
FCXtMATkON OF PS-fPPEO/SILICA FILMS WITH FLAT OR
CURVED MULTI-BILAYER MESOSTRUCTURES OF

LARGE CHARACTERISTIC LENGTH SCALES PREPARED
BY SOLVENT EVAPORATION-INDUCED SELF-ASSEMBLY

Ku{ M/, C. Jq@vyBrinke#, AkrnJ Hw#, Adi Etienbeq$
~.
‘%andia NationalI&oratories, MS 1349,Alb,NM, 87185USA
%pt. of Chem.,MeGillUniv.,Montreal,Que, H3A2K6Canada

Introduction

The preparation of meaoatruetltr%dSilica films through prefmtiai
solventevaporation-inducedseif-assetnbiy(EISA)has reeentlyreeeivedmuch
attentionin our laboratories.’The high researehinterestis due to the &et that
mesostruetumdeiliea m the f- of thin films has numerous potential
applications, such as m aepamtion, cataIysia, aettam+ and WIdic
micoaystems.z h general, the synthesis process begins with a dilute
homogeneoussolution of soluble silica and an atnphiile in ethaoohater
solvent.’ Whenthe solutionis depositedonto a substra@Prefmtiai alcohol
evaporation indoeescooperativeself-assemblyof the amphiphl~ and silicates
and the subsequent fmtion of the ampMphiIe/silicafilm with liquid-
erystallinernesophaaes.The orderedmesoatructuwaappear to growfmm the
solid-liquid (subatmte) and liquid-vapor rnterf$wes.t To date, templates
employed have been either surfattanta or pcdy(ethylene oxi$e)-b-
poly(propyleneoxide)-b-poly(ethyhmeoxide) triblock eopolyrnere,such as
PhmmicP-123,both of whichare water-solubleand alcohol-soluble. Due to
their mlti”vely low moleeulsr weight, the @mPlated silica films with
mesoacopicorder have been limited to relativelysmall chameks%ticlength
scales. Moreover,the lamellsr layersof the prepared silies films are usually
not Cireular,l” namely no silica films with ntrdti-bilaycr vesicular
rnesostructoreswereprepared.

It is possible that multi-bilayervesiclesare to be hosts fa a mixtureof
guest species. Becauseof the differentialetuvatureof each succeedinglayer,
multi-bilayervesicles would selectivelyposition dtff’t apeeies to their
optimumradial positions.~ Therefore, the preparationof silica films with
multi-bilayervesicular mesm&uctureacould t%ilitate eswapsulatiottwith a
highdegreeof control.

IO this pmprink we report a novel synthetie method to prepare
mesostructuredamphiphilekilicafilms with curved attd/or flat ottdti-bilayer
lTbSSOStNCtURSOf kOY&ChS13CtdStiClength SC&5 through EISA. The
structure-directingagents are amphiphilic Pcdystyrene-bfoek-poly(ethyhme
oxide) (PS-b-PEO)d~Moekeopolyrnera. The PS4+E0 diblocks in the text
are denoted as, fm example, PS(x)-b-PEO(y),showing that this partietdar
samplecontainsx repeatunitsof atyreneand y repmt units of ethyleneoxide.
For a dibloek possessing high moleeuha weigh~ such as PS(215)-b-
PEO(l00),itdoes not direetlymix with wateror alcohol. To our knowledge,
no studies have repmted the use of watw-insolubIeand alcohol-ittmiuble
amphiphilic dibledcs as strueture-direeting agents in the synthesis of
mesostructuredsilica fihns through EISA. It is bdieved that the present
systemis the first to yield amphiphilekilicafilms with curved multi-biiayer
mesostmcturea, through EISA. The ready fimnation of the dibloeidsiiiea
filmswithmulti-bilayervesietdarmceostmctumsis discussed.

