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ABSTRACT

DYNAMIC MODELING AND ANALYSIS OF VIBRATION EFFECTS ON
PERFORMANCE IN OPTICAL SYSTEMS

Av ar, Ahmet Levent
M.S. Department of Mechanical Engineering
Supervisor: Prof. Dr. H. Nevzat Ozgliven

Co-Supervisor: Dr. Halidun Fildi

August 2008, 112 Pages

In order to understand the effects of structurally induced linegbt ¢51LOS) jitter
(vibration) and to predict its effects on optical system performaacsimple and
practical vibratory model and software are developed by usimgetisand finite

element modeling techniques.

For an existing simple optical system, discrete and FE dynanudels are
constructed and they are validated by modal tests for the frequeamgy of interest.
In order to find material properties of adhesive, which is used icabystem, a
simple test is constructed and these properties are found byausingle degree of
freedom model. The effects of vibration on the system performaecmvestigated
under random vibration load conditions by using the software developes. It
concluded that the analytical model suggested can successfully due inis
preliminary design stage of a simple optical system wheroptieal housing and
lens behave rigidly in the frequency range of interest. The opbpedbrmance
prediction software combines the optical element tolerances aplhaiments in

order to determine the optical performance.

Keywords: Jitter, Vibration, Optics, Finite Element, Optical Element Taniees,

Optical System Performance.
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OPTK S STEMLERN D NAM K MODELLEMES VET TRE M N
ETK LER N N ANAL Z

Av ar, Ahmet Levent
Yuksek Lisans, Makine MihendisiiBolum
Tez Yoneticisi: Prof. Dr. H. Nevzat Ozgiiven
Ortak Tez Yoneticisi: Dr. Halidun Fildi

A ustos 2008, 112 Sayfa

Optik sistemlerdeki titremin optik performans Utzerindeki etkilerinin incelenmesi ve
etkilerinin bulunmas icin basit ve pratikte kullan labilecek biretim modeli

geli tirilmi tir.

Basit bir optik sistem icin toplanm parametreli ve sonlu elemanlar modelleri
olu turulmu ve bu modeller ilgili frekans aralnda deneysel modal analiz yontemi
ile do rulanm tr. Optik sistem icersinde kullanlan yaprcnn malzeme
Ozelliklerinin bulunabilmesi amac yla basit bir test duzenkurulmu tur ve tek
serbestlik dereceli sistem modeli kullan larak bu ozellikler bulwran. Titre imin
optik performansa olan etkisi, rastgele yukler alt nda, @en yaz | m kullan larak
incelenmitir. Optik muhafazann ve lensin rijit davrand frekans aral nda,
geli tirilen basit analitik modelin basit optik sistemlerin 6n tasacal malar nda
baarl bir ekilde kullanlabilecei sonucuna varimtr. Gelitirilen optik
performans inceleme yaz | m, optik toleranslar ileid& yukler alt nda elde edilen
yer dei tirmeleri birle tirerek optik performans hakk nda bilgi vermektedir.

Anahtar Kelimeler: Jitter, Titreim, Optik, Sonlu Elemanlar, Optik Eleman

Toleranslar , Optik Sistem Performans .
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CHAPTER 1

INTRODUCTION

1.1 Literature Survey

Opto-mechanics can be defined as a science or engineeringidécgpid/or art of
keeping the proper shapes and positions of the functional elements opitical
system so that the system performance needs are fulfilleMthanical design of
optical system or opto-mechanical design is very important teccabpsystem
development, where the optics and mechanics interface [2]. Purpose apbtthe
mechanics and mechanical design is that optical elements shodidicben the

optical system for keeping their proper positions and orientation [3].

Determination of the proper positions and orientation of optical elerneetite issue
of optics discipline. Proper position and orientation of optical elesnéepend on
sensitivity and tolerance analysis of optic system. Using cencial software, such
as CODE V or ZEMAX, sensitivity and tolerance analysis can be done.

Sensitivity and tolerance analysis should be conducted by considetimgjbtical
and mechanical design together. This type of analysis, which congidtéh optics
and mechanics, is called opto-mechanical sensitivity and toleraabesia. Magarill
explained [4] that opto-mechanical analysis is the determinatidreadytical system
performance and any deviation of the primary parameters in bpyiseem design
can cause performance degradation. Sensitivity and tolerance pamastetuld be

determined carefully. Decenter and tilt are examples for these paramet



The main purpose of the optical tolerancing is to find variation otalpélements
and assembly parameters [4]. These parameters should fulfdetfremance of the

optical system and decrease the manufacturing and assembly costs.

Under environmental conditions, positions of optical elements may begeadhan
because of loading. Loading, under environmental condition, can be vibration, shock,

thermal effects, air flow or humidity.

Optical alignment is also one of the important procedures for the deteoninathe
optical performance. When optical elements are assembled to thedghalignment
should be done, in other words, optical elements should be placed in their prope
positions. Under environmental conditions, these positions may be changed or
alignment in optical elements may slightly get out of order. @@eblems can

degrade the optical performance.

Optical system performance can be degraded by excessivéionbidibration can
cause performance degradation and failure of structure, indtiogeavariant blur
(for high level) and a blur in the focus (for low level) [Bpcause of these reasons,
in order to prevent performance loss dynamic characteristies afptical system

should be known.

Vibration in optical systemis also calleditter [3]. Because of vibration structurally
induced line of sight (SILOS) jitter occurs and this causesapt@mmponents move
with respect to each other, i.e. optical elements displacepibgition and this cause
decentration and tilt. Jitter also manifests itself as saanéon, blurring and

reduction in range and recognition. System level dynamic g#erbe obtained from
dynamic analysis (transient dynamic analysis, harmonic asatygpower spectral

density analysis) by using image equations of motion in FE model [3].

Dynamic characteristics of an optical system depend on housincglogilé@ment and
mounting method. Housing is the covering part of an optical systendiiacent

types of optical elements can be handled by this part. Optieateals, lens,



doublets, mirror, prisms, windows and beam splitters, can be wdds&y their
functions. These optical elements are assembled into housing by resanger,
elastomer, o-ring or elastomer with retainer. Example for hemsnting can be seen

in Figure 1.1.

THREAD TQ HOLD
FIXTURE

777772
%
Wag2v

CELL FIXTURE

i

ELASTOMER

Figure 1. 1Mounting Lens with Elastomer and Retainer [5]

According to normal gravity loading the decentration of opticainelgs are very
small, however, this decentration may increase under shock aradiofbloading.
Therefore, design of elastomeric mount should be done carefutisder to avoid

excessive decentration under vibratory environment [5].

Housing and lens mounts should maintain the position of the optical rekenveth

respect to each other considering the design tolerancesvé@ght is the common
load in optical systems and self-weight cause problem in alightakerances due to
gravity. Because of this reason, housing and lens mounts should be desigrot i

to prevent excessive self-weight deflection.

If housing of the optical system is stiff enough, than lens mouititbevdesigned
carefully in order to prevent any movement of the lens. Desguirements of the

lens mounts are given by Jones [6] as follows; lenses should bel pliben the

3



optical tolerances and kept in proper design positions under the envirahment

conditions, such as vibration, temperature or humidity.

Lens mount should be designed to avoid thermal and dynamic effect wednaing
considerable aberrations into optics [6]. All designed mounts should yeeshand
tested under worst environmental conditions (vibration, thermal or hymidit

environment) for obtaining best performance of mounts.

Design of glass to metal [7] interface in optical systemtrhasdone carefully. Any
temperature change causes contact stresses between thendldlss metal because
of the different thermal expansion coefficient of glass and mé&ta¢refore, an
adhesive buffer between glass and metal should be used in order taimikiatens

in the mount and provide the stress-spacing.

In order to find dynamic characteristics of an optical sys&mple finite element
analysis is performed in reference [8]. This analysis is dondiriding suitable

adhesive thickness to satisfy the proper athermal and dynamgn dBgisults of the
dynamic analysis are given in Figure 1.2. It is stated in ghidy that designer
should consider mount geometry, material properties of adhesives and @otiper

mounting.

Tip/Tilt Mode:

Piston Mode: 308 Hz

3145Hz

Figure 1. 2First and Second Mode of the Mount

4



Dynamic characteristics of a military optical system,clihare affected by housing,
lens and lens mounting, should be assessed by using MIL-STD-810 ored#ted r
standards. Military optical systems should withstand worst envirommnamtditions.
Military environmental effects are very challenging and vessaring, therefore
optical system should be designed to overcome these effects. Envirahaféatts
are very well defined in standards. One of the most popular ah#mnes¥n standard
is MIL-STD-810. In MIL-STD-810, all environmental specifications, suah
temperature, vibration, shock or humidity etc., are given for designreeeents.
These specifications are prepared for worst conditions. Aftegrdesi finished,
product should pass all environmental tests, which are defined in MIL-830.
Vibration test purposes are stated in MIL-STD-810 F [9] as follows:

“Vibration tests are performed to:

a. Develop material to function in and withstand the vibration exposures of
a life cycle including synergistic effects of other environmefatetiors,
material duty cycle, and maintenance. Combine the guidance of this
method with the guidance of Part One and other methods herein to account
for environmental synergism.

b. Verify that materiel will function in and withstand the vibration

exposures of a life cycle.”

Military optical systems are integrated to military pdaths, such as helicopters,
aircrafts or battle tanks. Therefore, environmental conditions ayechiallenging. In
military standards, environmental conditions for specific applicattonghicles are
defined clearly. Random vibration characteristics of propelleradirare as defined
in MIL-STD-810F [9] and are given in Figure 1.3.



™\

— 6 dB/octave
~

o/

0.010

Acceleration spectral density

15 f f L £ 2000

Log frequency - Hz

Figure 1. 3Vibration Profile of Propeller Aircraft [9]

In order to obtain a good design for an optical system, both meahanid optical
issues should be assessed together. Mechanical parts of opstegth yave to be
designed to prevent the adverse effects of environmental conditiokeemaptical

elements as stable as possible.

1.2 Objective

The objective of this thesis is to determine the dynamic ctearstics of optical
system by making vibration analysis for understanding the efééctsboration on
optical system. For this reason, analytical and finite elermodels will be
constructed for a simple optical system. The computational seshtained from
both models will be compared and also will be verified by usingrexpatal modal
test results. After verification, random vibration analysis balcarried out by using
analytical and finite element model in order to see the effiecibration on optical
system. Moreover, random vibration test will be conducted for congari

experimental results with those of the computational methods.



Two simple software are also developed in this thesis. Fofsivare is for the
determination of material properties of adhesive, which is used ioptiel system.
The other is for the prediction of vibration effects on optical systd hese software
will be used by opto-mechanical engineers during the design pracdiss.first step
of opto-mechanical design, opto-mechanical engineer will use th@esanalytical
model to analyze the effect of vibration without carrying out@etgiled analysis. If

detailed analysis is needed, finite element model can be constructed arzeédcnaly

1.3 Scope of Thesis

In this thesis, dynamic model of an optical system will be coostd and optical
performance of an optical system will be investigated under dgnlauding. In this

aspect, the outline of the thesis is as follows:

Finite element model of an optical system will be obtained in @nh&ptn order to
understand the dynamic behavior of optical system elements. Inhidgdec each
optical element, case and lens will be analyzed by using fatdément method, and
results will be validated by experimental techniques. Finadlgtical system
assembly will be constructed and dynamic analysis willdveed out for the whole

assembly.

In Chapter 3, using the results of Chapter 2, an analytical malidiendeveloped
for a simple optical system. The material properties of adhesiveh is elastomer
type material, will be also determined in this chapter. Using matedpépies of the
case, lens and adhesive and a simple analytical model will beopeste The model
will be used to find the natural frequencies of optical systech the dynamic

response under random vibration loading.

The simple analytical model developed in Chapter 3 will be validat€hapter 4
by using finite element model and experimental techniques.kiesdimple optical
system will be modeled by using finite elements and dynahmacacteristics of this

system will be found. Next, the system will be produced and dynanatysis will
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be carried out by experimental techniques, modal and random vibratioRdeslts
of both finite element analysis and experiments will be compared with thoseeobta

from analytical model.

In order to understand the effect of optical parameters widletory environment,
tolerance analysis will be conducted in an optical design progra@hapter 5. In
this tolerance analysis, decenter and tilt tolerances wilddosidered and tolerance
limits obtained are compared with random vibration analysis resutisder to see

the effect of vibration on optical performance.

