism supplier, gears
manufacturer, hardening process provider, tribology
coating supplier), ideally face-to-face, under the
responsibility of the mechanism supplier, to setup the
problem. This includes, in particular, a definition as
accurate as possible of the analysed configuration, and a
common understanding / definition of the expected
output.

Modelling: cross check and parallel analysis

Observation is made that each results are attached to one
model, and any differences, interpretation or
simplification in the content of the model can generate
significant differences. Some results can be significantly




modified after simple iteration with the analysis provider
to understand their results.

A strong recommendation is to challenge the modelling
and results obtained, by having at least a double check of
model and ideally a parallel analysis.

3.4.4 How to conduct a gear analysis? Gear analysis

inputs

Basic inputs:

- Geometry of gears (modules, number of teeth, center
distance, pressure angle, facewidth), including
manufacturing aspect (accuracy grade, reference
profile, ...).

- Materials data’s (Yield limit, Ultimate limit, thermal
treatment,  Hardness  properties, = Endurance
performances, Young’s modulus and Poisson
coefficient, roughness, ...

- Lubricant data.

Load cases:

In addition to that, the input torque cases of gears analysis

is key. Torque inputs come from a detailed analysis and

understanding of the different phases of the mechanism
life (mission profile), adequately flow-down in gears
load cases.

This exercise brings typically 3 main sizing cases driven

by mechanism performances budget:

Case 1: Mechanism actuation.

Objective of analysis is gear lifetime assessment

The corresponding event/mission phase is the nominal

running operation.

For this case, analysis assumptions are combining a zero-
friction loss hypothesis, maximum speed and a maximum
available motor torque.

The computation of maximum available motor torque
puts together a conservative motor constant (e.g. upper
side of uncertainty range), the maximum power supply
capability of the driver and a conservative temperature
e.g. a cold qualification temperature for mechanism with
end-stop, or an ambient temperature for mechanism with
unlimited travel range.

A “realistic” case is defined as combination of: a worst-
case misalignment (3 sigma RSS), no Motorisation
Factor, and resistive contributors with their Uncertainties
Factors (according RDO1).

Case 2: Output shaft blocked.

Objective of the analysis is to structurally check gear

teeth / flank safeties (Tooth and Flank Strength and

Endurance).

Corresponding event/mission phase are:

- Contact with an end-stop, for a mechanism with
limited travel range: see RDO1 (in particular Req.
ECSS-E-ST-33-01). Evidence shall be given that the
contact with an end stop does not result in a non-
recoverable situation, nor performance or life
degradation of the mechanism.

(Not uncommon) AIT failure case (EGSE/MGSE
tooling issue, operator errors, ...), for mechanism
with unlimited travel range.

Note:

It is expected that the mechanism design and gear
train is robust to such event (no non-recoverable
situation, nor performance or life degradation of the
mechanism).

If the mechanism design and gear train is sensitive,
limitations shall be identified, discussed and agreed
with the customer, the latest at mechanism PDR.

Case 3: SCC assessment

The objective is to check gear tensile stresses to help
justifying, with materials experts, acceptability of RFD
towards the use of material sensitive to stress corrosion
cracking (see dedicated chapter). The risk of usage of
SCC susceptible environment in a part which is under
tensile stress is its sudden catastrophic breakage, which
can happen under stress well below material’s yield limit.
Note that cleanroom environment is not accepted by ESA
as corrosion-free environment. After all, NCRs on
corroded parts which have been stored in cleanroom
environment are held several times every year.

The level of sustained stress in the gears shall be analysed
and the limit must be agreed. For specific project cases
a limit SCC stress can be established by testing, however
it requires an early (and lengthy) discussion with the full
customer chain. For some materials a safe level of stress
doesn’t even exist. It is also helpful, if the supplier can
provide evidence of the part being exposed to continuous
stress in uncontrolled environment (real life example
being a mechanism EM which has been on storage for 10
years without any evidence of crack). Unless the tensile
stress in the material is almost negligible, the use of SCC
susceptible material is often only acceptable under the
condition of continuous purging of the mechanism during
its complete ground-life (or from the moment the tensile
stress is introduced in the material). For example:

-Hub stress from press-fit is present in the material for
the complete ground life

-Root tensile stress due to end stop driving is only present
for the duration of the event.

Both cases require different assessment and risk
mitigation approach.