Experimental

The syntheskbegan with a dilute homogeneoussolution containinga
PS-&-PEOdibloek eopcdytner,tetraethaxysikme(TEOS> hydrogen chloride
(HCl),tetmhydrofursn(~ and water (MiIli Q). in a typical synthesis,a
dihlock copolymerwas d~lved in THF at 2wt.% to obtain a moketdarly
dispersed and homogeneoussolution. Subsequently,a certain amount of
TEOS,HC1,and waterwereaddedto the copolymerTHF solution,to achieve
mole ratios of ITEOS : 0.004HCI : 5Hz0, as welt as a volume ratio of
Sfkopolymer: 50siliia, underthe assumptionthat TEOSeoovertacomplete.ly
to silies. A&r 30 m“nutesof sonieatiort,a dl%locldsilieafilm was obtainedby
eaatingthe homogeneoussolution. The tihn was ealcioedat 450”C fw three
hoursin air or waswashedby THPto removethedibloek.

Mesoabuetures of the ss-pmpared and ealcined films were direetty
observedon a JEOL 2010 transmissioneleetmn miemseope(TEM) using an
acceleration voltage of 200kV. The samples for TEM wwreprepared by

scratchingthe films with tweezersand directly dispersingthe film fktgments
ontoholeycarboncoppergiids.

Results and Diaeuasion

Riiure 1 shows representativetransmissionetectmnmiemseope(TEM)
images of the aeratched PS(215)-b.PEO(100)/silicsfilms prepared with the
voku-oeratio of the dibloekto silica of 50:50 (1A, as prepared; IB, washed
by THF). As shown in Figure 1A, brightness alternates (around their
sphe.rtditecenters) in the ringedregionsof the two upperspecies; the average
w“dthof the lighterand darkerregionsis ca. 21nmandca. 1Irtm respectively.
The rings with higher transmissionare enrichedwith PS while the rings with
lower bansmiaaionare enriched with silica cod PEO. The diameter of the
rings is larger than the w“dthof the lighter and darker region$ the domain
curvatureis stnsll. Thesemulti-ringsare easentiaI1ylaroellarin mture eitJrer
rntdti-bilayertamellaeor muhi-bilayervesicles.

Figure 1. Representative TEM images of the seratehed PS(215)-b-
PEO(KIO~silicafilms prepared with the dibloek to silica volume ratio of
5050 (Aas-pwparedand B washedby THF). Scalebars arc 100nm.

The ready formation of the diblocidsiliea films with muti-bilayer
vesicular mesoatmctmea m the presentsystem is of interest. For small-
ntdecule amphiphik+silieafilms prepared through the evaporation-induced
self-assembly, rradti-bilayer vesieies have rarely berm reported, although
mnlti-bikiyerlamelkiehave beendocumented.’bTherefore,it is reasonableto
commentthat the formationof curvedmulti-bilayerIameilae,namelyvesicles,
in the presentdl%toelr/siIieasystemis relativelyeasy comparedto that in the
aurtlaetadsiliea system. Furhmwre, in dilute solutionwithoutsilicate&it
has been noted that block copolymervesicles are relativelyeasy to prepare
~- to Small moleeule amphipbite vesicles. Thu% m both the
amphiphilekilies and dilute solution systems, the reason for the relatively
easy formation of d]%bek copolymer vesieles compared to that of small
moleculearnphiphilevesiclesmay be argwedto be the polydispersityof the
copolymerchairts.

Generally,polymersare much more polydispersethan small rnoleeules;
even with the Ioweatpolydiiity, synthetic polymerchains have a finite
mokeuhr weight distribution. M~ver, for PS4-PEO copolymers
synthesisedattiotrieaily,the polydispersityof the PS block is usually lower
than that of the PEO block. I%is difference in polydisperistyis because
anionicpolymerizationof E(3is usuallycarried out at high temperaturefor at
least 24 h, whiIstanionicpolymerizationof styreneis earrkd out at -78°Cfor
a few minutee.%4

Theproposedreasottfw the tdatively easy formationof diblockvesiciea
@_ to Srnd Incdecule amp~lphik vesicks is supported by two
-mentsl n%uh Whentwo dibloeks with the same PS block lengthbut
differentPECJblock lengthsam-mixed, both in dilu@sdutiorr of mixturesof
THFand watef- as well as in the presentaystetwthe f-don of vesiclesof
blends occursmore ready than that of one diblockcopolymer. Therefbre,it
seemsreasonableto argue that the PEO polydisperaityfavorathe fbrmationof
vesicles,in some degree. TEM images of a blendkilica film (calcined)are
shownio Figure 2.