In Chapter 6, two simple computer programs will be developed; inir
determination of material properties of adhesives and the othir ianalyzing
vibratory behavior of the optical system. The latter is develdpedsing simple
analytical model suggested in the previous chapters. First softvlafimd material
properties of the adhesives by using experimental values ampke sliscrete model
of the system. Second software requires basic optical systametars, such as
diameter of lens, modulus elasticity of adhesive as the inpg.sbifiware calculates
modal parameters of the optical system. Also under known random vibirgbiat)
response of the system can be obtained with this software. Moregvigisdting
decenter tolerance limits, optical system performance wifirbdicted by taking the

results of random vibration analysis results into account.

Summary of the results is given in Chapter 7. Discussion of thdtsemnd the
conclusions are also given in this chapter. Suggestions for a futuhe @&e also

presented in this chapter.



CHAPTER 2

FINITE ELEMENT MODEL OF THE OPTICAL SYSTEM

In order to determine the vibration effects on an optical systeynandic
characteristics of the optical system should be investightedal parameters of the
system should be found over the interested frequency range andngythisse

parameters displacement of the system under vibration should be predicted.

For finding dynamic characteristics of an optical systenitefielement method can

be used. In this thesis, ANSYS is used for solving the finitme model of the
optical system. ANSYS has two versions, one is ANSYS Clasgicamother is
ANSYS Workbench. Both have pre and post processing modules. Moreover, both
can be connected directly to CAD programs, such as Pro/ENGINEERther
words; designed optical system can be read by ANSYS from PGINEER and

also if something is changed in CAD model, finite element modelezsily be

updated.

In order to obtain reliable results from finite element programe, should know the
material properties of components, boundary conditions and loads. Inyroltcal
systems, the only difference from civil optical systems ig thditary optical
systems should have enough strength to survive under harsh envirdnmenta
conditions, i.e. materials and boundary conditions of military opticéésysmay be

the same as civil optical system, however loads in militarycapsystems are
different from those in civil optical systems. For this reasotitary optical systems

should be analyzed by considering military standards.



Military optical system should withstand harsh environmental conditibhsy
should be designed by considering military standards, customer razedls
environmental conditions can be determined by experimental tesisllyJsnilitary
standards simulate the worst environmental conditions. If an opt&t@nsydesigned
with respect to military standards, it already satisfies tustomer needs and
environmental conditions determined by experimental tests. As eeglan Chapter
1, most popular military standard is MIL-STD-810F [9] and it explaihe
environmental conditions and test specifications. In MIL-STD-810Fd{®@lamic
effect, acceleration, vibration and shock environment are specifieen Goad
conditions in military standards can be used and dynamic amalysibe conducted

in finite element program.

In this study, the finite element model is constructed for a Bpenilitary optical
system. This optical system consists of an afocal, where aflabgilements and
detectors are mounted, and lenses that are fixed to the afooairngyelastomeric

adhesive.

First of all, each part of the optical system is analyzedratgpg and modal
parameters are found for free-free boundary conditions. After findieglam
parameters, dynamic characteristic of each part of opiistgm is investigated over
the interested frequency range, which is given in MIL-STD-8B)FAs explained,
there are different vibration profiles for different platformdter determination of
dynamic characteristic of each part of optical systemy thehavior in frequency

range of interest can be understood.

In MIL-STD-810F [9], vibration environment of different helicoptessdiefined [9]
in “TABLE 514.5C-1V” and “FIGURE 514.5C-10", which are given here inUf&
2.1 and 2.2In these figures, general vibration levels and frequency raargegiven
and also for specific helicopter, rotor frequency, blade passggadl?® harmonic

frequencies are specified.
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Figure 2. 1General Vibration Profile of Helicopter [9]

For AH-1 (Cobra) helicopter, rotor frequengyi$ 5.4 Hz and number of blades is 2
(Figure 2.2). Moreover,fwhich defines the frequency range of interest, is 10-500
Hz, Wo, minimum random vibration level, is o.ooﬁngz and W, maximum random
vibration level, is 0.01 PHz. Using rotor frequency and number of blade, blade
passage, SLand 2 harmonic frequencies can be calculated by using Equation 2.1,
2.2 and 2.3 [9]. For these frequencies, sine peak acceleratiof;,AA; and A, can

be found by using “TABLE 514.5C-1V” [9].

Blade Passage = nx f (2.1)
1% Harmonic = 2 x n x4f (2.2)
2" Harmonic = 3 x n x4f (2.3)
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MATERIEL LOCATION REANDOM SOURCE PEAK ACCELERATION (A )

LEVELS FREQUENCY (fy) | atf, (GRAVITY UNITS (g))
RANGE (Hz
Genesal W, = 00010 53.-}12 3 te 10 070 /(1070 - £)
W, =0010 g'/Hz 10 to 25 010 x £,
f,=500H= 25 to 40 250

40 to 30 650 -010x £,
30t 300 1.50

Instrument Panel Wy =0.0010 g7Hz 3 to 10 Q70 /(1070 -£)
W, =0.010 g'/Hz 10 to 25 0070 x £
f,=500Hz 15 to 40 1.750

40 to 30 4530 - 0.070 x £
30 to 300 1050

External Stores Wy =0.0020 g:-"HZ 3 to 10 070 /(1070 - £)
W) = 0.020 g/Hz 10 to 25 0150 x £,
f,=500Hz 25 to 40 3730
40 to 30 Q730 - 0150 x £,
30 to 300 2250
On/Mear Drive W, =0.0020 g/Hz 5 to 3 010 x £,
System Elements Wy =0.020 g“]{z 30 to 2000 (50-+0010x£
f.=2000 Hz
Main or Tail Botor Frequencias (Hz) Drive Train Component Rotation
Determine 1P and 1T from Specific Halicopter Frequency (Hz)
or from Table (below). Determine 15 from Specific
Healicoptar and Component.
fi = 1P f =1T fundamental f =18 fundamental
f =nx 1P f=mx IT blade passage f=2x18 15t harmenie
fF =2 xmnx 1P £F=2uxmu= 1T 15t harmmonie f=3x18 Ind harmenie
f =3 xmnx 1P f =3 xmx 1T Ind harmomie f =4 = 15 Ird harmenie
MAIN EOTOR TAIL ROTOR
Helicopter Fotation Speed Numbear of Fotation Spead Number of
e kil y 1T (Hz) Blades m
I AH-1 540 2 1 277 .

AH-p] TR 3 475 2
AH-84{zarly) 482 4 214 4
AH-64{late) 485 4 216 4

CH-A4TD 375 3 2 main rotors and no tail rotor

MH-6H 780 5 475 2

OH-64 210 4 518 2
OH-38AC 590 2 438 2

0H-38D 6A0 4 307 2

UH-1 540 2 277 2

UH-60 430 4 198 4

Figure 2. 2Helicopter Vibration Exposure [9]

For the example system, AH-1 helicopter (Cobra), Figure 2.3, asechas an
airborne platform and its vibration profile is used to see therdiyneharacteristics
each part of optical system. Finally, dynamic analysis is donewhole optical

assembly.

12



Figure 2. 3AH-1 Cobra Helicopter

2.1 Finite Element Analysis of Afocal and Validation of the Results

As explained above, dynamic characteristics of the opticakbmsystre analyzed
component by component. Therefore, outer part of the optical system, housing
afocal, is modeled using finite element method. Using the fingenaht model,
modal analysis is done and modal parameters, especially n&egakencies of
afocal are found. Finally, it is investigated to see whethecahfis affected by
vibration level of AH-1 helicopter.

Geometry of afocal, which is the main part of the optical ayste very complex.
Different types of optical element, different type of lenses, beamesplit detectors
exist in the afocal; therefore it can only be constructed imdwanced computer
aided design program, Pro/ENGINEER. Geometry of afocal casede in Figures
2.4 and 2.5.

13



Figure 2. 4Geometry of Afocal — View 1

Figure 2. 5Geometry of Afocal — View 2

This geometry is automatically imported to the finite elemgmgram ANSYS
Workbench. In ANSYS Workbench, geometry of afocal is modeled by nodes and
elements. Also material property of the afocal can be insémtedthe program.
Finally, modal analysis is conducted for free-free boundary conditions.

14



In ANSYS Workbench, default element type for solid bodies is SO18b [10],
which is higher order element and contains 20 nodes. Mesh model obta¢ @dn

be seen in Figure 2.6 and this model contains 80600 element and 148250 nodes.

The afocal is made of aluminum. Material properties of aluminugnuaed from
material library of ANSYS Workbench. After determination of theaterial

properties of the afocal, modal analysis is done for free-free bouodaditions and
first 6 modes are found.
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Figure 2. 6Mesh of Afocal

As can be seen in Table 2.1, first natural frequency of the a®&30 Hz. These
results are also validated by modal tests. In modal test, &ridgder system is used.
In order to obtain experimental results fast, impact testing is carried out.
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Table 2. 1Natural Frequencies of Afocal
ANSYS Results
Mode| Frequency (Hz)

1 830,24
986,81
1193,97
1247,60
1287,30
1418,57

o O &~ W N

The modal test requires several tools, such as a force transdncarcelerometer,
data acquisition system and signal processing software. The test ohjbet €&cited
by using a hammer or a shaker can be used. Hammer is the sieya#ation

technigue because, it is easy to use. The instruments used apcbpleeties of

transducers can be seen in Table 2.2 and 2.3.

Table 2. 2Instrumentation and Software

Instrumentation and Software

Bruel & Kjaer 4507 biax
Bruel & Kjaer 8200+2646
Pulse Front-End 3560C
Pulse 11.0

Accelerometer

Impact Hummer

Analyzer

Software

Table 2. 3Transducer Properties

External Gain

Transducer Type

Nom. Sensitivity

Input Sensitivity

Force

1 mVIN

1 VIV

1 mV/N

Accelerometer

10 mV/m/s”"2

1 VIV

10 mV/m/s”2
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As can be seen in Figure 2.7, in test one fixed acceleromaisedsand hammer is
roved between ten points. Parameters used in the signal analysysiaiidn for the
modal test can be seen in Figure 2.8. By PULSE 11 [11], tinaecdat be performed
in order to obtain auto-spectrums, cross-spectrums, FRFs and coherences.

® o

Fixed Accelerometer Impact Point

| FFT Analyzer Group Properties

1 Template 3: 2 Analyzerz):

Frequenc_l,l Trigger

Lines: 1800 hd Record Triager:

Span: |1.Bk Hz ﬂ |ModaIHammer Trigger ﬂ
df: 1 Hz Owerlap:

T:1s dt: 244 Tu g

[ Zoam Aeveraging Mode

Center Frequency: % Spectrum Averaging

| " Signal Enhancement

Averaging fiverage Update
Average Trigger:

tode: Evponentia v |Manual1 j
Averages; |10 Overload:  |Feject -

Figure 2. 8FFT Properties
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Finally, by using FRF curves and ME’scopeVES Version 4 [12], modanpeters
can be found. These results are presented in Table 2.4. As can e Fable 2.5;
error in natural frequencies obtained from FE analysis is tlems approximately
1.1%. It can be say that results for each analysis are varyasectherefore it can be

said that finite element model is validated.

Table 2. 4Experimental Results

Experimental Result
Shape Frequency (Hz)] Damping (%)
1 828 0.105
2 976 0.167
3 1190 0.273
4 1250 0.114
5 1300 0.172
6 1430 0.109

Table 2. 5Comparison of the ANSYS and Experimental Results

Experimental Results| ANSYS Results | Error of Frequency

Shape Frequency (Hz) Frequency (Hz) (%)

1 828 830.24 -0.27

2 976 986.81 -11

3 1190 1193.97 -0.33

4 1250 1247.60 +0.19

5 1300 1287.30 +0.99

6 1430 1418.57 +0.81

For AH-1 Helicopter, interested frequency range is 10-500 Hz;ftrerafocal is

rigid enough in the frequency range. Therefore, dynamic chasdicte of the optical

18



system will not be affected from the dynamics of afocaAl1 Helicopter and
afocal can be taken as rigid body in the analyses.

2.2 Finite Element Analysis of Lens and Validation of the Results

Another critical part of optical system is the group of optielements, which

consists of lenses, detectors, mirrors and beam splitters. Thes® spstems play

important role in determination of the dynamic characteristitrtler to see the
effect of optical elements, one of the optical elements, namelysas taken as case
study and it is modeled in finite element program, and dynahacacteristics of

lens are investigated.