It is seen as a good practice for this evaluation, to
combine a worst-case misalignment (3 sigma RSS),
Motorisation Factor and resistive contributors with their
Uncertainties Factors (according RDO1).

Case 4, if applicable: Additional considerations for
loads history definition:
In the load’s history_definition, a special attention shall
be given to the following loads that are specifics, or
usually missed:
- Hit against an end-stop (which is generally
demanding for a large inertia),
Launch lock (if in place), and a “go out of parking
position” operation,
- Intermittent loads applied at the output shaft,




- Implementation of a boost mode that some drivers
are proposing, in general available on-demand (via a
ground telecommand). This boost mode offers a
punctual increase of current within a limited TBD
duration.

It is a good practice to systematically revisit the
mechanism mission profile as loads history may differ,
for the same mechanism design, from one project to
another one.

3.4.5 How to conduct a gear analysis ? Gear analysis
outputs

In all cases reported in previous chapter, outputs of gears
analysis are an evaluation of root and flank safeties
(tensile strength, contact pressure).

3.4.6  Conclusion and recommendations
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Figure 7. ABL gear
In this specific case, the torque applied by the torsional
spring shall satisfy the following equation:

TABL, min guaranteed > MF. [ 3(1)-TB + 3(1) -TFA, + 125TD]
(M theoretical UF, would be 1.5 with measurement

1) For modelling, gathering adequate inputs (material,

geometry, lubricants selection, load cases) is essential.

For this purpose, a co-engineering between all

stakeholders (mechanism supplier, gears manufacturer,

special process supplier) is strongly advised.

2) For model and results evaluation, very similar

recommendations to RD12 apply:

- Model validation is essential

- Try to cross-check any model results

- Try to correlate model with experiment/test

- Don’t assume the same code will give identical
results in all cases when used by different users

3) Load cases definition, consistent with complete

mission profile (including ground) of the mechanism, is

key.

Where:
- TapL= torsional torque of the ABL spring system
- Tg, Tp & Tra contributors are all after ABL device:
=  Tg: friction contribution of guiding system at
output shaft
=  Tp: definition of Tp per RDO1
= Tra: friction torque of ABL system (in between
the 2 gears, and friction between gears / output
shaft)
Motorisation Factor, MF=2 could be negotiated to be
reduced even to MF=1, if well justified.
Among potential justification:
- ABL function is not deemed critical for the
mechanism function or performance
- Need to balance life and ABL performances need
(ABL spring increases Hz contact pressure)
- 100% characterisation of friction resistive torque
contribution

3.5 Recommendation for anti-backlash sizing and
performances assessment)

3.5.1 Importance of adequate sizing of ABL spring
system

The ABL influences several mechanism performances
such as motorization (friction contributing element) or
life as it induced higher contact stress and more sliding
motion. The next picture illustrates

Figure 6. A spring force too high with premature failure

3.52 How to handle the ECSS rules with such
configuration?

To illustrate how to handle the ECSS rules, a case study
is proposed, inspired by RD15:

As a general guidance, ECSS torque margin formula
fully applies for ABL sizing, only the MF could be
reduced, if justified.

3.6  Alignment considerations and alignment
control plan suggested strategy

3.6.1  Importance of alignment

RD17 Strength analysis of Spur Gears for space
applications illustrates the importance of well aligned
gears. The importance of gears alignment can’t be
stressed enough.

Hereafter picture, from RDI17, are illustrating the
influence on contact pressure distribution with and
without misalignment

Figure 8. Contact pressure distribution with/without
misalignments

Misalignment can lead to various problems, including
reduced/degraded efficiency, it accelerates Iubricant
degradation and hence wear. Alignment is fundamental
for optimal gearbox performance and life of the gearbox




and surrounding components.

3.6.2  Types of Misalignments

Misalignment is typically a combination of both in-plane
and out-of-plane misalignment.

Following picture illustrates the way to define
misalignment, within a reference frame.

To populate KISSsoft software inputs, those angles shall
be combined with gear length of engagement, to obtain
in line with ISO-6336:1 standard, the deviation and
inclination errors in [pm]:

- Deviation error f£f ,,out of plane error

- Inclination error fX§ ,,in plane error*

Side |
Side I

f5e>0

Figure 9. Deviation and Inclination error
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Figure 10. Misalignment error in yOz and xOz planes

mechanism: general architecture of the gearbox, gear
manufacturing  tolerances (ISO class), housing
tolerances, housing differential thermal expansion,
bearing runouts and tolerances, shafts deformation under
load, ...

