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ABSTRACT/SUMMARY .

- .
.

The qualification test results for the RMS End Effector (EE) are

‘compared to the specification to which the EE was designed and to .the test

plan for verifying conformance of the EE to the specification. Significant

differences exist, but" dnly the most impoftant are discussed. The <EE
performance ih tﬁe qualification tese program has had several anomalies,
including component failures and replacements, complete jamming, and revised
test standards._ The- quallflcatlon test was not re-run after each failure, as
is normally required, but continued as if the failure did not occur. When the
EE jammed during rigidization, the test was shortened to that amount of
eguivalent.uSage.. A structural loading test, the‘final test requirement; was

accofnplis’hed after partial disassembly, cleaning and replacement of the dry

lubricant with ‘a2 wet lubricant on- ;he ball screws. The EE functioned

adequately, but failed to meet the criteria for interface separation at the

preload"conditio'n. The EE qualification test record does not validate

'co_mpl'iance to its performance requirements, but indicates, instead, that the

EE has failed to operate successfully in its specified environment.
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INTRODUCTION/BACKGROUND

%
S
L]

Canada developed the Remote Manipulator Sjrstem (RMS) under an agreement

Gemabn

b

bezeeen the National Research Council of Canada (NRCC) and NASA. Spar was the |
ﬁrime contractor to NRCC for the Design, Development, Testing and. Engineering
(DDT&E) of the first. flight system, including the quallflcatlon models. The
RMS comprises a fifty foot Manlpulator Arm (MA) with six joints, six degrees
of freedom and an End Effector (EE) for grappling and connecting to payloads.
Aerospace representat1ves were invited and attended Spar's presentation of the
End Item Data Package (EIDP) for the Flight EE, 7 - 9 July 1981. The EIDP was
the first 'opportunity to receive and discuss‘ detail information about the
design and development of the EE, the -background, the anomalies and changes
that led to the current configuration,‘which is significantly different than
‘the Engineering ﬁodel EE. The Qdal EE was being tested simultaneOUSly with
‘the manufacturlng of the Flight EE because of the tight de11very schedule.
-Slnce the ‘qualification test was not completed the Flight EE has been ‘flown

on the Orbiter based on a f11ght-by-f11ght acceptance by NASA.

NASA has scheduled 3 November 1982 fer the Operational Readiness
Review tc'fomally'accept‘\the RMS including its EE. Review Item Dispositions
(RID) ha've been submitted to NASA JSC for formal review and discussion of
concerns relative to the design and performance of the RMS, including the EE.
The Data Review Meeting at Spar began the RID review. A Joint Review Board
sanctioned the RI’D actions; The A1r Force requested add1t10na1 information
regarding the RID actions and the ratlonale for their disposition. During the
, dlscu551ons at JSC, concerning the EE anomalies and the irregularities of tﬁe
EE_ qualification, NASA requested .a memorandum to summarize the EE
qualification test failures. This memorandum discusseé’;fh_e major inadequacies
objerved by the Design Integratioh Department during t.he EE, quelif‘ication

program.
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'QUALIFICATION TEST DISCUSSION

The Acceptance Test is established to msure funct:.ongl .performance,
»proper manufacturing, and correct confxgutanon. 'rhe Quahf:.c_gnon Test Q1)
13 the formal demonstration that the design, manufacturing, and assembly have
resulted in the EE conforming to the specification requirements. If a
’_.u;al'function occurs during the QT, re?éir-s and replacements are made and the
test should begin' again. . Spar followed these guidelines in‘itiall} in the EE
QT program, as 1nd1cated by the three beg1nn1ngs for the EE QT-- 3 March 17
August, and 17 November '1981-- when various malfunct:.ons requlred EE repalrs.
(Refer to TABLE' I. for .the cpmplete QT chronology and note that the 24 August
failure was for complete jamming of the ball spli-ne. New ossembly alignment
jigs and fixtures were part of the solution to prevent future ball spline
jamming.). Since the last QT beginning, 17 November, Spar has devia'ted from
these QT guidelines. Failures have occurred' and repairs have been made, but
‘the QT was continued rather than s;é'tting over. Failures and repairs that
occur during a QT are not a demonstration that the EE will conform to
specification requirements, but rather an indication that the EE will fail.
" Some We'ar can be expected from ‘the QT, but breakage, jamming, deformation, or
corrosion damage are senous malfunctions that indicate a design change is

required. and 1mprovements should be made to the EE.