As can be seen in Figure 2.9, lens geometry looks like a cingali; however there
are cavities on both upper and lower surfaces. The lens analyzed/&& made of

germanium with the following material properties:

Table 2. 6Material Properties of the Lens
Modulus of Elasticity, E |130 GPa
Density,ir 5323 kg/m3

Poisson ratio,n 0.28-0.32

Figure 2. 9Geometry of the Lens
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Finite element model of the lens is constructed in ANSYS Workbehdwontains
59635 nodes and 38915 SOLID 186 elements as shown in Figure 2.10.

o
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Figure 2. 10Mesh of the Lens

After modeling the lens in the finite element program, modalyais is carried out
for free-free boundary conditions and modal frequencies of the firsbdesnare
found (Table 2.7).

Table 2. 7Natural Frequencies of the Lens
ANSYS Results

Mode| Frequency (Hz)

1 3250
2 6500
3 6800
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First three natural frequencies of the lens can be seen in Z.&ble order to verify

the FE results, three natural frequencies are also obtainexipeyimental methods.
The procedure explained in previous section is used for finding the Inatura
frequencies. The instruments used and the properties of transdiugcéne aame as

in Table 2.2 and 2.3.

The comparison of the natural frequencies of the lens calduitate finite element

model and those obtained experimentally are given in Table 2.8 aloig wit

percentage error in FEA results.

Table 2. 8Comparison of the ANSYS and Experimental Results for Lens

Mode | Experimental Results (Hz) FEA Results (Hz) | Error (%)
f 3250 3292 -1.3
fa 6500 6672 -2.6
f3 6800 6818 -0.3

As can be seen in Table 2.8, natural frequencies of the lensuakehigher than 500
Hz, which is the upper limit of the frequency range of interestthe AH-1
Helicopter. Therefore it can be said that lens can be takeigid in the frequency
range of 10-500 Hz.

2.3 Finite Element Model of the Optical System

Finite element models of the case, which is the afocal, andaensbtained in
previous sections and it is seen that they can be assumed todb@ rige AH-1
helicopter excitation frequency range of 10-500 Hz. The first natural fregoétive
afocal is 828 Hz and the first natural frequency of the lens is fouhe 3250 Hz
(see Tables 2.5 and 2.8).
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Lenses are mounted to the afocal by using adhesives. One dividrgages of using
adhesive is athermalization. Athermalization is the compensatiaheothermal
changes between two materials [1]. For example, thermal expaosefficients of
aluminum and germanium are different and due to temperature change, the
characteristic lengths become different. If no interface mahts used between the
case and the lens, any high temperature change causes highbstresen the lens

and the case. Because of this reason, there maybe stressidiorawad crack
propagation. In order to make athermalized design, an adhesive shouldl ze ase

interface material.

Adhesives are soft materials and their stiffness is much loampared to those of
aluminum, steel or germanium. Due to low stiffness, dynamic desistec of the

optical system is affected by adhesives, which is an elastype material. In order
to see the effect of the elastomer, complete model of theabgiystem is obtained

by using finite element program.

The optical system assembly is constructed in Pro/ENGINE&RItais imported
directly to ANSYS Workbench. After importing, ANSYS Workbench autocadly
detects contacts between individual parts. Therefore, it findsotitaat between the
elastomer and the afocal, also between the lens and the elastother optical
assembly. These contacts are selected as bounded contacts, wantiserthere is
no separation between these parts.

The optical system assembly can be seen in Figure 2.11 and tkis sysisists of
the afocal, the lens and the elastomer. In this model only théefistof the optical
system is used because this lens is the powerful optical elemeénts mass is the
highest in the optical system. Figure 2.12 shows the use of et&stonoptical

system more clearly.

22



Figure 2. 110ptical System Assembly

Figure 2. 12Use of Elastomer in Optical System
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By using ANSYS Workbench, material properties of each part eatebined. The
afocal is made of aluminum, the lens is made up germanium anonedssis
SYLGARD 577 [13]. Material properties of SYLGARD 577 that aredeekfor such
an dynamic analysis are taken from report, which is prepared in ASELSAN:

Table 2. 9Material Properties of the Elastomer (SYLGARD 577)

Modulus of Elasticity, E |3.5 MPa

Density,ir 1300 kg/m3
Poisson ratio,n 0.4-0.49

Using automatic mesh utilities of ANSYS Workbench, mesh can b&troated by
SOLID 186 elements. FE model of the optical system contains 145224 nudles a
59413 elements, as shown in Figure 2.13. In order to observe the effdwt of
adhesive, adhesive is finely meshed, as shown in Figure 2.14.
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Figure 2. 13Mesh of Optical System
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Figure 2. 14Mesh of Elastomer

Finally, modal analysis is carried out by using ANSYS Workbermhfree-free
boundary conditions and the first three modes are given in Table 2.10. The mode

shapes of the first three modes are given in Figures 2.15, 2.16 and 2.17.

Table 2. 10Natural Frequencies of the Optical System
ANSYS Results
Mode| Frequency (Hz)

1 224
2 295
3 295
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Figure 2. 15First Mode Shape of Optical System
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Figure 2. 16Second Mode Shape of Optical System
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Figure 2. 17Third Mode Shape of Optical System

As one can see from Figure 2.15, 2.16 and 2.17, all these modes are telate
relative motion of lens due to the flexibility of the elastoniérese modes are in the
frequency range of interest for AH-1 Helicopter (10-500 Hz), tbesetlastomer
should be modeled carefully and material properties of it havee tdebermined
accurately. Because of the harsh environmental conditions in sisifgplications,
these decenter and tip / tilt modes cause performance loss ¢alaptstems. As
explained in previous sections, afocal and lens behave as rigid bod@e500 Hz
frequency range; therefore dynamic characteristics of opgigstem are affected

only by the flexibility of elastomer and mass properties of the lens.
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CHAPTER 3

ANALYTICAL MODEL OF A SIMPLE OPTICAL SYSTEM

In Chapter 2, finite element model is constructed and dynamicatbastic of each
part and assembly are obtained. As seen before, the afocal alethgheehave as
rigid body in frequency of range interest, 10-500 Hz, since thest hatural
frequencies are far above 500 Hz. It is also seen that tremilyrcharacteristics of
the optical system are affected by the material propesfiesihesive in 10-500 Hz.
Therefore, a simple analytical model can be constructed for bgpystems by taking
housing and lens as rigid body, such that adhesives are modeled imfie s
analytical model. In order to develop an analytical model, considedimgsave only,
adhesive geometry and material properties should be known. For finditegiah
properties of adhesive, known test techniques, which can be found inutgéeauld

be used.

Then in order to construct an analytical model; stiffness of adhesicalculated by
using geometry and material properties. After that, lens is takerass because it is
assumed as rigid. Then, discrete model can be constructed byanthssiffness.

This discrete model can give decenter and tip and tilt mode af Femally, using
obtained model parameters, random vibration output of the optical systemn, unde

dynamic loading, can be calculated mathematically.
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3.1 Determination of Material Properties of Adhesive

Lenses are generally bonded to optical housing by using adhesivesden to
determine dynamic characteristic of the optical systdhngaanponents should be
modeled properly, therefore material properties and geometriesrgfanents must

be known.

Sylgard 577 is one of the most commonly used potting material in thealopti
systems. It is stated [14] that when it is properly prepareduitd have high strength

in the harsh environment factors, such as when exposed to vibration alkd shoc
Moreover, this adhesive can work properly in a temperature rang® 6€-to 200

°C [13], and that temperature range is enough for military egpns [9]. For
Sylgard 577, some mechanical material properties are defineefarence [13].
These properties are tensile strength, elongation perceatafelensity, however
these are not enough to carry out vibration analysis; therefore maxfudlesticity

and damping characteristic of the material as function of freggushould also be

known.

In order to find modulus of elasticity and loss factor of an adhetbiges are several
methods in literature. One of the methoddinse response methdd5]. Material
properties of an adhesive can be found by using Figure 3.1 and dalien®lgiven
below [15].
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K = AO
0X|
E =kLle
A
h =2
L
where:

(ew+ H)|[X]

L,

/ 0 ] Tx

Figure 3. 1Force, F, versus Displacement, x, Graph [15]

(3.1)

(3.2)

(3.3)

e E¢=Modulus of Elasticity of Adhesive

* ke = Stiffness of Specimen

* L= Length of Specimen

A= Area of Specimen

e L, = Difference between Force at Maximum Positive Displacement ae Fo

at Maximum Negative Displacement

L, = Difference between Maximum Negative and Positive ForcZeab

Displacement

¢ he=Loss Factor
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Another method issingle degree of freedoifs.d.o.f) method [16]. By using this
method, the sample can be excited in extension or in shear. Fputh@ses proper
test setup can be constructed to obtain the parameters, modulasticfte and loss

factor.

3.1.1 Test Setup

For single degree of freedom method [16], the test setup, showgureR3.2 and
3.3, is constructed. Bruel & Kjaer instruments and PULSE softarare@sed for data

collection in this test setup (Table 3.1).

Table 3.1Instrumentation and Software

Instrumentation and Software
Accelerometer Bruel & Kjaer 4507 biax
Impact Hummer Bruel & Kjaer 8200+2646
Analyzer Pulse Front-End 3560C
Software Pulse 11.0

Figure 3. 2Test Setup — View 1
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Rigid Disk, 0.158
f kg

Adhesive Sample

Figure 3. 3Test Setup —View 2

As seen in Figure 3.2 and 3.3, test setup contains impact hamnederaceter and
a rigid disk. Geometry of adhesive sample is given in Figure 3.4.

8.5 mm

A
v

f 43.5

Figure 3. 4Geometry of Adhesive Sample

During the test, input force was applied to the rigid disk and agheample by
using impact hammer. Frequency response of the system can medlig using

the signals from the hammer and accelerometer. Using the RdREha analytical
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model for the schematic view of the test setup, Figure 3.5, compbelulos of
adhesive and loss factor can be found [16] as follows:

M Rigid Disk

K Adhesive

Fixed Base

Figure 3. 5Schematic View of the Test Setup

K elastomer: K elastome£1+ih elastomz (3-4)
* * L
E =K —
. (3.5)
E elastomer: E elastomegl-'- in elastom)e (3-6)
* (1+ MrigiddiskWH (W))
K = (3.7)
H (W)

where Kagnesiveis complex stiffness of the adhesive,is loss factor of adhesive,
E adghesiveis the complex modulus of elasticity of adhesive, L is lengtdbksive, A

is area of adhesive, Mdisk IS mass of rigid disk and KW§ is FRF of rigid disk and

adhesive combination.
First of all, complex stiffness of the system can be obtairmed Equation 3.7 [16].

In this equation, H{) can be found using by PULSE 11.0. Then, complex stiffness

of the system can be converted complex modulus of elasticity osisdhgy using
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Equation 3.5 [16]. Finally, the real part of i taken as young modulus of adhesive
and the ratio of the complex part of 6 real part is taken as loss factor of adhesive.

It is stated that [17] Poisson ratios of elastomer type adtwesaries between 0.45-
0.5 and therefore, the responses of these materials are atigagedmetry, and the
load versus stress relations changes by aspect ratio, Auge of this reason,
Poisson ratio plays important role in stress relations for highaflos. If Equation

3.8 [17] is analyzed with given Figure 3.6, it is seen that principlessses are

calculated by considering the Poisson ratio.

| (1-v)E VE VE 0 0 0
o, | A=VA-2v) (A+v)1-2v) (A+v)(1-2v) £, )
., . VE (1-v)E VE 0 o0lle,
5 [A+v)1-2v) A+v)(1-2v) (d+v)1-2v) e, |
LA vE vE 1-V)E =il |
g o S UVIE_ 5 o off,r  (38)
R A+v)(1-2v) (1+v)(1-2v) (1+v)(1-2v) 2
Tn 0 0 0 G 0 0 ||¥xs
[Ty ) 0 0 0 0 G 0|l7a]
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t > <D
4
, T
t
i D

Figure 3. 6Two Extreme Tension Test Samples [17]

In Equation 3.8, wheBsgsj/es; is taken into account, stress is determined not only by

modulus of elasticity but also by Poisson ratio, Equation 3.9.

L-mE o (3.9)

e (+m(-279)
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M is the maximum modulus [17] and it can be determined by diwgure 3.7 and
Equation 3.9. In Figure 3.7, Nu is used for Poisson ratio. It is seemFigure 3.7
that the modulus of elasticity is increased with increasirtg IB/our system, D/t
ratio of test specimen is 5, therefore, the calculated modulussifogtly should be

divided by 2, which is found from Figure 3.7.