It is the opinion of the authors of the paper that the more
demanding applications require at least ISO7 class
quality of gears.

Additionally, even in the case of well aligned gears, it
may be impossible to achieve uniform contact pressure
distribution on the tooth flank, unless tooth flank
modification is employed (such as crowning, flank line
slope modification. The type of modification should be
discussed with the gear analyst and manufacturer very
early during the design process.

3.6.4  Alignment control plan suggested strategy,
design phase

Designer shall be aware that implementation of a gearbox

imposes an alignment control plan :

- At PDR, the designer shall define a reasonable but
conservative budget, allowing to run Gear analysis
and assess impact of misalignment.

- At CDR the detailed design and associated tolerance
chain shall be in place for gear system. Goal is to
confirm PDR assumption, and freeze analysis, and
detailed drawing accordingly.

- For MAIT see, acceptance chapter.

4  DDVP: development models, qualification

activities and acceptance

4.1 Development models: BBMs conditions

In case of missing heritage covering the life requirement,
the mechanism development logic shall include an early
BBM lifetest derisking.

The following recommendations apply.

To give some order of magnitude observed within
referenced development of this paper:
Values for ayz and axz in between ~0.03 degrees and
~0.1 degrees, liquid lubricated, conducted to
successful BBM life test
Values for ay, and axz above ~0.2 degrees, dry
lubricated, conducted to very premature BBM life
test (a couple of revs.)

3.6.3  Contributors to gears alignment budget

Contributors to gears (mis)alignment are geometric
parameters and associated tolerances of the different
parts contributing to gear integration within the

Test set-up. Mechanism supplier shall be aware of the
significant ~ engineering  effort imposed by
implemementing a gear BBM derisking lifetest : most of
the time-consuming and costly aspect in running a BBM
derisking lifetest are designing and commissioning a
facility, that ensures a controlled-stress (which is
predominantly driven by flight model representative
alignment).

Test condition. The test environment shall be as
representative as possible of the operating environment.
The BBM lifetest must therefore represent the ground test
environment in addition to the thermal vacuum
conditions experienced in flight.

Timeline of derisking model vs. mechanism reviews
cycle

BBM lifetest derisking shall be successfully completed
(stripdown complying with RDO1 end-of-life criteria),
before mechanism CDR closure.

4.2  Focus on nitriding process qualification and




acceptance

4.2.1 Disclaimer

Details or methodology for the execution of hardening
process differ significantly between various sub-contract
providers, and in reality, this process is not unique, but is
a “family of proprietary processes” offered by various
sub-contractors. The content of this paper is to provide
guidance to potential users, to the best of the author
knowledge. Content needs to be revisited as part of
MPCB process to ensure adequacy of the validation
approach with gears usage (mission profile), materials
selected or as-design specificities.

Plasma nitriding process is an often used process,
however it is not the intention of the paper to suggest that
this is the only suitable hardening process for gears used
in space mechanisms.

4.2.2  Challenge and common difficulties

The usual challenge is to ensure that treatment is applied
uniformly and consistently for different batches of gears.
Typical problem related to the nitriding process is the
failure to achieve the required hard layer thickness or
coverage and integrity, raising the possibility of
premature lubricant or gear failure.

Typical unacceptable features observed on nitrided gears
treated so far include inconsistent thickness (and depth)
of the hardened zone, incomplete coverage of the nitrided
layer, microcracking in the nitrided layer, variation in the
appearances of the gears, larger cracks at tooth tips,
inadequate hard layer extension in the tooth root area.

4.2.3  Process parameters, and their objectives

The process parameters are in most cases proprietary,

however the non-exhaustive list covers: parts preparation

including cleaning, parts positioning in the furnace,

thermocouple implementation/location, temperature

profile, pressure, nitrogen/hydrogen gas mixture,

processing time.

Goals of fine settings of process parameters are:

- Toavoid a compound zone layer (white layer), which
is very hard, but also brittle and porous.

- To obtain a diffusion zone increasing hardness of the
bulk material (primary objective)

- To ensure adequate depth of hardness such that the
maximum gear operating subsurface stress occurs
within the hard layer.

4.2.4  Recommended validation plan / flow of activity

The recommended flow of activities (Request For
Approval or RFA of MPCB review) is built in a way to
secure the qualification and procurement of flight
nitrided gears by providing for one given flight-
representative “as-design/as-built”.