It would be instructive to mention that studies pet%ormedon small
molceuleampMphilevesiclessuggestthat, fbr sirtgle-bilayer,two-component
vesiclescontainingtnobxadeswithdifferenthesdgroupsizes, surfketantswith
the smallerhead group pmfti the inner layer and those with the larger head
groupprefmthe outer Iayer.s Accoirlingly,the outerlayerof a vesiclefavors
amPhiPhik35with relatively large ltyvhwphiliepart and the inner layer favors
amphiphiies with relatively small hydrophilic part. Due to the different

Polymeric Materials: Science & Engineer 2001,84,1



● 1 .,

preference of the outer and inner layer of a singie-bilayer vesicle, it is
reasonablethat the formationof diblock vesicles is easier than that of small
molecule mnphiphile vesicles because of the polydispersityof copolymer
chains. If we do not considerthe PS polydispemity,it is reasonableto argue
that ditdock chains with shorter PEO Prefm the inner layer and those with
longer PEG prefer the outer layer. Theoretical studies indicate that when
there= more dibiockchainson the outer layer than the inner of a vesicle,a
curv~ bilayer is expected to be mom stable than its cmmapondingflat
bilayer?

Figure 2. RepresentativeTEMmicrogmpbsof a eslcined silica filmprepared
with a weight ratio of PS(215)-b-PEO(IW): PS(215)-b-PEO(37)of 7:3.
scale basvare 100nm.

Apart from the relativelyeasy fmtkm of curved Iametke in diilock
copolymersystems compared to that in small mokcule ampldphiliesystems,
we wouldIlle to addresstwo further featuresof PS-&PEOvesiclesprepared
in di!ute solution! One is that the PS-b-PEO vesicks prcpwed m dilute
solution are usually single-bilayer omc% mu}ti-bdayer vesicles have rarely
been observed. The other is that vesiclesof the diblock with long PEO are
usuallysmall while those of the dl%hxk with short PEG mw usually large,
whenthe PS black lengthof the two dibkck copolynnxs is the same. The
effect of the PEO black lengths on vesicle sizes is mdnly caused by the
bakrnceof threeinteractionsthat are operativem the vesicularbilayer. These
interactionsare inter-PEOrepulsion,hydrophobicamaetion at the irtterfbcc,
and inter-PSrepulsion. A bilayerpossessesa spontaneoustendencyto curve,
because the three interactionsdo not act in the same plane. Since the PEO
repulsion favors bending, large PEO repulsion favors large curvature and
small PEG repulsion favorssmall curvature. Therefore,the dtblnek chains
with long PEO chains, wbkh lead to krge inter-PEOrepulsion, fkvorsmall
vesicles, while those with short PEO chain%which kad to small inter-PEO
repulsion,tkworkrgc vesicles.

Comparedto the dl%lockcopotymcrvesictes fbrmed in dilute solution,
the relativelyeasy fmtion of rnulti-bilayerveaicks in the presentsystemis
worthyof notice. The mason is discussedbelow with negkct of the sol-gel
chemistry,with the approximationthat all diblockchains have the same PS
blocklengthbut diffenmtPEObtock length,and with the aaam@ontbatthe
diblockexistsas singlechains in the startingsoludon. As mentionedbef~
in the processof THF prefk=ntial evaporation, the aokent q@& d~

and the dibbck concentration rncreasea. Therefore, we propose that the
diblockchains selfembie sequentially,acccadingto the PEG length. Thc
dibkck chains with shortest PEO self-assemblefira&f- a large and
close single-bilayervesicle. When this vesicle is f-, some dt%locksare
trapped in the vesieutar chamber. Due to the continuous decrease of the
solventqualityand rncreascof the d]%kckconcentration,the trappedd]%locks
with relatively short PEO Pref-tialiy self-assembleand form daughter
vesicles inside the vesicular chamber of the mother vesicle. The mother
v=icle mayhave one or severaldaughtervesiclesinside. Similarly,daughter
vesiclescan have grand@ughtervesicka. Suchprtrcessmay go on until all
the diblncksare consumedor until the chain nto&Iitydimppears. Accordittg
to this process,the degreeof order of these multi-layersshould&crease from
the out to the inside. TM aspect is obswvcd unclesTEM. A repmaeatative
TEM image of a mother wick containing daughter and granddaughter
vesicles is shownin Figure 3A. A schematicdrawingis showain F~ure 3B.