10000.0
AR
—— Nu =045
1000.0 || =k=Nu=0.49 ”,..--'.
e N1 = 0,499 Py
= =—@— Nu = (0.4999
& 100.0 L
] ~
. i
10.0
< _
1.0 i
1 10 D/t 100 1000

Figure 3. 7Variation of Modulus of Elasticity with respect to D/t Ratio [17]

3.1.2 Test Results

The system is excited by hammer over the frequency range OHB80M@sing
PULSE 11.0 software, k() and coherence between accelerometer data and force

data can be obtained. They are given in Figure 3.8 and 3.9, respectively.
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FRF of Rigid Disk with Adhesive
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Figure 3. 8FRF of Rigid Disk with Adhesive

Coherence between Force and Accelerometer Signals
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Figure 3. 9Coherence between Force and Accelerometer Signals
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As can be seen in the FRF of the system, there are 6 naagaéficies between O-
600. As can be seen in Figure 3.9, coherence is very close to 1rjd8}, an be

said that measurement quality is good enough.

Complex modulus of elasticity of adhesive can be found by using Equatido 3.4
3.7. Then the real part of complex modulus of elasticity is plottech@dulus of
elasticity of adhesive and also ratio of imaginary part td peat of complex
modulus of elasticity is plotted as loss factor of adhesive. Atared in section
3.2.1, modulus of elasticity found by test should be divided into 2, sincespleeta
ratio of the test specimen is approximately 5 (Figure 3.7 shows that wherbas
Poisson ratio is 0.45, m becomes 2). Modulus of elasticity and loss gaphs are

given in Figure 3.10 and 3.11.

Material Properties of Elastomer
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Figure 3. 10Modulus Elasticity of Adhesive
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Material Properties of Adhesive
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Figure 3. 11Loss Factor of Adhesive

Using curve fitting techniques, trendline for modulus of elagtioftadhesive could
be found in log-log scale. Trendline and relation between the modukigssticity

and frequency can be seen in Figure 3.12.

Material Properties of Elastomer
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Figure 3. 12Trendline (Blue Line) of Young Modulus of Adhesive
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The test results show that, modulus elasticity of the adhesilieear in log-log
scale. Therefore, the equation obtained for modulus of elasticitypbeanmsed in
analytical model of dynamic characteristics of optical systHowever, in finite
model of the optical system, average value of modulus of elasimiyld be used in
interested frequency range, since modal analysis is done antpristant material

properties in finite element program.

3.2 Construction of Analytical Model

After obtaining the material properties of the adhesive, dnalyihodel of a simple
optical system can be created. As explained before, in thistiaahiypodel, housing
and lens are taken as rigid and adhesive is modeled as adlekdrhent with
damping.

Opto-mechanical designers can use analytical model in pnaligndesign work for
predicting the dynamic behavior of optical system. Thereforentbatel should have
enough representation of the real optical model. Moreover, ifletanalysis is
required, finite element model can be constructed for finding dgnelnaracteristic

of optical systemGeometrical model of the optical system can be seen in Figure
3.13. In this model, case and lens are modeled as rigid bodies and onlyeadhes

modeled as a flexible element.

CASE ADHESIVE LENS

%

%

Figure 3. 13Geometrical Model of Optical System
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3.2.1 Stiffness of the Adhesive

As you can see from Figure 3.14, when force F is applied on lensjeddeflects

in Z direction. In this movement, shear effects are important,ftnerfor creating a
mathematical model, only shear forces and deflection are coedid®aterial
properties of adhesive are obtained in section 3.1. Shear modulus of ad@gsive
[19] can be found as:

E
2(1+n)

(3.10)

7 l Z
,/ﬁ %

Figure 3. 14Deformed Shape of Adhesive

In order to find stiffness, first of all shear force should Heutated. For obtaining
shear force, shear area can be calculated by using outer diamietger diameter of
adhesive, however, in order get approximate results, effective ahearcan be
calculated by gean Which is the average of outer and inner diameter of adhesive.

Shear area can be found as:

A% :pdmeanh (3'11)
Ornean = de" (3.12)

where h is the height of adhesivejdthe inner diameter of adhesivg,islthe outer
diameter of adhesive ginis the mean diameter of adhesive andsfthe effective
shear area.
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After finding shear area, effective shear stress can be calculdtdtbas [19]:

F
f=—s 3.13
A (3.13)
‘=G (3.14)

whereF; is the shear forcé is the shear are& is the shear modulus agdis the

shear deflection.

Then the shear force can be written in terms of shear area, rmbdulus and shear

deflection as:

F =GAg (3.15)

Shear deflection can be eliminated from Equation 3.15 by wistiegr deflection as
function of x, deflection, and t, thickness of adhesive. If force isiegpmn lens,

adhesive is deformed as shown in Figure 3.15.

A
v

Adhesive

Angle, g

v

Figure 3. 15Deflection in Adhesive
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Using Figure 3.15, shear defection can be obtained as:

tan@):%‘ (3.16)

For a small angle, tangent@tan be approximateglas:

tan@@)= g9 (3.17)
X=tg (3.18)

Using Equation 3.15 and 3.18, shear force can be written as:

F,= 2 (3.19)

When force is applied on the spring, force-deflection relation will be:
F =kx (3.20)

Then, shear stiffness of the adhesive is obtained by using Equations 3.19 and 3.20 as:

K :$ (3.21)

3.2.2 Natural Frequency of Optical System

Natural frequencies of a simple optical system can be found iby gs&ffness of
adhesive, which is given by Equation 3.21, and mass of lens. First disallete
model of optical system should be constructed. In this discrete nstiffeless of the
adhesive can be distributed over the lens in order to obtain decentép and tilt
modes, Figure 3.16.
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Figure 3. 16Discrete Model of a Simple Optical System

In order to simulate decenter and tip and tilt modes, three cotasljrzeg andf, can

be used. After that, Equation of motion in these three directions camitben as

follows:

mz+ kz=0 (3.22)
R2

Iqq+7q:0 (3.23)
R2

| f +7f =0 (3.24)

where;

m = mass of the lens

k = stiffness of the lens

lq = inertia of lens i coordinates around x axis
Ir = inertia of lens irf coordinates around y axis

R = radius of lens

Equations 3.22, 3.23 and 3.24 can be written in matrix form as;

k 0 0
m O 0 z z
RZ
0 Iq 0 g+ O 7k 0 g=C (3.25)
o 0 I, 7 R f
0 0 —k
2
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Mass and stiffness matrices of the optical systeam a

m O O

M=20 Iq 0 (3.26)
0 0 I
m O O

K= 20 Iq 0 (3.27)
0O 0 |

f

If Eigenvalue problem can be solved for EquatioB53.natural frequencies and
mode shapes can be obtained. In order to solventgee problem, MATHCAD

can be used and natural frequencies of simple apsigstem can be calculated as

follows:

E=KM! (3.28)

c = sort( eigenval§ ¥ (3.29)

u=eigenve¢ (3.30)

f = Voo (3.31)
2p

f, = VG (3.32)
2p

f, =20 (3.33)

3 Zp -

3.2.3 Random Vibration Analysis of Optical System

Random vibration analysis is used mostly for mjitaapplication. As known,
military systems are integrated to platforms, sashhelicopters, aircrafts or tanks.
After integration, military systems are exposecemvironmental conditions and one
of the most important environmental conditions ibration. In order to find
response of the system under vibration environmemdom vibration analysis

should be conducted.
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When a single spring-mass system, Figure 3.17dgeel by random vibration, the

system responds by vibrating mainly at its resofraauency.

m

ST,

Figure 3. 17Single spring-mass system

It is known [20] that if a random vibration inpwg given to the system, the mean
square acceleration response of the mass can caidatatl by using the area under
the power spectral density (PSD) of the responsdrequency. This area can be

found by taking the integral of PSDy(# from f to f, as follows:

1:2
area=G,°= P

out
f

df (3.34)

The response (or output) PSQyHs required to obtain the response of the mass to
the random vibration input. The output PSD, obtdifrem the input PSD, P, can be

calculated by using the relation:

P =Tr’P (3.35)

out

v

f1 fo

Figure 3. 18Power Spectral Density — PSD - Graph
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where Tr is transmissibility of the single degrdefreedom system and it can be

written as:

1+(2ffz)2
Tr(f)= — (3.36)
@- (17)2)2+ (2172)2

where: f, is natural frequency of the system anid damping ratio.

Then, by using Equation 3.34 to 3.36,@an be obtained as:

, 1+ (2:2)2 P
Gy ()= e ——df (3.37)
e SPRNCET

The above equation will be the mean square actieleneesponse of the mass to the

random vibration input.

As explained in previous part, first three modethefoptical system are decenter, tip
and tilt. Tip and tilt modes are two multi modesdaasso uncoupled modes. By
making single degree of freedom approximation fdre toptical system,

transmissibility equation for each mode can betemigs:

T =a(f),,(K,,+ifC, ) (3.38)
Tr,=a(f),,(K,,+fC,) (3.39)
Tr,=a(f),,(K,,+ifC,) (3.40)

Tr, is transmissibility for n-th mode (n = 1, 2 and &da(f),, is the n-th diagonal

element of the frequency response function given by

-1

a(f)=(K- f?M- ifC) (3.41)
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Kn.nis the n-th diagonal element of the stiffness matwhich is given by Equation
3.27. G n, can be calculated as a function of damping @ftibhe adhesive, is also the

n-th diagonal element of the damping matrix givgn b

C, 0 O
C=0 C, O (3.42)
0 0 C,

where;

C,, =2z/km (3.43)
R2

C,.=2z > kl, (3.44)
R2

Coa =225 K, (3.45)

Zz = modal damping ratio of the adhesive

3.3 Example for Analytical Model of a Simple Optical System

In order to test the analytical model, a simplaagbtsystem can be constructed. This
system contains case, lens and adhesive. CAD nuddbis optical system can be
seen in Figure 3.19.

000 50.00 100.00 {re)

2500 7500

Figure 3. 19A Simple Optical System
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Material properties of adhesive are given in patt Shese values which is obtained
from test, can be directly used. As it is known,dulas of elasticity of adhesive
depends on frequency and as explained part 3.lafeter to height ratio of ring
bond is very high; therefore, Poisson ratio effgltbuld be considered. As can be
seen in Table 3.2, outer diameter to height rai®4 and Poisson ratio is 0.45;
therefore, by using Figure 3.7, m can be found.&eéause of this reason, modulus
of elasticity, which is obtained from material testelastomer, should be multiplied
by 4.

E =71.268f"%% (3.46)

Then the shear modulus of elasticity can be writteterms of modulus of elasticity
by using Equation 3.10:

71.268f 1998

2(1+7) (3.47)

Finally, stiffness of adhesive can be found fronu&tpn 3.21 and 3.47 as follows:

k B i 71.268f 1.9998

t 2(1+n) (3-48)

It can be seen in Equation 3.48 that the stiffikedspends on frequency; therefore it
is difficult to solve the Eigenvalue problem forkumown frequency. Because of this
reason, in order to find decenter mode, simple naassspring model is used for

predicting the first natural frequency of the oglisystem:

1 |k
f =, |— 3.49
decenter 2 m ( )
Using stiffness of adhesiveefenieican be solved from:
1.9998
decenter: i 7126%‘; fdecemer (3'50)
20 2(1+n)m
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Geometrical properties of a simple optical systeenga&ven in Table 3.2.

Table 3.2Geometrical Properties of a Simple Optical System

Geometrical Properties of a Simple Optical System
Height of the adhesive, h 0.002 m
Inner diameter of the adhesive, d 0.104636 m

Outer diameter of the adhesive, g 0.108 m

Mean diameter of the adhesive, d4 0.10632 m

Thickness of the adhesive, t 0.00168 m
Shear area of the adhesive, A 6.68e-4 M
Poisson ratio of adhesivey 0.45

Mass of the lens, m 0.225 kg

Inertia of the lens inq coordinates, | |1.3554e-4 rh

Inertia of lens inff coordinates, ¢ 1.3554e-4 th

First natural frequency of a simple optical systeam be predicted as 183 Hz by
using given properties. Then, using this frequemegdulus of elasticity of adhesive
can be found as 2.3634 MPa. Finally, stiffness efatlhesive can be calculated by
using the Equation 3.48, and then natural freq@snaf a simple optical system can
be found by using this stiffness value. The caledanatural frequencies of optical

system are given in Table 3.3.