CHANGES MADE DURING THE QUALIFICATION TEST St

After 10 mission-equivalent vibration tests (subéequéntly redefined as
15 missions in the Z-axis) and a huﬁidity test, the Qual EE jammed during
rigidizétion. A squeaking noise, which preceded the jam, signalled a loss of
lubricant in the ball screws. Disassembly of the EE was required to fr'ee‘ the
mechanism. - The inspection during the bdisaés'et_nbly disclosed that after.the 10
m1ss1on-equ1valent test, fivé bearings had cracked severely, the snare &five-
spur gear teeth were severely worn, gear debris covered e:ggosed gears and

be,anngs, and significant corrosion contammatlor_x had occurrad. Spar-T.256,
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‘page B-19 states: o \ . .

"It was decided to correct the most severe anomalies. _ The test was

—y

stopped and the guide bearings (were) replaced, corrosi&ﬁ:was removed

e

from the ball screws and snare cables and the (E@aring) t%ack

indentations were blended out. The unit was reassembled and_the QVT

Ty b

- ." was continued.™

Three major pointsbéan be surmised at the énd;of 10 missions of the QT:

(l)b Several significant fgilures had .occﬁrred; 'ﬁpt parts .wére
replaced ‘andA'the QT continted. Consequently, one set of
hardware did not function throughout the QT.

(2) ‘Since no internal inspection was conducted during the
10 mipsion test, _it4 cannot be determined when each failure
‘occurred. _ _ _

(3) With the EE in such unsatisfactory condition at 10% of its
expected life, can an RMS'use: have confidence that the RMS

will last even 10 missions.

Ball screw jamming occurred again when the QT was .continued and
disassembly to free thé mechanism was again required. This occurred between
54 and 80 mission-equivalent cycles at the reduced vibration test level in the

Z-axis only. At this time, the dryllubriCant on the ball scréws was replaced

with a wet lubricant so that an additional .rigidization could occur to

complete the final QT structural load test. The QT was terminated at this
time, after 80 missions. The original goal of 100 missions could not be

obtained; even with refurbishment and new hardware.

DRY LUBRICANT FAILURES

The dry 1lubricant, Lubeco 905, ‘has been the -contributor to several

. ——d
major failures of the EE during the QT. Dry lubricant is not -recommended by

the manufacturer of the ball screws or the ball spline. Spar has recognized

the same problem on ball bearings, and in the EE has replaced Lubeco 905 with

4
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Braycote 3L-38RP, a wet lubricant, on the high speed motor bearings and the
highly loaded, low speed, snare drlve bearings. (Btaycote was not approved
for space applications at the beginning of the EE design, when, Spar wanted to

use a wet lubricant. )

ALY

e
£

~

b TABLE 11 summarizes the major failures in the EE duri.-‘ng the QT. The
_}a’mming of the ball screws, both times, is directly related to the break down
P of _,Lubeco 905. Fufther, Lubeco 905, h,as contributed to ﬁhe extreme corrosion
damage and related contamination during & relat:.vely mild humidity test. '
‘(Ten days at room temperature in 95% hum.dxty usmg distilled water.) - S-par"-s_

Materials Group, page B-.Z-O,"Spa_r-'r.256, states:
“The report concluded that the severe humidity environment adversely
affected the dry 1lubricant causing break-down. The active . chemical
compounds formed by the break-down were sulphurous/sulphuric acid and
molybdic acid these compounds attacked the metal causing the corrosion
noted. Additioﬁally, the corrosion indicates a reductxon of lubncant

wh1ch would explain the errat1c r1g1d1z1ng performance noted."

The dry lubricant significantly increases. the corrosion damage in the EE.
Changes sho.uld'.be made to the EE to reduce or eliminate corrosion damage from
such a mild test »-environment.’ "Corrb‘sion damage'conti_nues with time, and it is
reported that the clevis pins in the cable end fittings of the Qual EE cannot
readily be removed because of the corrosion bonding. ' This effect was
undeub‘tably a contributor to some of the last QT failures for the snare cables
not returning to their grooves. RID 04.06.04 reduced the importance of the
cables not returning to their‘ grooves, but the loss of lubricant in the cable
fitting will eventually cause the cable to stick out in the EE, which ie not

_ accepteble, even by the RID action.