This includes 3 levels: trials/qualification /flight batch.
This chapter addresses trials and qualification aspect.
Flight batch validation is discussed in another chapter.

Objectives of trial(s) or test sample(s)

Starting with trial(s), aligned with the flight-

representative “as-design/as-built” configuration is a

strong advice. First, this is a way to initiate early

discussions and co-engineering between nitriding

supplier, gears manufacturers, and mechanism suppliers.

Trials objectives are to maximise the chance of success

of nitriding process implementation for First Article,

through attempts, in as many numbers as necessary, to

align process implementation constraints and

specificities of as-design to be nitrided.

Note: it is not uncommon, after a first satisfactory trial to

implement a process optimisation step (e.g. a second

trial) to fine tune process parameters.

Qualification objectives

Qualification includes both

- process-related activities conducted at gears levels
on the first article : for each part number, a first
article is traditionally submitted to a series of
verification, including visual inspection, geometrical
verification, inspection with high magnification, and
harness measurements.

- the nitrided gears stripdown at end-of life of the
mechanism Qualification Model

4.2.5  Trials/qualification recommended contents

Verification Trial (51‘3[) Batch approval
[1] | Visual inspection X X 100%

[2] | Metrology 100% 100% 100%

[3] | SEM/EDX X X Reduced

[4] | Flank hardness X X X

[5] | Nitriding depth X X X

[5] | Hardness profile X X X

Table 2 — Trials/qualification/flight batch
[1] Visual examination before/after nitriding includes
imaging and high-resolution surface morphology /
texture examination under different magnifications
(typically with 40x magnification). The inspection covers
absence of corrosion, unexpected or unacceptable
handling issues, and identification of morphology/texture
issues (e.g. signs of delamination). A catalogue of photos
covering acceptable and non-acceptable defects can help.
[2] Geometrical and roughness measurements. This
verification of compliance to drawings is implemented to
confirm gears quality before / after nitriding process.
Metrologies before /after hardening process are expected
to be conducted by the same entities and following same
procedure.
[3] SEM/EDX analysis
SEM surface examination allows to verify the surface
integrity of the most critical areas of the teeth (typically
the tip, flank, and root radius), together with white layer
(brittle and porous compound layer) presence/absence.
An EDX analysis intends to provide information on
material composition. This allows (in coordination with
nitriding supplier, and gears material selection) to ensure
consistency of EDX findings.




For flight gears, it is recommended to inspect at least 3
flanks CW & 3 flanks CCW at 120 deg on the gear
circumference on a randomly selected part of the batch.
[4] Surface hardness measurement. Objective is to verify
surface hardness performances, according as-design
requirement (typically TBD HV Surface hardness)

[5] Nitriding depth measurement and hardness profile

(material procured slightly different, specific design
features like crowning implemented at a later stage or
fine tuning of gears interfaces). If such situation pops-up,
it is strongly advised (before authorising the
manufacturing), to carefully address the resulting risks,
and if judged needed, re-run a trial.

Special steps in the hardening process

measurement

Following a metallographic preparation, a sacrificial

metallographic micro-sectioning examination is typically

performed and inspected with 500x magnification. It
allows following evaluations:

- Hard layer coverage and uniformity (nitriding
diffusion layer depth measurement)

- Nitriding hardness profile measurement (hardness as
a function of distance from surface is measured, and
compared with design criteria typically a TBD HV
value at TBD micrometers depth)

Figure 11 — Incomplete coverage and Microcracking

[*]

Figure 12 - Example of uniform coverage [*]
[*] The black spots are the hardness indents applied.

4.2.6  Additional warnings / recommendations

Traceability
The traceability (qualification and flight gears

serialization) is key to ensure gears metrology
consistency along the overall manufacturing flow. It is a
strong recommendation to adequately anticipate and
discuss with gears manufacturer, and nitriding supplier,
and agreed methodology to guarantee parts traceability.
Note is made that traceability insurance may increase
processing time, with a collateral impact on delivery
schedule.

Validation / Trial

In some situations, it can happen that the early trial as-
built differs a bit from final expected flight design

It is quite common to observe additional operations in the
overall flow, such as cleaning (before, after nitriding
operation), etching, grinding, ....

When presence of those operations / special steps shall
be considered as an integral part of the overall process
validation.

As an example, the following picture is an example of
[nitriding + final grinding operation]. A specific attention
shall be given to the reproducibility of the transition
location, near the bottom land, where the nitride layer is
removed by the final grinding step.