Table 3.3Natural Frequencies of a Simple Optical System

Analytical Results of a Simple Optical System

Natural Frequency, fi (191 Hz

Natural Frequency, f, [292 Hz

Natural Frequency, f; 292 Hz
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After finding natural frequencies, random vibratiamalysis can be performed for a
simple optical system. As these three natural ®aqies are uncoupled, for each
mode, single degree of freedom model can be ugedmolom vibration analysis by

using Equation 3.37.

In part 3.1, material properties of adhesive armiabd. Loss factoh is found as
0.175, this is structural damping and it can beuwated by using frequency response
function of material. In frequency response funttigtructural damping can be
obtained by using half power points ratio [21]. &l& is known that, structural
damping is twice of the modal damping ratio. Indam vibration analysis viscous
modal damping ratio is used.

_W-

h (3.51)
w,

z=M" W (3.52)
2w

Using Equation 3.51 and 3.52, modal damping radio lee found as 0.0875. During
the random vibration analysis, dynamic input, whishthe PSD input of AH-1
Helicopter, is given in each direction,gandf, therefore; random vibration output
of the optical system, & can be found by Equation 3.37 for each mode. Reant
given in Table 3.4.

Table 3.4Random Vibration Output of a Simple Optical System

Random Vibration Analysis Results of a Simple Optical System
Gout for Natural Frequency, f; 41 m/$
Gout” for Natural Frequency, f, 51 m/$
Gout for Natural Frequency, fs 51 m/$

50



CHAPTER 4

VALIDATION OF ANALYTICAL MODEL WITH FINITE ELEMENT
MODEL AND EXPERIMENTAL TECHNIQUES

In order to test the accuracy of analytical modatjte element model and
experimental techniques can be used. First ofaalJytical results can be obtained
for known material properties and geometries otheajgtical system components.
After that, finite element model can be construagtedNSYS Workbench by using
the same model and output of the dynamic analgsisompared with analytical
model results. Moreover, prototype of this opticaldal is produced and hammer
test is carried out for finding modal parameteural frequency, damping of each

modes and mode shapes.

As explained in Chapter 2, case and lens are mmidterested frequency range, 10-
500 Hz, and also it is seen that elastomer is yas@ft material and therefore the first

three modes of the optical system are due to éxability of elastomer.

The analytical model constructed can be used idingreary identification of
dynamic characteristic in opto-mechanical systersigie If detailed analysis is
required, finite element techniques should be u&edhis chapter the analytical
model is verified by using finite element analyarsd also making an experimental
study. It is known that material properties of ®&aser is found by experimental
methods and these properties will also be confirnfednalytical model, finite
element model and experimental method give closatse
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4.1 Finite Element Model of a Simple Optical System

CAD model of a simple optical system is constructed®ro/ENGINEER and as
explained before it is directly imported to ANSY So¥wbench by means of direct
connection between ANSYS Workbench and Pro/ENGINEEReometrical

properties of a simple optical system are giveitable 4.1 and CAD model of this

simple optical system is shown in Figure 4.1.

Table 4. 1Geometrical of a Simple Optical System

Geometrical Properties of a Simple Optical System
Height of the Elastomer, SYLGARD 577 2 mm
Inner diameter of the Elastomer, SYLGARD 577 (104.636 mm
Outer diameter of the Elastomer, SYLGARD 577108 mm

Diameter of Lens 104.636 mm

Inner Diameter of Case Diameter of Lens 108 mm

The case is made of aluminum, the lens is madeeohgnium and the material
properties of elastomer are given section 3.1. Modllelasticity, densities and

Poisson ratios are given in Table 4.2 for each @fatie optical system.

Table 4. 2Material Properties of Each Part of a Simple Opt®atem

Modulus of Elasticity| Density |Poisson Ratip
Case, Aluminum 71000 MPa 2770 kg/fh ~ 0.33
Lens, Germanium 130000 MPa 5323 kg/th 0.3
SYLGARD 577, Elastomer 2.3634 MPa 1300 kg/f 0.45
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Figure 4. 1LCAD Model of a Simple Optical System

After importing a simple optical system to ANSYS ¥oench, given material

properties are defined and finite element modebigined. As in Chapter 2, SOLID
186 [10] elements can be used and the finite elemedel of this optical system has
77723 nodes and 16582 elements, Figure 4.2 andF#hally, modal analysis and

random vibration analysis are conducted in ANSY Skiench.

ANSYS
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000 B0.00 (mm)
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40.00

Figure 4. 2Mesh of a Simple Optical System
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Figure 4. 3Mesh of Elastomer

In modal analysis, first three modes are foundiling fixed boundary conditions to
holes, Figure 4.1. Results of the modal analysiggaren in Table 4.3.

Table 4. 3Results of Modal Analysis

Mode No| Natural Frequency, f, (Hz)

1 169
2 243
3 243

It can be seen in Table 4.3 that the first mods 869 Hz. This is the decenter mode,
other two modes are multiple modes, tip and tildes) and their value is 243 Hz.
Mode shapes are given in Figure 4.4, 4.5 and 4.6.
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Figure 4. 4First Mode Shape (Decenter), 169 Hz
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Figure 4. 5Second Mode Shape (Tip and Tilt), 243 Hz
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Figure 4. 6 Third Mode Shape (Tip and Tilt), 243 Hz

After completing the modal analysis, random vilmatianalysis is carried out. In
random vibration analysis, directional acceleraiocan be obtained by using known
random input. As explained in Chapter 2, if thisicgd system is integrated to AH-1
helicopter, frequency range of interest is 10-5@0aHd random vibration level y\s
0.001 g/Hz and Wis 0.01 §/Hz, as shown in Figure 4.7.
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Random Vibration Input (AH-1 Helikopter Vibration P rofile)
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Figure 4. 7Random Vibration Input (AH-1 Helicopter Vibratiomd®ile) [9]

This random vibration input is applied to the sgsten each axis (X-Y-Z), than
output (directional acceleration) is obtained fofYXZ axis. Moreover, damping
value should be defined in ANSYS Workbench. Dampvadue of elastomer is
found in Chapter 3n = 0.175 and it is loss factor, however in ANSYS Mench,
modal damping ratio is used. In Chapter 3, it iplaxed that modal damping ratio,
z is half of the loss factoh; thereforez will be 0.0875. Results of random vibration

analysis are given in Table 4.4.
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Table 4. 4Results of Random Vibration Analysis

Random Vibration in | Random Vibration | Random Vibration
X Direction in Y Direction in Z Direction
X (m/s?) 42 5 7
Y (m/s?) 5 42 7
Z (m/s?) 50 50 38

As one can see from the results of random vibraiwadysis, first three modes are in

the interested frequency range, directional acattsr in each axis is close to each

other. Especially, for random input in Z directiahrectional acceleration output in

all direction is high due to fact that first threeode shapes are dominant in Z

direction. ANSYS Workbench results for input in lkeatirection are given in Figure

48,49 and 4.10.
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Figure 4. 8Directional Acceleration in Z Direction for Randdnput in X Direction
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Figure
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Figure 4. 9Directional Acceleration in Z Direction for Randdnput in Y Direction
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Figure 4. 10Directional Acceleration in Z Direction for Randdnput in Z
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4.2 Experimental Results

Modal and random vibration analyses are also camwigdby using experimental
techniques. By using experimental modal analysiBrigjues, natural frequencies of
a simple optical system can be obtained. Also madalysis gives mode shape and
damping of the system. Thus damping values ofithple optical system considered
can be compared with experiment results. After rhoelst, random vibration tests
can be done by using shaker table in X-Y-Z axisapplying AH-1 Helicopter
vibration profile. In experimental random vibratianalysis, it is not possible to give
input in g andf direction, since shaker tables can only give inpuk, Y and Z
directions. Also it is not possible obtain analgticesults in X and Y directions in
analytical modeling. Therefore, only the resultsagied from the analytical model in
Z direction are compared in random vibration analyath those obtained by finite
element model and experimental study. However,réisalts of the finite element

analysis are compared with experimental resul¥s amd Y direction as well.

For experiments, optical system used in both aitalytnodel and finite model is
manufactured (it is shown in Figure 4.11). Casprauced from aluminum, lens is
made of germanium and SYLGARD 577 is used as etestoadhesive.

e

Lens Elastomer

Case

Figure 4. 11Simple Optical System

60



Natural frequencies of the optical system can b&inbd by hammer test since
hammer excitation is enough to see natural fregasrand also it is easy and fast. In
hammer test, one bi-axis accelerometer is used tlaisdaccelerometer is roved
through 5 points. Instruments and transducer ptigseare given in Table 4.5 and
4.6.

Table 4. 5Instrumentation and Software

Instrumentation and Software

Accelerometer Bruel & Kjaer 4508 B biax

Impact Hummer Bruel & Kjaer 8200+2646

Analyzer Pulse Front-End 3560C

Software Pulse 11.0

Table 4. 6Transducer Properties

Transducer Type | Nom. Sensitivity| External Gain | Input Sensitivity
Force 1 mVIN 1VIV 1 mVIN
Accelerometer 10 mV/m/s"2 1VIV 10 mV/m/s"2

Test setup for hammer test is shown in Figure 4rifhis test setup, optical system
is fixed by its holes, as can be seen in Figur@,4td optical table. Measurement

points are shown in Figure 4.13
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Figure 4. 12Test Setup for Hammer Test
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Figure 4. 13Measurement Points
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Modal test is conducted between 0-400 Hz and datliected at 5 points. By

PULSE 11.0 software, time data is used in ordeolitain auto-spectrum, cross-
spectrum, coherence and FRFs. FRF and coherenaeagtuirement point 3 are given
in Figures 4.14 and 4.15.

[(M/s?)/N] Frequency Response H2(Arc (1).3+Z, Arc (1).5-Z) (Magnitude)
Modal : Measurement 4 : Input: Modal FFT Analyzer 1

i
80 \

: N
20 / N
B / NI

0 40 80 120 160 200 240 280 320 360 400
[HZ]

Figure 4. 14FRF at Measurement Point 3

[1 Coherence(Arc (1).3+Z, Arc (1).5-Z) (Magnitude)
Modal : Measurement 4 : Input : Modal FFT Analyzer 1

500m

200m

100m

0 40 80 120 160 200 240 280 320 360 400
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Figure 4. 15Coherence at Measurement Point 3
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Finally, by using obtained FRFs and ME'Scope 4.0dah@arameters of a simple
optical system can be found. Natural frequenciet damping values are given in
Table 4.7. It can be seen in Figure 4.14, that n®dan not be identified because at
this frequency, 261.9 Hz, there are two modes hay are multiple modes. In order
to identify multiple modes and coupled modes, Murdput Multi Output (MIMO)

and Single Input Multi Output (SIMO) analysis shobkldone. At least two shakers

In MIMO test and at least two reference accelerensah SIMO test should be used.

Table 4. 7Natural Frequency and Damping Values

Mode No| Frequency, f, (Hz) | Damping, z (%)
1 176.9 8.814
2 261.9 7.995

Moreover, mode shape of a simple optical systembmafound by representative
geometry in PULSE 11.0 and ME'Scope 4.0 and obtaffieies. Mode shape at'1
and 29 modes are given Figure 4.16 and 4.17, respectively

Figure 4. 16Mode Shape atIMode
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Figure 4. 17Mode Shape at"? Mode

After modal test, random vibration test can be ddneorder to carry out random
vibration test, shaker table must be used in X-¥ads. For each axis, AH-1

Helicopter vibration profile given in Figure 4.7s iapplied and directional
accelerations are measured.

In random vibration test, two three-axis acceler@mseare used in order to collect
data in each axis, X-Y-Z. Test setup is shown guFes 4.18 and 4.19. There is no
need to test system in Y axis, because opticaésyst symmetric. As can be seen in
Figures 4.18 and 4.19, there are two different shékbles, one is used for X axis
excitation and other one is used for Z axis exoitat
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Figure 4. 18Random Vibration Test Setup for Exciting the SysterK Direction

Figure 4. 19Random Vibration Test Setup for Exciting the Systeré Direction
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Using the analyzer and the software (Table 4.5elacation data can be collected
from two triaxial accelerometers. One accelerométeused for controlling the
vibration table output and the other acceleromisteised to collect to vibration data
from lens. During the test, auto-spectrum of acedilen data can be obtained in real
time. Collected vibration data from reference, \ihis used for validation of given
input to the shaker table, for both axes, X andrg,given in Figures 4.20 and 21. As
seen in Figure 4.20-21, there is no problem inatibn table for giving correct
helicopter vibration profile. Exact vibration prigfiof AH-1 helicopter and vibration

profile, obtained from reference accelerometer adrest the same.