-VIBRATION TEST PSD MODIFICATION

- -
et
The proper vibration tests Power Spectral Density (PSD) criteria for

the acceptance test and the QT is difficult to establish, i_equires careful
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consideration during the hardware aesign, and often leads to controversy.
There is an accepﬁed approach to ‘this probleni, however, based upon using a
mathematical "model" to establish a s1mulated replica of the actual hardware,
and for comparl.ng its response to a. spec:.flc hardware test. Vahdatlon of the
math model requires close correlation of the output response frequencles and
re;ponse. curves produced from the math model, to corresponding c,urves produced
'frgm the test hardware, when each» are excited by the same ;.nput criteria. For
~ _the RMS and EE, this process was followed by using test data from Rockwell
Internatlonal for estabhslung the vibration input and usxng a math model Spar
genérated for establishing the RMS response. . From this sequence  of
calculations, a PSD of 0.8 gzluz was, established for “the 'EE"‘d‘esign,crit;.eria
and test requirement. * Testing the EE ' at this condition for 10‘
~mission-equivalent, or le of its life, and a humidity test, caused complete
jamming, gear wear, broken beérings, corrosion ‘damage, and a "loosened"
mechanism. The EE, as 'des'igned, was unable to withstand this environment.
Subsequently, Rockwell pefformed a vibration, test using the engineering model
manipulator arm mounted on the Manipulator Positioning Mechanism (MPM), and
forwarded the information ‘tAo Spar.” When Spar used this new information to
refine the PSD criteria for the EE f.Q'I, they did not adjust their math model of
the manipuiétor arm to match the Rockwell test results.  The elimination of
this maﬁdatory step, invalidates all subsequent calculations and modificationms
'to the PSD test criteria. Proper validation was not done as confirmed ‘by’

Spar-T.256, Issue B, page B-51, which states:

"Correlation with the test data was not good. It corresponds to about

3% damping.‘ High frequency ( >120Hz) cannot be compared due to
limitations of the finite element model; no low frequency (<40Hz) data
was provided by RI. Thus the comparable range is smali, even within

this range the natural frequencies do not match the RI data. The

'average' peak Q's in each  axis were 6.07 in test data and 5.67 from

- the finite element model for damping of 3%. However, individual values

range considerably.”

-
o

Note: The finite element model: is the '"math" model, and the

underlining is by the author.

‘ Approved for Release: 2017/02/14 C05099108



82-5111D-28 Approved for Release: 2017/02/14 C05099108

< ATM 83(9975)-9

Additional iterativé modification to the finite element math model must
be done to match the MPM test results. Poor correlation .between corresponding
data, and natural frequencies .which do not match, does not provide a pro'per
basis for refined calculations. Individual peak "Q's" must b_%ma'tched and
averaging "Q" values should not be done. The PSD of O. 832/1:1"2", originally
estabhshed is probably too high, but the new value of 0. 02g /Hz seems too
log_. The ground handling cr1ter1a for. the RMS uses a PSD of 0. 067g /Hz.
ge;talnly ‘the Orbiter vibration env:l.ronment during launch is more severe than
the ground handling ebnvironment'.

Id establish the proper test critéria for the EE; the math model that
Spar developed must be vgiida‘i:’ed' by close correlation of shape and frequency,
to the MPM test results from Rockwell. A damping factor thus obtained can be

used to calculate the revised PSD criteria for the EE QT.

EE FAILURE DISCUSSION

TABLE 11 summarizes the major EE failures which occurred during the
QT. TABLE 111 presents a list of parts replaced, and TABLE IV, the failufes‘
which occurred during the QT since the last restart, beginniﬁg, 17  November
| 1981. Even after reducing the vibratiod PSD criteria with an invalid'mafb
model and testing in the Z-axis only, significant‘failures occurred. The EE
mechanism bound @uring rigidization, the snare cables did not.réturn to their
grooves, and the rigidization signal flag -failed. These malfunctions
accumulated between 54 and 80 miésions. TABLE V, page A—39; Spar-T.256, which
is included to summarizé'the EE condition at this time, shows the s$tatement
"No corrective action is fequired". -This statement does not seem appropriate
~after tbé'seties of éevere ﬁalfunctions which had accumulated. TABLE VI, page
- B-41, Spar-T 256, further confirms the continual degradation wh1ch occurred.
'Clearly the dry 1ubr1cant breakdown is a contributing cause for many of the
malfunctions. Spar's Materials Group documents the dry lubricant failure on
pgfes B-20, and page B-21, Spar-T.256, doéuments that. répetitious and
continual degradation of the dry lubricant on the ball screws AZLurs. The dry