Figure 13 - Example ofrnitriding + final grinding

5 ACCEPTANCE

5.1 Gears acceptance: a life limited items that
needs special attention

5.1.1  FMsvs. QM

Qualify as you fly ... a frozen supply chain

Per RD06, an off-the-shelf product with modification
falls in category C of an EQSR. Modification includes
changes to design, parts, materials, tools, processes,
procedures, supplier, or manufacturer. A Delta or full
qualification programme (including testing), decided on
a case-by-case basis depending on the impact of the
modification, shall be executed.

Gears are tribology parts, and life-limited items, and per
se, are a key component of lifetime qualification
justification of the mechanism (RDO1, chapter. 4.8.3.3.11
Lifetime qualification testing).

The supply chain for the complete gear procurement used
on the mechanism qualification model is the one to be
used for the flight hardware.

Any modification(s), such as design, parts, materials,
tools, processes, procedures, supplier, or manufacturer
(including industrial transfer) puts in question the



qualification status of the product.

5.1.2  Non-conformances management

As per:

- RDI19/ paragraph 3.2.1, and

- RD20/annex C

any Non-conformance affecting gears are major.

5.1.3 Recommended MIP list

Recommended MIPs for a gear’s procurement are:

- MIP after the dimensional control post-machining.

- In case of nitriding implementation, an additional
MIP after batch validation verification activities

- In case of special coating implementation (typically
Mos?2 or lead coating), a final MIP, after coating.

5.14  Metrology for gears, RD22

Gear metrology is a critical aspect of the manufacturing

process. Goals are to:

- Guarantee quality & compliance of all gears (100%)
and all drawing dimensions (100%) with the required
specifications and tolerances (runout, pitch, profile,
backlash, tooth thickness, ...)

- Identify manufacturing issue early (before assembly)

- Support process control (with the first-article
inspection and early data feedback, metrology is an
integral part of quality systems, not just a final
check)

100% of gears and 100% of drawing dimensions shall be
metrology controlled

Principles of gear metrology: uncertainty, calibration,
accreditation, traceability

Uncertainty

If the measurement uncertainty is too high, it can lead to
incorrect decisions being made about the acceptability of
a gear. Contributors to measurement uncertainty are
uncertainties coming from measurement instrument, the
measurement process, and the environment.

Using high-quality measurement instruments, optimising
measurement process and working in controlled
environment is a common approach to master
measurement uncertainty.

Calibration

Calibration refers to the comparison of a measurement
instrument to a known standard to ensure it is accurate.
Accreditation

Accreditation (typically granted by a National Institute)
is the official recognition of a measurement facility as
having the necessary expertise, equipment, and
procedures to perform measurements accurately and
reliably.

Concept of traceability for gears metrology

Traceability for gears metrology is a way to link
measurement results to a known standard. This refers to
the ability to trace the measurement result back to a
primary standard, such as a national / international

standard. Its is obtained through a chain of comparisons

(measurement result compared to a secondary standard,

which is in turn compared to a primary standard).

Industry Standards for Gear Metrology

Standards play a critical role by providing a common

language and framework for measurement. Standards

also help to guarantee that measurement instruments are
calibrated and maintained correctly.

The following standards are the most ones used by

European gears manufacturers:

- ISO 1328-1. It specifies the requirements for gear
accuracy and gives guidelines for the measurement
of gear geometry.

- ISO 18653Gears — Evaluation of instruments for the
measurement of individual gears

- ASME Y14.45. 1t provides guidelines for the
measurement and verification of geometric
tolerances.

Measurement Techniques

Traditional measurement technique is using a CMM

(typical order of magnitude of accuracy is £0.01 mm).

This level of accuracy is, however, insufficient for the

metrology of functional surfaces of gears with small

modules. The gear manufacturer rely on bespoke
measurement techniques to confirm the conformance to
gear [SO standards.

New “advanced” techniques are more and more used

(Laser Interferometry, Optical Measurement,

Tomography) offering some advantages over traditional

measurement methods, including higher accuracy, faster

measurement times, and the ability to measure complex

geometry. The choice of the technique depends on a

several factors, including the type of gear being

measured, the required level of accuracy, and the related
cost.

Best Practices for Implementing Industry Standards in

Gear Metrology

Effective implementation of standards for gear metrology

needs respect of some best practices and

recommendation to ensure that gear metrology is
performed accurately / reliably, and that gears meet the
required specifications and tolerances.