Multi-layerkmtellaeand nadti-layervesicleshavebeen repmtedin some
other systems, inckhg bknds of polystyrene-b-polybutadiene(PS-b-PB)
and polystyrene(PS)3 blendsof polystyrene-b-pnly(butylmethamyiate)(PS-
6-PBMA)and poly(phenyleneoxide) (PPO),n areoaoi-generatedparticle%]’
as wellas silica templatedby liquidcrystalphasesof polybutadiene-b-poly(2-

vinylpyridiniunt chlofide)(PB-b-P2VPHCI).*However,the presentsystemis
believedto be the first to yielddiblockkilica films withmulti-biiayervesicles

Figure 3. (A) a TEM micrographof the PS(215)-b-PEO(100~silicafilm
(cekined). The scale bar is 200 nrn. (B) a schematic drawingof a muti-
bilayervesicle.

Ctmchasht

Diikck/siliia tihns with snulti-bilayervesicukarmesosbucturesof large
chamctcriatic kngth scaks were synthesized through evaporation-induced
self%asemblyof PS-b-PEO. The presentsystem is believedto be the first to
yieid diblocklsitieatilm.swith smdti-biiayervesicularmcsoatructuresthrough
solvent evaporation-inducedself-assembly(IUSA). The ready formation in
thepresentsystemis arguedtobe thepolydiapersityof polymerchains.
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For the remainder of this paper, data and predictions based on the FRFs obtained by modal-type tap testing will be
identified by the word “TAP”, and the measured ejection data are identitled by the acronym “DTB” (since the series
of ejection tests were conducted by the rack manufacturer, Dayton T. Brown).

DATA ANALYSIS PROCEDURE

An acceleration response, A, at any point of interest in or on the store can be defined in terms of the input forces, F,
and the FRFs, H, for the store. This relationship is shown in Equation {1}.

{A}= [H]{F] {1}

It is relatively straightforward to measure the FRFs experimentally. However, the broadband input forces were not
measured during the ejection tests (although the Iow-frequency, or rigid body, forces are sometimes derived from
piston pressure data). Therefore, the key to success for any attempt to generate acceleration responses for points not
instrumented during the ejection tests relies on our ability to obtain accurate estimates of the input forces.

With this fact in mind, Equation {1} can be rearranged to derive forcing fimctions as shown in Equation {2}.

{%,.} = [%J-l{4mJ {2}

HDTBis the FRF matrix for the tap-test points where we also had response data, A~TB, from the ejection tests. Once
we had a reasonable estimate of the ejection test input forces (FDTB), then Equation {3} was used to compute an
estimate of the ejection test accelerations for all of the points, ATM.

{ATM)= [HTM]{FD,B} {3}

HTM is the FRF matrix for all of the tap-test points. Note that HDm is a subset of HTM. The predicted acceleration
responses for those points where we had data from DTB were used to validate the process.

CHOICE OF DATA ANALYSIS TECHNIQUES

The HTM and HDTBFRFs were measured using a modal-type tap test (hence the use of the term TAP to refer to the
results from this test). However, prior to measuring this data, there were two main decisions to make; namely 1) how
many force inputs should be accounted for and 2) how many response points should be used to derive the forcing
functions.

At fwst glance we were tempted to include all of the input force points in the analysis. However, there are eight
points where the rack assembly contacts the store (two lugs, two piston contact points or pads, and four sway braces)
and tracking so many input forces was considered untenable. Therefore, it was decided that the effects of the sway
braces could be combined with those of the pistons since they both exert compressive loads on the store at
approximately the same axial location (station number). The result was that tap forces were applied at the lugs and
the contact pads where the pistons strike the store (four points total) and the resulting FI?Is were generated for all of
the accelerometer locations. The FRFs have units of acceleration/force (in/s*/ lb~.

The number of response channels used to reconstruct the input forces was considered important because it was
feared that the inversion OfHDTa might not be stable. Several techniques were tried for solving Equation {2} for the
input forces. Each technique was evaluated for its ability to reproduce the measured ejection test accelerations. The
first technique attempted to formulate a theoretical shape for the input forces and iterate to an optimum solution by
trial and error. This technique produced plausible estimations of the ejection test accelerations and provided the
authors with valuable insight into the dynamic response of the store. However, it was apparent that we would not
reach an optimum solution using this technique and it was abandoned for a more direct mathematical approach.