E— H#S" %& (S
& "0 H*I& H ‘¢

Figure 4. 20PSD of Reference Accelerometer in X Directions
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Figure 4. 21PSD of Reference Accelerometer in Z Directions

By using second accelerometer, vibration data tained from lens, given in Figures
4.22 and 23. Natural frequencies of the simplecapsystem can be easily seen in
figures. Total acceleration rms (rf)/$s calculated for both X and Z axis by using
software, PULSE 11.0 and they can be read dirdotiyn figures. Only these to

results are shown in order to give an example.
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Figure 4. 22RMS Acceleration Measured on Lens in Z Directionpyinn X
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Figure 4. 23RMS Acceleration Measured on Lens in Z Directionpyinn Z

Direction)
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4.3 Comparison of Results

Results, which are obtained from analytical modeljte element model and
experiments, are compared in this section in otderalidate analytical model and

material properties of the elastomer.

In analytical model, stiffness of elastomer is oed by shear forces and this
stiffness is used to find natural frequencies efmaple optical system. Also material
properties (Young Modulus and loss factor) of elasno are obtained from
experiment, as explained in section 3.1. Young ruslis used to obtain stiffness of
elastomer and loss factor used to obtain randomatim output of a simple optical

system.

Modal and random vibration analysis are carried loptfinite element software,
natural frequencies and random vibration outpuhefsystem are found by ANSYS
Workbench by using material properties given irtisac3.1.

Finally, natural frequencies, damping and mode sfae found from experimental
study. Using the same system, random vibrationdedbne and output of the system
iIs obtained. In order to verify three results, edsults are compared. Natural
frequencies, which are found by all three methads, given in Table 4.8 where

percentage differences from experiment resultslaog/n in parenthesis.

Table 4. 8Comparison of Natural Frequencies

Analytical Finite Element | Experimental
Mode No
Results (Hz) | Results (Hz) Results (Hz)
1 191 (- 7.9 %) 169 (+4.5% 177
292 (-11.4 %) 243 (+7.3% 262
3 292 (-11.4%) 243 (+7.3% 262
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As seen in Table 4.8, all three results are closeach other. In analytical model
shear force is used to find stiffness of the elastoand when thickness of the
elastomer is increased also normal force affect dtifness of the elastomer;
therefore results of analytical model differ fromitlb finite element and experimental
results. Effect of the elastomer thickness is preskin discussion and conclusion
chapter.

The comparison of mode shapes obtained from thiée fiellement analysis and
experimental studies are given in Figure 4.24 a2® 4or first and second modes,
respectively. Mode shape 3 is not given sinteatd ¥ are symmetric. It is seen in
these figures that the first and second mode shapeghe same in both finite

element analysis and experimental modal analysis.

Figure 4. 24Comparison of ¥ Mode Shape of a Simple Optical System
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Figure 4. 25Comparison of % Mode Shape of a Simple Optical System

Damping values, which are obtained from materistl é&&d modal test, are compared
in Table 4.9. In material test, loss factor of #lastomer is found and in modal test
viscous damping of the elastomer is obtained, ataged in Chapter 3. It is seen
form damping values that damping values found flmth material test and modal

test are close to each other.

Table 4. 9Comparison of Damping Values

Mode Material Test Modal Test .
_ _ Difference (%)
No Damping Value | Damping Value
1 0.0875 0.0881 0.7
2 0.0875 0.0799 9

Finally, random vibration analysis results are cameg. As it can be recalled, the
principles coordinates are chosen ag andf for analytical model in order to obtain
natural frequencies and random vibration outpuiyewer principles coordinates are
X, Y and z in the finite element model and in ekpents (Figure 4.26). It is not

possible to give input in directioq andf in both finite element analysis and
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experiment, therefore, only output in z directior aompared for analytical model,

finite element and experiments, which are givefable 4.10 (percentage difference

from experiment results are shown in parenthesis).

k/4

y A — X

z

A

f

k/4

k/4

Figure 4. 26Discrete Model of a Simple Optical System

Table 4. 10Comparison of Random Vibration Analysis ResultZ iDirection

Analytical Finite Elem. Experiment
Results (m/8) | Results (m/8) | Results (m/$)
INputZ — Output Z | 41 (-5.4 %) | 38 (+ 2.3 %) 38.9

Random vibration analysis results of finite elememtd experiments can be

compared for x and y directions as well, as shownTable 4.11 (percentage

difference from experiment results are shown ireptiresis). As seen in Figure 4.18,

because of accelerometer size, it is not posslgldce it to tip position of lens.

Accelerometer can be placed to lens a little ipfaint from tip of the lens, therefore

results should be compared by taking account thisat®on. If Figure 4.8 is

investigated, finite element results in Z directien38 m/$ (76% of 50 m/§ for

approximate position of accelerometer in experimenthen PSD is applied in X

direction. It is known that, the simple optical tgys is symmetric, therefore; there is

no need to compare results in y direction, i.eultesn y direction are the same as

results in x direction due to symmetricitiy.
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Table 4. 11Comparison of Random Vibration Analysis Results

Finite Elem. Experiment
Results (m/8) | Results (m/$)

Input Z — Output X 7 (+ 5.4 %) 7.4
Input X — Output Y 5(-6.4 %) 4.7
Input X — Output Z 38 (- 10 %) 34.4

As can be seen in Table 4.10 and 4.11, resultsput Z — output Z is very close to
each other. Moreover, results of input Z — outpuinut X — output Y and input X —

output Z is in acceptable error range.

Finally, it can be said that, simple analytical dimite element models are validated
by experiments. There are differences in resultgnofial and random vibration
analysis, which are not exceeding 11.4 % in natwegjuencies and 10 % in random
vibration responses. It can be concluded that td#Bences are acceptable and the
analytical model developed can be used in prelimgidgnamic analysis.

74



CHAPTER 5

EFFECT OF VIBRATION ON OPTICAL PARAMETERS

Military optical system should be designed in order withstand the harsh
environmental conditions. These environmental doomes, which include

temperature, humidity, vibration and shock etcyseastructural damage or play
important role on the performance of optical syst&macause of this reason, when
designing an optical system, all environmental atffeshould be considered and

taken into account.

The scope of this thesis is to determine the eftéctibration on optical system
performance; therefore, optical element’'s movemestisuld be found under

vibration.

During optical system design, all optical parangtauch as wave-front residual,
thickness and radius of optical elements, indexjuviiber, homogeneity, decenter,
tilt, sphericity and irregularity, are taken intocaunt [22]. These parameters should
be within the optical tolerances limit. Except d&ee and tilt, all other parameters
are related to geometry and material propertiesptital elements, where as decenter

and tilt should are related with the movement dfaah elements.

If the tolerances of optical elements are out efltimits, aberration can be occurred
in optical system. These aberrations cause problanmmage formation, therefore
tolerance analysis should be done carefully andctenges in optical elements

parameters due to environmental effects have foual.
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Also, there are other parameters [23], which aftaetoptical performance. One of
these parameters is acuity and it can be usedh®rnteasurement of optical
performance. In order to understand acuity, imgederms (sharpness, resolution
and depth of focus etc.) and precise terms (madualatansfer function (MTF),

encircled energy and point spread function (PS¢) eain be investigated.

5.1 Aberrations

Aberrations can be defined [24] as image deformatiecause of change in small-
angle (paraxial, which is called also optical axiepging. It is seen in Figure 5.1
[24], after passing the optical elements, ray frobject point intersect the image
surface and path of the ray can described by sgaf@r every intersection points,
polynomial equations for xand y can be written and constants of these equations

can be used for determination of aberrations.

Figure 5. 1Image Formation in an Optical System [24]
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Also, using these constants, aberration curvesbeadrawn and aberration curves
show the degree of aberration in optical system, lens performance can be
understood from aberrations curves [22]. Moreovéfer@nt type of aberrations,
such as spherical, comma, astigmatism, chromatic ean be evaluated from

aberration curves.

Types of the aberrations curves are ray errorsogtidal path difference (OPD) [22].
Ray errors are commonly used for determining abierra. Also ray errors can be
divided into two types; one is transverse ray péotd another is longitudinal (field)
plots.

Transverse ray plots can be generated by passingcah of rays through the optical
elements [22]. Example of transverse ray ploth @ in Figure 5.2. In Figure 5.2,
after passing the lens, ray crosses the optical axihree different points. "Plane a"
shows the minimum ray errors, because “Plane a3eclthe horizontal axis of

transverse ray plot and "Plane c" indicates thespdl aberration.

Transverse Ray Plots

Y

X: Aberration
Y: Field Angle

Figure 5. 2Transverse Ray Plots [22]
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Another example for transverse ray plots is giverFigure 5.3 and it shows the

spherical, coma and combined aberrations.

X: Aberration
Y: Field Angle

Figure 5. 3Transverse Ray Plots for Combined Aberrations [22]

Field (longitudinal) plots are another type of mayor plots. When these plots are
created, field angle is plotted in vertical axislaerrations are shown in horizontal
axis. These flied plots are usually used for intca distortion, field curvature
lateral color and different wave length of ray. BEwde for distortion is shown in

Figure 5.4.

Figure 5. 4Field Plots for Distortion [22]
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5.2 Measure of Optical Performance

As explained before, there are other parameterghierdetermination of optical
performance. One of the most common is acuity and the measure of optical
performance. Acuity contains imprecise and pretésms. Imprecise terms can be
sharpness, definition, resolution, diffraction-lied and depth of focus. Point spread
function, modulation transfer function, root-meauare optical path difference,
Strehl ratio and encircled energy can be usedriige terms.

In this thesis, modulation transfer function (MTB)used for predicting the optical
performance, as MTF is one of the easy and quickaoadstto determine the optical
performance. MTF can be defined [23] as plotting ithage contrast as a function
of spatial frequency. Because objects and imagesirderpolated in frequency
domain, it is useful to analyze in whole range inér-system. Moreover, transfer
function method gives opportunity to facilitate enalyzing complex optical

problems. MTF can be calculated by optical desigmg@am or can be measured

from real system by optical measurement devices.

Basis of tolerance process can be done by decidingnum level of satisfactory
image quality [22]. Minimum level of acceptable ingaguality is shown by desired
level of contrast at a specific spatial frequensyshown by the modulation transfer

function.

By looking MTF graph optical performance and ab&ret can be understood for
different tolerances [22]. In this graph,is spatial frequency ankL, IS image

space cut-off frequency, these two parameterssad to calculate the MTF. If MTF
Is linear along the/Xquwf axis, then it can be said that there is no prohlerthe

optical system performance. Moreover, if decentéwesexceed the tolerance limit,
defocus can be seen in optical system and thivseaimderstood from MTF graph,
Figure 5.5. In Figure 5.5, there are different Mdlves and A curve shows the
optical system in focus and others show the defbeasause A curve is linear along

the X/Xcutoff AXIS.
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A, B, C, D and E curves belong to
different optical systems

Figure 5. 5SMTF Graph for Focus Determination [22]

Another example for MTF graph is given in Figuré.5This figure shows the
Diffraction MTF for system with third-order sphericberration.

A, B, C, and D curves belong
to different optical systems

Figure 5. 6MTF Graph for Spherical Aberration Determination][22
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5.2 Tolerance Analysis in Optical System

Tolerance analysis should be done in an opticaiesysn order to determine the
effects of the optical parameters on performanteéhdse parameters exceed the
tolerance limits, optical performance degrades prablem can be seen in image
formation. Aberrations curves and MTF show whether dptical parameters are in
tolerance limits or not. Also, using aberrationvas and MTF, optical performance

can be determined.

There are different ways to do optical tolerancalysis. Most common and quick
method is using optical design software. ZEMAX ar@BEV are the most popular
optical design software, and both of them are useASELSAN. In this thesis,

ZEMAX is used to do the tolerance analysis to seeefifect of vibration on optical

system.