Following aspects are key:

- A good understanding of the relevant industry
standards and their requirements [*]

- Mastery of gear metrology principles (uncertainty
management, calibration, accreditation, traceability)

- Trained personnel in the use of measurement
instruments and results interpretation

- Application of the same written procedures for first
article and recurring production

[*] It is proven as being a challenge to have a deep
knowledge of gear metrology industry standards at
mechanism supplier level. A close collaboration and a
relationship of trust with gears manufacturers is seen as
fundamental.




5.1.5  Incoming inspection

Machining not according to drawings
Following picture illustrates missing design feature

discovered at incoming.

Chamfer function of this ABL gear system is to remove
any sharp edges that could potentially interfere with the
gear faces and ensure smooth relative displacement
between each other.

N

Figure 14 - Missing operation : right design with
chamfer (left), missing chamfer (right).

corrective actions. Implementation of corrective actions
to remove burrs shall give special attention to surface
treatments aspects. It happens that gears presenting burrs
at incoming shall be rejected, as deburring operation at
the very end of the manufacturing flow, can affect the
surf: ce treatment.

Figure 17 - Burrs detected at incoming

A Manufacturing Readiness Review between gears
manufacturers and mechanism designer is key to
guarantee a common understanding of drawings before
gear production.

Deburring shall be implemented at the right place in gears
manufacturing flow. Deburring operation at the very end
of the manufacturing flow can affect the surface
treatment.

Contamination
Sources of contamination are multiple within gears
manufacturing flow : residues of oils used during gears
manufacturing flow, cleaning media traces, tooling used
in the process leading to debris or fibres capture

i

i i 3 \ 8
Figure 15 - Example of fibres / debris observed at
incoming

Corrosion
Steels commonly used for gears manufacturing are
susceptible to corrosion (particularly if plasma nitrided
/heat treated).

Implementation of corrective actions to remove corrosion
shall give special attention to geometrical aspects
(chemical or mechanical methods can put the gear out of
drawing specification).

The increased susceptibility of the material to corrosion
requires specific approach to storage and handling of the
gears during the MAIT.

Figure 18 - Corrosion

An adequate contamination and cleanliness control plan
is recommended to be implemented as contamination can
cause abrasive wear and precipitate lubricant failure.

Implementation of corrective actions to remove corrosion
shall give special attention to geometrical aspects.

Dents, scratches

Dents are generally coming from errors inadequate
handling or packaging after machining. Dents constitute
a stress concentration area and be the initiation of pitting
damgge.

i
Figure 16 - Dents detected, at incoming

5.1.6  Non-Destructive Inspection

Gear manufacturer best practices

NDI (such as dye penetrant testing) on gears are in
principle best practices of gears manufacturers post-
machining check.

Ensuring that NDI, common best practices of gears
manufacturers, are in place, independently of PFCI
classification is recommended.

RD10 is recommended to be followed. If dents are
observed, acceptability shall be carefully addressed
towards gears working areas.

PFCI classification

In case gears are confirmed to be a potential fracture
critical items, the fracture control NDI in accordance
with RDO03 needs to be applied for metallic safe life
items.

Burrs
Gears discovered at incoming with burrs require

As per the RDO03, visual inspection alone is considered to
not be able to reliably detect cracks on items which are
justified by damage tolerance analysis approaches.

Reliable detection (90/95 POD) of surface cracks is
deemed to be achievable with the standard fracture




control NDI (such as dye penetrant testing) and down to
the initial crack sizes as reported in RD03 Table 9-1 /
Initial crack size summary, Standard fracture control
NDT. Initial crack sizes below the reported limits cannot
be reliably detected by the reported standard fracture
control NDI methods.

Note : NDI method for small module gears should be
agreed with the customer. The dye penetrant method may
not reliably detect small cracks. The minimum detectable
crack with this method will likely grossly exceed the
tolerable crack size defined in a crack growth analysis.
Consideration for gears plasma nitrided

When performing a dye penetrant standard fracture
control NDI on already plasma nitrided gears, two topics
need to be considered in terms of surface crack
detectability. Firstly, surfaces need to be etched to
remove material that has been potentially smeared over
cracks during the machining process (It is not necessarily
well mastered how a plasma-nitrided surface would
behave under the etching). Secondly, the plasma nitriding
introduces compressive stresses into the treated surfaces
of the gears. These compressive stresses likely close any
potentially present surface cracks, reducing the
likelihood for their detection.