--m-?.. .....% ..,.,. .> ,m.->T.m.,. ... .. —.--—. . . .,.. .- ---, .. . ..-. -<, ,.



The second technique used four of the 11 ejection test response points to derive HDTB. The advantage of this

approach was that HDTBwould be a square (4x4) matrix so the inversion process would be straightforward. This
technique produced results that were clearly better than the empirical approach, but still failed to accurately
reproduce the ejection test accelerations.

The third and final technique used eight of the 11 ejection test response points to derive the input forces (these
channels are listed in Table 1; only 8 of the 11 ejection test accelerometers were used because a triaxial

accelerometer no longer worked when the tap tests were performed). In this case HDTBis a rectangular (8x4) matrix.
Therefore, its inversion for use in Equation {2} was done using the Moore-Penrose pseudo-inverse technique (the
pinvo function in MATLABTM). This technique proved highly successful and forms the basis for the results
presented in this paper.

Table 1: Accelerometers Used to Derive In ut Forces

~ ‘%’%:
Ail Lug Axial (X) &Vertical (Z)

Aft Component Lateral (Y) & Vertical (Z)

TEST SETUP AND DATA ACQUISITION TECHNIQUES

The tap testing was conducted at Sandia National Laboratories in Albuquerque, NM. The store was suspended using
bungee cords to support its static weight while still nominally representing a free-free boundary condition as shown
in Figure 1.

Figure 1: Hammer Tap Test Setup

A total of 32 acceleration signals and 1 force signal were recorded for each tap test. Acceleration was measured
using piezoelectic accelerometers with a nominal sensitivity of 10 mVlg. Force input was produced and measured



by a l-lb modal impact hammer (PCB Piezotronics 086C05 which incorporates a piezoelectric force sensor with
nominal sensitivity of 1 mV/lbf) using a l-inch diameter, hard black plastic tip.

It was desired that the hammer impacts produce a peak acceleration of 200 g (77,300 in/s2) at the Aft Lug-Internal
vertical accelerometer to be comparable to the levels measured during the ejection tests. It was also desired that FRF
data be acquired for frequencies up to 4 kHz. Three different hammers were tried to see which one would produce
the best results. A 3-lb modal impact hammer (PCB 086C20) using a 2-inch diameter brass tip produced high-
frequency responses, but rang excessively at approximately 3.6 kHz. The same hammer with a hard black plastic tip
was also tried, but exhibited too much roll-off at high frequency. The l-lb modal impact hammer with hard black
plastic tip produced the best results and all data presented in this paper were obtained with this hammer. The
autospectmm of the impact force was flat out to a cut-off of approximately 1 kHz (down 50’%0at 1 kHz), and then
rolls off quickly until it is down by a factor of 100 by 2.5 kHz. FRF data above 2.5 kHz quickly becomes dominated
by noise because of the very small amount of input energy imparted to the store by the hammer at these high
tlequencies. A comparison of the autospectra for the three hammer inputs at the aft lug is presented in Figure 2. The
differences in magnitude at low frequency for the different hammers reflect the relative amount of force required to
produce the desired acceleration level at the Aft Lug-Internal accelerometer.

10’ !

10° ,

10-’ ,

10-2 f
i

— 1 lb, black plastic Vly10-3, — 3 lb, black plastic
— 3 lb, brass

.
d M

TO’ 102 103 104
Frequency (Hz)

Figure 2: Hammer Input Force Autospectra
Afl Lug-External — Vertical (Z) Axis

Data acquisition was performed using a VXI system (VXI is a standard architecture for instrumentation that is based
on the VME computer architecture). Data from the impact hammer and accelerometers were acquired using 3
Hewlett-Packard E1432A 16-charnel digitizers installed in a Tektronix VX141O VXI mainframe. A National
Instruments VXI-MXI-2 VXI bus extender was used to interface the mainfiwne to a computer running I-DEAS
Master Series 7 Test software (Integrated Design Engineering Analysis Software from Structural Dynamics Research
Corporation) to control the data acquisition, processing, and storage. All of the sensors were directly connected to
the HP E1432A digitizers; no external filtering or amplifiers were used.