lubricant, Lubeco 905, is not satisfactory for application on tﬁé ball screws,
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bball spline, and cable end fittings. The EE was disessembied, cleaned, and
the dry lubricant removed from the ball scfews} wet lubricetion was added to
the ball screws to allow rigidization. Rigidization of the EE was required to
‘perform the cross axis test, which was required to verify the structural
"mtegnty. During the cross axis test, the EE failed to -;eet the test
cr1ter1a for separatiom at the preload condltlon. (Page C-4, SPQ:-T.256)
Th;s is a poor record of performance that is compounded by the fact that the
fallures, replacements, dzsassembly etc. were part of a continuing QT, where
even the sequence of the test phase, during which the failures occurred was

not rerun. f ' -

The most critical ‘gear tooth contact “in the EE-- the snare pinion to
quadrant gearQ- was worn sigﬁificantly during the first ten mission-equivalent
test. Tﬁe gear teeth contours were changed in shape from the wear, and the
gear particle debris covered adjacent components. The degraded condition of
the EE was found by observation during the disessembly which was required.to
free the first ball screw jam. The first jam occurred on 12 January 1982, at
Spar, after the 10 mission-equivalent tests and the humidity test. Since the
gear wear debris was not directly related to the ball screw Jam, (gear wear
. debris can easily jam the ball screws, however in this spec1f1c test, gravity
caused the debris to fall on the gears mounted on the base plate),'andiphe
capture'mechanism continued to function, the gear wear was not considered a
failure.. However, such significant wear, so early in the mission life, is of
concern and the cause should be determined so changes can be incorporated to
.pfevent excessive wear and subsequent failures. .

The failures and ﬁalfunctions which have occurred during the QT are
normally found during a programs development testing. A development test
model of the EE was not made; the EE program skipped from a engineering model,
through a major design concept chenge,' directly to the Qua1> model EE.
Development problems are normal, should be expected, agdhshould be resolved as
they occur. In this case, these failures were diecioeei during_ihe QT. 1In
egfect, the Qual EE was the development model, however desikn changes to
reduce the -failures have not been implemented, nor has re-testing been

performed to verify that the design changes will prevent the failures.
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; Design margins for the Acceptance Test and QT are e,xt-remely important
to establish credibility for the EE and validity for the QT. Atr. env1ronmental
des:.gn margin is an increase in the envirommental range used ta- establish the

EE_-design and to be verified by the QT. The environment design margin is

'_‘ititended: (a.) To accommodate differences among qualification and flight

units due to variations in parts, materials, processes, manufacturing,'
testifnig, and degradafion du.ring useage; (b.) To: mcorporate the allowable
test condition tolé'rances; (c.) To- recogmze that the QT is a series of
sinéular tests applied sgﬁueﬂ;i#lly, wh‘ere-the operational environment occurs

simultaneously. Wear, breakage and failures are an indication that the

~ environmental des:.gn margin has been v1olated and the expected life 1n the

. operational environment will be less than the life achieved in test. Design

changes to the EE are requlred for it to meet the specification.” These
changes should be accomphshed and the QT performed on the modified EE to

»

validate successful hardware operation in the" spec1f1ed environment.

CONCLUSION

The EE Qualification Test has not demonstrated conformance to the

specification requirements, but has shown 1instead that the EE has a

- significant probability for random fa.ilutés,“may jam in operatiqn,', is -

susceptible to humidity, has limited life components and is a high risk to

-abort payload operations on an Orbiter flight. For proper qualificationm, a
panes )

modified EE must be tested to validate successful hardware operation in the

sp’e.cifj.,et-i environment. The QT test criteria must be correctly refined, with

slight margins above the expected operating enviromment, to establish the test

conditions for the EE QT. Page B-1, S}>ar’:—T.256 states:

- . "Because of the complexity and the nur_nbef of modificatio_i:\} and re-tests -
to which the end effector was subjected, a 'clean' QT.p}"ogram was not,
obtained. However, the consensus reached by NRCC and JSC projects
offices was that the end effector was qualified with the acceptance of

certain inspections and preventative maintenance actions."
. 3 , s
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Significant deviations from a normal qualification procedure have occurred
during the EE program. Many 'anom_ali-es and severdl ‘complete failures
;:ccurred. Reducing the operational requirements of the qdalificat_ion test to
the level achieved prior to failure does not provide confidence; that a second
EE will perform the same way. The record indicates that anotht_;' EE will also
féiil. ' Design changes can improve the EE and several should t_;jg implemented.

Vq’rif_i.cati'on of the End Effector qualification is still required.
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