The SEM inspection is deemed more adequate for
detecting surface cracks in the plasma nitrided layer.

On the other hand microsectioning is likely to introduce
cracks in the hardened layer due to release of the internal
stresses, especially in combination with the effect of the
resin used to hold the microsectioned piece. A properly
selected resin and cutting process should minimise this
effect. Any hard layer cracks observed in a
microsectioned parts should, however, not be ignored
and their origin should be understood.

Best and recommended practice for nitrided gears is to
conduct etching and dye penetrant inspection before the
plasma nitriding.

5.1.7  Nitriding process acceptance

Objective of verifications implemented on flight batches
is to bring evidence of the repeatability, and consistency
of nitriding process with qualification results. See Table
2.

The flight batch is commonly accompanied with a
sacrificial item submitted to surface hardness and,
nitriding depth and hardness profile verification. For
details on each verification steps, refer to chapter 4.2.5.
5.2  Alignment control plan strategy MAIT

It is crucial during assembly to control the alignment
budget, to ensure a consistency with the resulting
Hertzian contact pressure.

First, elementary parts (contributing to misalignment)
shall be dimension-controlled to confirm as-built / as-
design consistency. Any NCR shall be analysed and
justified, based on tolerance chain analysis, as
acceptable.

Then, recommended technique to control the budget is
based on e.g. laser alignment that is the most accurate and
efficient method for shaft alignment measurement. It uses
laser beams and sensors to determine the alignment
condition precisely. Non-recurring efforts are largely
compensated by the benefits of laser alignment
techniques, that include high precision, ease of use once
in place, data recording.

Others method, but for rough alignment verification, but

very likely inadequate for small module gears, are:

- Straightedge and Feeler Gauges. It is simple and
cost-effective, but not highly accurate.

- Dial Indicator Method. Dial indicators measure the
displacement between shafts. This method offers
greater accuracy compared to the straightedge
method.

Whenever possible (when qualification and flight models
are built together), it is a common sense recommendation
to build the mechanism Qualification Model with the
intent to represent the worst case towards gears
misalignment.
If flight models alignment are found within the analytical
budget, but (reasonably) worse than Qualification Model,
for high precision mechanics, it is possible to accept the
FM based on supplier heritage, arguing that the
differences are covered by the life factors applied on
Qualification Model during life test. Furthermore the
case shall be supported by thorough contact stress
analysis quantifying the impact of the misalignment on
the contact pressure and comparable life test results from
heritage projects.
However, it may happen that Qualification Model is the
best of the manufactured series and QM alignment is
significantly better than FMs. In that case, if mechanism
supplier cannot bring some justification based on its
heritage, additional evidence of the life capabilities of the
misaligned configuration, can be required, typically
obtained through additional BBMs life testing.

5.3  Backlash performances: how to quantify,

measure angular backlash?

Most of the time verifying backlash during integration
step is a challenge due to gears dimensions / mechanism
size. On the opposite side, the backlash performance
verification is a must of mechanism qualification and
workmanship validation.

5.3.1  Verifying mechanism
integration

backlash  during

Manual qualitative check. Backlash can be roughly
quantified by manually rotating mating gears back and
forth: with one gear fixed, rotate the other gear in both
directions, the amount it turns before contacting the
stationary gear is proportional to the backlash. This is a
quick way to detect excessive backlash, without any
tools. Even if this technique is subjective and brings not-
quantified information (precise amount of backlash is not
measured), an experienced operator can judge at



assembly (pass/fail qualitative criteria) if the backlash is
within acceptable limits based on the application.

Dial Indicator quantitative (coarse) method. This
measurement technique consists in a distance
measurement of the normal backlash, and a numerical
post-treatment to obtain the angular backlash.

The principle combined a dial indicator probe positioned
in contact with a tooth on the unloaded side of the gear,
and perpendicular to the tooth surface at the pitch line, a
dial indicator zeroing, a clockwise and a
counterclockwise movement with measurement, and the
calculation of backlash.

5.3.2  Backlash in mechanism functional
performances verification

Measuring backlash angular value

Once assembled, the mechanism backlash is measured.
A measurement relying on input and output sensors is
recommended to characterize the backlash. A GSE input
or output sensor can be used, in case the mechanism is
only equipped with a single sensor.