There are different tolerance types [25], these talerances on single surfaces
(radius, thickness, index etc.), tolerances on etdgm (wedge etc.), tolerances on
components (decenter, tilt etc.) and tolerancepadarization properties (reterdance,
faraday rotation, etc.), In this thesis, only deeemnd tilt tolerances, i.e. tolerances
on components, are considered, other tolerancege-fwant residual, radius and

thickness of lens and homogeneity, are not takemaocount because they are not
related to optical element’'s movement, they areo@ated with geometry and

material properties of optical elements.

In Figure 5.7, schematic view of tilt and decerdean optical element can be seen
[25]. Decenter can be seen in both X and Y diresti®uring the tolerance analysis,
for decenter tolerances, optical components posii@hanged in X and Y direction,
and also for tilt tolerances, optical element igated with respect to Z axis. After
that, MTF curves are analyzed and so required decerid tilt tolerances are
determined. Finally, displacement (decenter) andtians (tilt) of optical elements

are calculated under the vibration and these vapeshecked whether they are in
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tolerance limits or not, by doing this procedurgtical performance degration under
the vibration is investigated.

Figure 5. 7Tilt and Decenter of Optical Element [25]

5.3 Tolerance Analysis of a Simple Optical System

In order to do tolerance analysis of a simple @ptaystem, which is constructed in
Chapter 2, ZEMAX [26] software is used. Optical edgrhlayout is given in Figure
5.8. In this layout only®llens are considered and effect of movement ofi¢inis are

investigated on optical performance.
In ZEMAX, different MTF values are calculated foiffdrent component tolerances

at different spatial frequency in cycle per mm. Noamh MTF value is 0.5899 at

spatial frequency of 20 cycles per mm, Figure 5.9.
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Figure 5. 9MTF Graph of a Simple Optical System

Lens is moved in Z direction (decenter) from +B10to +/- 0.06 mm and rotated
with respect to X and Y direction (tilt) from +/-@l to +/- 0.06 degree in ZEMAX,
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then MTF values for these movements are calculdtable 5.1. Finally, estimated
MTF values and nominal MTF values are compared inelal.

Table 5. IMTF Values for Different Decenter and Tilt Values

Decenter Z| Tilt X TiltY | Estimated| Nominal | Errorin MTF
(mm) (degree)| (degree)] MTF MTF (%)
+/-0.01 | +/-0.01] +/-0.01| 0.5805 0.5899 1.59
+/- 0.015 | +/- 0.015+/- 0.015 0.5858 0.5899 0.70
+/-0.03 | +/-0.03 +/-0.03| 0.5737 0.5899 2.74
+/- 0.031 | +/- 0.031+/- 0.031] 0.5727 0.5899 2.92
+/- 0.032 | +/- 0.032+/- 0.032 0.5716 0.5899 3.10
+/- 0.033 | +/- 0.03B+/- 0.033 0.5704 0.5899 3.30
+/- 0.034 | +/- 0.034+/- 0.034 0.5693 0.5899 3.49
+/- 0.035 | +/- 0.035+/- 0.035 0.5681 0.5899 3.69
+/-0.04 | +/-0.04 +/-0.04| 0.5617 0.5899 4.77
+/-0.05 | +/-0.05 +/-0.05| 0.5469 0.5899 7.28
+/-0.06 | +/-0.06 +/-0.06| 0.5297 0.5899 10.20

As can be seen in Table 5.1, tolerance analysia satistical process and for
different tolerance values MTF values change, tleeeferror in MTF should be
decided and for a rule of thumb, change in MTF sthawdt exceed 1 % in order to
obtain good optical performance. It is seen in &dhll, that the difference between
nominal and estimated MTF values is 0.7 % for 0.5 decenter and 0.015 degree
tilt and these decenter and tilt values are acbéptéor obtaining good optical
performance. By considering random vibration analggitput for a simple optical

system and values in Table 5.1, optical systenopadnce can determined.
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In previous chapters, dynamic model of a simplacaptsystem is constructed by
both analytical and finite element model and thasevalidated by experiments. In
order to find whether optical performance is degrhdr not, finite element results
are used, since finite element analysis can gith becenter and tilt values of the
lens The results of random vibration analysis, whickasried out by using input as

AH-1 helicopter vibration profile, are given in Tlalb.2.

Table 5. 2Finite Element Results of Random Vibration Analysis
Tilt X (degree)| TiltY (degree) Decenter Z (mm)

Random Vibration
0.0117 0.01177 0.0337

Analysis Results

If Table 5.1 and 5.2 are studied together, estilhdt&F exceeds the 1 % for 0.01
tit and 0.03 mm decenter. As can be seen in efltboth random vibration
analysis and optical tolerance analysis, opticalopemance are degraded under the

specified vibration environment.
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CHAPTER 6

COMPUTER PROGRAM

In this thesis, a simple computer program is degyedoin order to find optical
performance under vibration. As explained in prasichapters, optical system is
analyzed and it is seen that basic optical systemponents, case and lens, are rigid
for interested frequency range, 10-500 Hz. Alsoist found that dynamic
characteristic of optical system is affected bys&lmer, which connects lens to case,
for 10-500 Hz frequency range. After that, a simgtical model is constructed and
analytical model is prepared for this simple opteystem by considering elastomer
flexibility. This analytical model can be used taelaulate the first three natural
frequencies of the optical system and also to botput of optical system under
random vibration input. Results of the analyticaldal are compared with those of
the finite element model and experimental study i&nsl seen that results of these
three analyses are close to each other. Theref@@nalytical model can be used for

preliminary dynamic analysis of the optical system.

The lens moves with respect to the optical axiseundration and these movements
are decenter and tilt due to the first three maafethe optical system. During the
optical system design, tolerances of optical coreptsrare determined for optimum
image formation. If these tolerances are exceedptical system performance is
degraded considerably. It is explained that deceats tilt tolerances may be
exceeded because of optical component movement wiatation. First, decenter
and tilt of optical elements under vibration shobkl calculated, than these values
should be compared with decenter and tilt toleraniceorder to predict optical

performance under vibration.
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For preliminary design stage, two computer prograres developed. One is for
determination of material properties of elastonmempther is for optical system
performance prediction. These two programs are \v@mple and they give
information about material properties of elastommnd effect of dynamic
characteristics of optical system on optical perfance for the first stage of design
of optical system. Computer programs are creatddATLAB [27] and they have

simple user interfaces.

6.1 Computer Program for Determination of Material Properties of Elasbmer

In Chapter 3, material properties of elastomerfanad and elastic modulus and loss
factor of elastomer are determined [16]. The metlioghloyed [16] can be used for
different type of elastomers; therefore, a simmenputer program is prepared. In
this computer program, test results are used fuatirig elastic modulus and loss
factor of elastomer. S| unit system is used in grisgram. First of all, test results
have to be imported from vibration analysis progr&WdLSE. Imported file format
is text and using values, which are in text fildJicrosoft Excel Sheet” can be
created. File names for imaginary and real partehsured Frequency Response
Function — FRF for rigid mass with elastomer, shawrkigures 3.2 and 3.3, are
“imaginary.xls” and “real.xIs”. These two files aiid be in working, current,
directory of MATLAB. Using user interface of compufgogram, mass of rigid disk
and geometric values, length and diameter, of @tast can be entered to the
program. After this process, when “Plot Material p&dies of Elastomer” is clicked,
imaginary.xls” and “real.xIs” files are read by MAAB and elastic modulus and
loss factor of elastomer are plotted in simple userface. Moreover, this computer
program finds elastic modulus and loss factor astelmer for simple optical system.
First, £' natural frequency of the optical system is premiddy using single degree
of freedom model and than, using this frequencysted modulus and loss factor of
elastomer are calculated. Example is given in [garl for SYLGARD 577

elastomer test setup.
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Figure 6.1 Example or User Interface of Computer Program for Determination of Material Riepef Elastom¢



6.2 Computer Program for Determination of Optical Performance under

Vibration

The second program is used for the preliminaryyamalbf dynamic characteristic of

an optical system. It also determines the effesdilmfation on optical system.

By using mathematical model developed, which is@néed in Chapter 3, a simple
computer program is created. Sl unit system is usekis program. This computer
program first finds the stiffness of elastomer bsing geometric and material

properties found by the previous computer prograiguie 6.2).

Figure 6. 2Calculation of Stiffness of Elastomer
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After, stiffness of elastomer is found; naturalgitencies of optical system are

calculated by using mass and inertia of lens (Egu8).

Figure 6. 3Calculation of Natural Frequencies of Optical Syste

Finally, this program calculates the output powpectral density of the optical
system, by using loss factor of elastomer and inphtation level, PSD value
(Figure 6.4). Using output of this analysis, ogtiparformance under vibration can
be predicted and the results can be compared vgtitab element tolerances of

decenter.
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Figure 6. 4Calculation of PSD Output of the Simple Optical t8ys

A typical output of the program is depicted in Fig6.5.
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Figure 6.5 Example for Analytical Mocl of a Simple Optical Syste



These two computer programs can be used for predimi analysis by opto-
mechanical design engineer in ASELSAN. User manofl®th programs are given
in APPENDIX A.

First computer program can read and execute thel#ts, which is collected from
test setup for determination of material properteéslastomer, after that it finds the
material characteristic of elastomer. This progralso calculates the modulus of
elasticity of elastomer, which is used for a simpical system, by predicting first

natural frequency of optical system.

For the first stage of design of optical systencpsel computer program can be used
and it can give ideas about dynamic characteristiche optical system. Moreover,
this computer program can predict the optical sysperformance under vibration.
As explained before, optical element tolerance ciig decenter, is used and output
of PSD analysis is checked whether optical elerdespiacements is in the tolerance

range or not. This procedure can be done autonigtimathe computer program.
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CHAPTER 7

CONCLUSIONS AND RECOMMENDATIONS

7.1 Overview of Results and Conclusion

Dynamic characteristics of optical systems andatibn effects on their performance
are investigated in this thesis. In order to unieid the dynamic characteristic of an
optical system, a simple analytical model and aedialement model are constructed
and these models are validated by experimentahiggbs. Modal characteristics of
an optical system and response of optical systeterudlynamic loading conditions
can be found by using the simple analytical modeletbped. Also, by using this
analytical model, a simple computer program, withuser friendly interface is
developed in MATLAB for preliminary or quick opto-miganical checks.

Military optical systems are integrated to militgrhatforms, such as aircraft, battle
tank, ship or helicopter, and they work under haesivironmental conditions.
Therefore, they should be designed accordinglyadswl are qualified by considering
military standards. The environmental conditions rfdlitary applications, such as

temperature, humidity, vibration and shock ete,given in MIL-STD-810.

Generally, in military standards, environmental ditions are given for most

extreme cases. Therefore, if a platform, where pincal device is integrated, is
decided, it is a better practice to collect thé eewironmental data from platform by
experimental techniques. By using different typesamsors, vibration, temperature,
humidity and shock data can be obtained. After ggsing this data, environmental

conditions of the platform can be determined maeately.
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In this thesis, dynamic characteristic of an optgystem are investigated for AH-1
helicopter vibration characteristic. First of allynamic characteristics of the optical
system components are analyzed separately by fisitegelement models. In these
finite element models, mesh size is determinedriay procedure not to affect the
results of the finite element analysis and thd pracedure is not presented in this
thesis. Natural frequencies of the afocal and tkes lare found in free-free
conditions. Then, finite element analysis resules\alidated by experimental modal
analysis techniques. The finite element and expartal results are found to be very
close to each other. First natural frequency ot@f¢830 Hz) and lens (3292 Hz) are
higher than the frequency range of interest for ARelicopter, which is between 10-
500 Hz. Then by using adhesive between lens anthiafa dynamic model for an
optical system assembly is constructed and dynamatysis is carried out for the
assembly. In this assembly, the first lens of @bptgystem is used, because it is the
biggest and the most powerful lens in the optigatean. After dynamic analysis,
first three natural frequencies of the optical egstare found and it is observed that
these natural frequencies are in the frequencyerafignterest. After observing that
the case and the lens behave as rigid bodies, deesded to construct a simple

analytical model by considering the only adhesiegibility.