The tap test series consisted of a set of hammer impacts at each of the four selected points where the rack assembly
contacts the store (the forward and aft lugs, and the forward and aft piston-impact points). The saved data are the
average of 20 hammer impacts, where each hammer impact was digitized using 4096 samples acquired at 25.6 kHz
(sampling period of 0.16 see) for each of the force and accelerometer channels. Before sampling, the data were



high-pass filtered above 10 kHz by the HP E1432A digitizers to ensure that there was no frequency aliasing.
Windowing was used on all the acquired force data (impact window) and accelerometer data (exponential decay
window) to reduce noise. The data were saved as acceleration/force FRFs for frequencies from 12.5 Hz to
10,000 Hz, The DC (OHz) and 6.25 Hz data were not saved because the sensors do not have any DC response and
the presence of low-frequency noise due to DC voltage offsets in the HP E1432A digitizers.

Figure 3 presents the hammer impact (tap) FRFs for the response of the forward component in the lateral (Y)
direction. The figure consists of four subplots, one for each of the four hammer tap input locations.

.

Jo’ 102 103

10’ 102 103
Frequency (Hz)

Figure 3: Measured Tap Test Frequency Response Functions
Forward Component — Lateral (Y) Axis

SUMMARY OF ANALYTICAL SIMULATIONS OF THE EJECTION TESTS

Figure 4 presents time histories of the four estimated ejection test forcing fi.mctions (FDTB)derived using
Equation {2} for one typical DTB ejection test. The forcing fimctions are probably not a true representation of the
input forces. Instead, they are more likely a combination of actual input forces and the low-frequency dynamic
response of the store to the step relaxation associated with the ejection event (i.e., after contacting the store, the
pistons gradually increase the compressive load on the store until it is ejected from the rack and the compressive
force instantly goes to zero).

For the same typical DTB ejection test as Figure 4, the comparison of the estimated (ATM) and measured (ADTB)
acceleration time histories and Shock Response Spectra (SRS) are presented in Figures 5, 6, and 7 for three of the
eight channels used to estimate the forcing functions. The SRS were computed using a Maxi-Max Absolute
Acceleration (MMAA) algorithm with 3% critical damping ratio. Both the tap test results and the ejection test data



have been high-pass filtered at 50 Hz in order to remove residual effects associated with the inability of piezoelectric
accelerometers to accurately measure DC response.

The acceleration time histories for the Aft Component (Figure 7) have virtually identical characteristics, and the
corresponding SRS are almost indistinguishable. On the other hand, the acceleration time histories for the Mid
Component (Figure 6) are comparable in amplitude but have distinctly different waveforms. A comparison of the
SRS for this location confii that the spectral content is also slightly different. The degree of agreement for the
Forward Component response (Figure 5) falls in between the resul~ for the Aft and Mid Co-mponen~.
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Figure 4: Estimated Input Forcing Functions for an Ejection Test
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Figure 8 is a flowchart summarizing the steps used to process and analyze the data for the figures in this paper.
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Figure 8: Flowchart of Data Processing Steps

CONCLUSIONS

In general the technique for estimating component response due to an ejection shock appears to have worked
extremely well. The quality of the response estimate is the worst for components buried deeply in foam (Mid
Component) and the best for locations for components that are rigidly-bolted to the store’s outer case (Atl
Component). This would appear to be a fiction of two somewhat-related items:

. The accuracy of the force reconstruction technique will obviously be better if the structure behaves in a linear
manner. The linearity of the s@ctural response will degrade as you cross more joints andor more high
damping materials such as rigid foams and elastomeric pads. This affected the responses for the Forward and
Mid Components.

● It was extremely difficult to excite the store with a tap test to levels comparable to those measured during the
live ejection test (although we came fairly close). For locations where the signals were weakest, this resulted in
a poorer signal-to-noise ratio (especially at high frequency (> 2 kHz)). This was most noticeable for the Mid
Component.

Fortunately, the net effect of this will be that we are possibly over-predicting the response for locations where the
response is relatively benign and making more accurate predictions for locations where the responses are highest.
Because of the accuracy with which we have been able to reconstruct the original ejection test data, we believe that
the estimated responses of components that were not instrumented during the ejection tests are sufficiently accurate
to use in establishing component response levels.