As it might evolve during mechanism life due to wear and
depends on temperature, backlash shall be characterized
in operational conditions along the complete test
sequence:

- Initial Functional Test

- TVAC test cold/hot

- Life test

- Final Functional Test.

Mechanism backlash is measured at different positions of
interest (To Be Agreed with customer),

A common procedure is to command the mechanism
back and forth around the position of interest, then
compare the step counter with the achieved position via
the counter-measurement (sensor).

Note: previous techniques (Manual qualitative check,
Dial Indicator quantitative method) are typically not
adequate for mechanism-level test (TVAC test, access to
gears with housings, ...).

Design To Test. Except if the mechanism design includes
a flight sensor with adequate resolution at output shaft,
the mechanism designer shall implement early in the
development, adequate design feature (specific
mechanical interfaces to allow mounting high-resolution
sensor) to ensure testability. A factor 10 is recommended
between sensor (countermeasure) resolution & expected
backlash value.

Characterisation of anti-backlash device stiffness.
Stiffness is typically reduced by the ABL (as it is driven
by the preload springs). It is good practice as part of ABL
system implementation to conduct a stiffness
characterization test.

Lifetest at mechanism level. With an ABL system, life
performances are sensitive to the direction of rotation and
life test shall be conducted in a representative way.

5.4 Handling and storage

Recommendation is to ensure that gears and mechanism
suppliers own local procedures are aligned with best
practices of RD10 / LUB-ESTL-TN-0007 issue 03

5.5 Interruptible and Uninterruptible work

Recommendation to implement as part of mechanism
MAIT flow chart uninterruptible tasks (e.g. task having
the fundamental constraint to be completed it without an
interruption).

6 CONCLUSION

Although the spur gear technology is conventional,
mastering its design, procurement, integration and test
remains a significant effort.

This paper has provided several recommendations to help
the space mechanisms engineer in his tasks, coming from
the lessons learned through several different spur gears
development.

A Gear handbook, RD23, is currently under build, and
will be released soon by ESA.

7  ABBREVIATIONS AND ACRONYMS

ABL  Anti Backlash

AMDC Advanced Mechanism Design Course
BBM  Breadboard Model

CCW  Counterclockwise

CMM  Coordinate Measuring Machine

Cw Clockwise

DDVP Design, Development and Validation Plan
EDX  Energy dispersive X-ray spectroscopy

FA First Article

FTIR  Fourier Transform Infra-Red spectrometer
MAIT Manufacturing Assembly Integration Test
MIP  Mandatory Inspection Point

MPCB Materials and Processes Control Board
PFCI  Potential Fracture-Critical Item

RFA  Request For Approval

SEM  Scanning Electron Microscopy

SCC  Stress Corrosion Cracking

SMS  Specific mechanism specification

UF Uncertainty Factor

8 REFERENCES

RDO1 ECSS-E-ST-33-01C Rev.2. Mechanism

RD02 ESMATS 2021, J. P. Wood, Lockheed Martin
Corporation. Design &  Manufacturing
considerations for modified involute gearing

RD03 ECSS-Q-ST-70-15C. Non-destructive testing

RD04 ECSS-E-ST-32-01C Rev. 2. Fracture control

RD0O5 ECSS-Q-ST-40. Safety

RD06 ECSS-E-ST-10-02. Verification

RDO07  Space Tribology Handbook, 5% edition

RD08 ECSS-Q-ST-70-36/ Material selection for SCC

RD09 ESA-ESTL-TM-0096 Issue O1.

RD10 LUB-ESTL-TN-0007 Issue 03.

RDI11 ESA-ESTL-TM-0377 Issue O1.

RD12 ESMATS 2021. Software evaluation of ball




RD13

RD14
RD15

RD16
RD17
RDI18
RDI19
RD20
RD21
RD22

RD23
RD24
RD25

bearing performances.

ESMATS 1983, Stevens. Tribology of Gears for
Satellite Applications

https://khkgears.net

Nonlinear Dynamics Modeling and Analysis of
Torsional Spring-Loaded Antibacklash, Zheng
Yang and all.

ESA-TECMSM-TN-007846.

AMDC 2023, A. Tvaruzka
ECSS-Q-ST-10-09C.

ECSS-Q-ST-10-04C.

ECSS-Q-ST-70-37.

ECSS-Q-ST-70-71.
https://www.numberanalytics.com/blog/
mastering-gear-metrology-expert-insights

ESA Gear handbook to come
ESA-ESTL-TM-0118

ESA-ESTL-TM-0219.