The finite element results show that natural fremies of the afocal and the lens
used in this study are out of the frequency ranigmterest, however, in general,

natural frequencies of the case and / or lens mneay the frequency range of interest
because of geometry and material properties,riauyral frequencies of these parts
may be lower than our example system due to thebflgy of the afocal or size of

the lens. Moreover, the frequency range of intemesg be high enough to cover the
natural frequencies of the case and lens (Fornostafrequency range may be 0O-
2000 Hz, unlike the frequency range of interesbuin example). If case or lens can
not be taken as rigid and mode shapes affect tieenf®vement, then a detailed finite
element analysis should be carried out, or theyéinal model results have to be
verified by experiments, since the analytical modeleloped is valid only for

systems where the case and lens can be takendas rig
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The material properties of adhesive are determatedom temperature (2Z%) by
using single degree of freedom system [16]; howeiteis known that material
properties of adhesive may change with changingpésatures due to visco-elastic
material behavior. Therefore, experiments for thetednination of material

properties of adhesive should be conducted atrdifteemperature values.

Experimentally measured material properties of anlige are corrected by
considering Poisson’s ratio effects. It is explditieat a correction is required in this
experimental method, and the correction affects thedulus of elasticity
dramatically. Moreover, in analytical model, sheavdulus is calculated by using
modulus of elasticity and Poisson’s ratio. Theref@another correction factor is
selected for the Young modulus of adhesive, whichsed in optical system as thin
hollow cylinder geometry. In Chapter 3, it is expkd that because of the aspect
ratio of test specimen and adhesive geometry irsithple optical system, there is no
difference in correction values obtained from Feg@r7, for Poisson’s ratio between
0.45-0.50. Therefore, Poisson’s ratio is assumdzet0.45 in both the analytical and
finite element models. Poisson’s ratio of adhesitae not be determined by the
single degree of freedom test method. In order litaio more accurate results,
Poisson’s ratio of the adhesive should be deteminibg different experiments.

Detailed information on these experiments can leddn references [28] and [29].

Using shear stress modeling, stiffness of adhesivebtained. By using a three
degrees of freedom model, where case and lenslega &s rigid, first three natural
frequencies of the optical system are found, aed thynamic response of the optical
system is obtained under random vibration loadirtgs simple analytical model is
compared with finite element model and these disaad finite element models are
validated by experimental techniques. As it is seerhe results, finite element
model gives more accurate results (maximum diffeeenom experimental results is
7.3 %) than simple analytical model (maximum défere from experimental results
is 11.4 %) as expected. Only shear effects areidemesl in the analytical model; if

normal stresses are included in the model, analytésults would be more accurate.
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However, the accuracy of the simple analytical nhaslstill very good considering
that even the finite element model yields 7.3 %rerr

Sensitivity of the analytical and finite elementaeobresults to thickness variation of
the adhesive can also be analyzed. For the difféinezkness values, the first natural
frequency of the optical system is obtained by il and finite element models
and these results are compared in Table 7.1. Whiiekness of adhesive increases,
the difference between analytical and finite elenmesults increase as can be seen in
Table 7.1 and Figure 7.1. The reason is the faat ¢inly shear stress effects are
considered in the analytical model, and when thesknincreases, normal stresses
become important. Therefore, the simple analytmaldel may be improved by
considering both normal and shear effects; howetles, is not so easy for this

circular geometry.

Table 7. 1Thickness Variation of Adhesive

1st Natural Frequency

Outer Inner ) Analytical | Finite Element

Diameter (m)Diameter (m Thickness (W)Result (Hz) Results (Hz)
0.106 0.104636 0.001364 298 285
0.107 0.104636 0.002364 227 209
0.108 0.104636 0.003364 191 162
0.109 0.104636 0.004364 168 141
0.110 0.104636 0.005364 152 121
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Figure 7. 1Difference between Analytical and Finite Elemensits

Optical parameters are analyzed in order to seeftbet of dynamic characteristics
of optical system on optical performance. Theredifferent types of optical system
parameters, some of these are related to dynarhiggtical system, some of them
are not. For example, index and V-number do natcadf the optical performance
under dynamic loading. In this thesis, only decerd@d tilt tolerances are
considered, because lens can move the directiaeadnter and tilt in its housing
under dynamic loading and this causes optical sygierformance degration. The
optical tolerance analysis is done by only consigdetolerance of decenter and tilt
for a simple optical system, which consists onlye dans. Tolerance analysis is
statistical processes and it should be done bygudiiferent values of decenter and
tilt, however, dynamic output of optical systermkisown and selected decenter and
tilt values are chosen close to this outputs. ticgp tolerance analysis is done before
dynamic analysis, it is better to use statisticathnds in order to obtain optimum

tolerance values and this can be done by opticajdgrograms.
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Two computer programs are developed; one for therehnation of material
properties of adhesive and one for the dynamicactaristics of optical system.
These programs are very simple and user friendlg, they can be used by design
engineers easily. These two programs are writtdViATLAB. First user interface is
for finding material properties of an adhesiverdads the experimental results in
Excel file format and displays the modulus elastiand loss factor of the adhesive.
Second program is used to obtain the dynamic cterstics of an optical system

once the geometrical and material properties obfitecal system are given.

As the ultimate goal in this thesis is to determine dynamic characteristics of an
optical system and to see the effects of these mdignaharacteristics on optical
system performance, firstly the optical system #@sdcomponents are analyzed in
finite element program. When it is observed thatadgic characteristic of the optical
system are affected only by adhesive flexibility,order to find material properties
of an adhesive, a simple test setup is designeeh Tie effect of the aspect ratio of
adhesive is analyzed to obtain more accurate seduolthe simple analytical model

suggested these material properties are used.

For the first stage of optical system design, daeieastion of design parameters
(considering dynamic characteristics of the optegdtem) can easily done by the
analytical model developed. As can be seen in ¢selts, analytical model gives
good approximation for dynamic characteristics i pptical system. Therefore it
will be useful for the preliminary analysis. Moreoyehis analytical model is
implemented on a computer program with a simpler usterface, which is

developed in MATLAB, to be easily used by designieegrs.

7.2 Recommendations

In this thesis a simple analytical model is devetbpn order to find dynamic
characteristics of an optical system. This anaytmoodel is compared with finite

element model and these two models are validateegXperimental techniques.
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Optical performance degration can be predicted udgeamic loading from the

dynamic characteristics of optical system.

During the determination of the material properoéshe adhesive, single degree of
freedom modeling is used. If Figure 3.8 is investiggl carefully, it is seen that, the
system, rigid disk with adhesive, does not behave a&ingle degree of freedom
model. Therefore, approximation to the materialpprties of the adhesive may not
be good enough. In order to increase the accurédheoresults, accelerometer,
which is used in this test, may be placed at ttaetesenter point of the rigid disk and

the rigid disk should be placed concentrically loa &dhesive sample.

As it is explained in the literature, charactecstiof elastomer type of materials
change with temperature; therefore, elastomer matgroperties should be

determined at different temperatures. In militatgnslards, operational temperature
range of the military devices is defined. For thxreme values of this range, the
lowest and highest temperatures, the material ptiepeof the adhesive may be

found in order to understand the behavior of thheatve. At these temperature
values, the stiffness and damping of the adhesiag decrease which increases the
decenter and tilt values under vibratory environtreard may affect the degration of
the optical performance. Moreover, Poisson’s rati@assumed to be 0.45; however
Poisson’s ratio of elastomer may vary between 0.85-so accurate values of
Poisson’s ratio should be determined experimentaltyrder to obtain more accurate
analytical model. Furthermore, normal stress effestiould be included into the

analytical model in addition to the shear stre$sots. By improving the analytical

model in this way, difference between analyticall axperimental results can be

further reduced.

In this thesis, only random vibration input is colesed in obtaining dynamic output
of the optical system. Optical systems are als@sa@ to shock loadings in military
environmental conditions. Therefore, analytical mlodnay be improved by

considering different dynamic loadings.
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It is important that one should be careful in usihg analytical model suggested.
This analytical model is developed for an optigatem where the case and the lens
can be taken rigid compared to the rest of theegysif the stiffness of the case and
the lens are high enough, then the analytical mdee¢loped can be used. If there is
doubt about the relative flexibility of the caseldans, simple finite element analysis
may be done for individual parts of the opticalteys case, lens etc. Finite element
analysis in ANSYS Workbench for individual parte arery easy and fast, but it
could be difficult and complicated to make a simaaalysis for the assembly itself
due to the selection of contacts between indivighaats. After this analysis, if the
first natural frequencies of lens and case aremdhe frequency range of interest,
the simple analytical model suggested can easilydael for the system. If natural
frequencies of the case is in the frequency rarigeterest but the mode shapes do
not affect the lens movement, then again the simpédytical model can still be used
for this system. If both lens and case are notlnigithe frequency range of interest
and their mode shapes affect the optical charatiesj detailed analysis should be
done by using finite element modeling, and thislysis has to be validated by

experiments.

After material test, modulus of elasticity of theghasive is predicted by using single
degree freedom model of the simple optical sysiEme. value of the young modulus
iIs underestimated due to this reason. Therefore,nigyroving this prediction,
deviation between experimental and theoreticallt®soay be reduced. Moreover, in
experimental modal analysis for the simple optgyatem, impact hammer and one
bi-ax accelerometer are used. Mass of the acceléeomset.8 gram and mass of the
lens is 225 gram. Considering the mass loadingeffeaccelerometer, experimental
results may be corrected by removing the mass tefééc accelerometer in
experimental modal analysis. The difference betwebe theoretical and
experimental results may also be reduced further dogling the mass of

accelerometer to the analytical and finite elenmeodel.

During tolerance analysis, optical parameters shbel decided by considering the

dynamic characteristics of the optical system.tRersimple optical system, it is seen
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that optical performance is degraded under the Aftellcopter vibration profile. By
increasing the stiffness of the adhesive, the aafuequencies of the simple optical
system may be shifted out of the frequency rangatefest. Decenter and tilt values
can also be decreased by increasing the dampintheofadhesive. The optical
performance of the simple optical system may beravgd by changing these two
properties of the adhesive. Moreover, different typfelens mounts, such as
elastomer with retainer or o-ring with retainer @aypmay be used to prevent the
decenter and tilt motion of the lens. In this teesnly decenter and tilt tolerances are
considered due to the mode shapes of the simpleabpystem. For instance, if there
is any deformation on the lens because of the tiastiral frequency, which may be
in the frequency range of interest, surface toleganshould also be considered in

tolerance analysis.

The two simple computer programs constructed in MABLmay be written in
Visual Basic in order to execute these programbowit using MATLAB. Then these
programs can be used even if MATLAB is not instalbedthe computer. Moreover,

the visuality of these programs can be improvedigual Basic.
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APPENDIX A

USER MANUAL

In this appendix, user manuals of two software tbpaxl are given. First program is

for determination of material properties of adhesiand second program is used for

finding the dynamic characteristics of an optigatem.

A.1 Computer Program for Determination of Material Properties of Adhesives

The computer program is written by using MATLAB failons and user interface

tool. General view of the computer program candensn Figure A.1.

Figure A. 1 General View of User Interface of Computer Program
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First of all, test results should be prepared ilCEX format, which is explained in
part 3.1, and this EXCEL file has to be in the wiogkdirectory of MATLAB.

This software can be divided into three parts. Gataoal properties of elastomer

sample and mass of the rigid disk are given irfitsepart, Figure A.2.

Figure A. 2 Geometrical Properties of Elastomer Sample and M&Rsgid disk

In the second part of software, material propertieglastomer are calculated and
plotted. Material properties of elastomer will betpd as shown in Figure A.3.

Using these plots, mathematical model of elastiduhgs can be found, and then
using this mathematical model, the first naturabfrency of the optical system can
be predicted. After prediction of the first natufedquency of the optical system,

elastic modulus and loss factor of elastomer caioied (Figure A.4).
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Figure A. 3 Plot of Material Properties of Elastomer

Figure A. 4 Elastic Modulus and Loss Factor of Elastomer
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A.2 Computer Program for Determination of Dynamic Characterisics of
Optical System

Dynamic characteristics of optical system can bendb by using this computer
program which is also developed in MATLAB. The anialyl formulation given in
Chapter 3 is used in this computer program. Uderface of this program is shown

in Figure A.5.

This computer program can be divided into four gath the first part of the
computer program stiffness of elastomer is caledlatFor this calculation,
geometrical parameters, inner and outer diameter fagight of elastomer are
required. The material properties calculated in gh&vious computer program are

also used in the computer program. An example afudput is shown in Figure A.6.

Figure A. 5 User Interface of Computer Program for Determimatd Dynamic

Characteristics of Optical System
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Figure A. 6 Calculation of Stiffness of Elastomer

In the second part of the computer program, byrimgemass and inertia of lens first

three natural frequencies of the optical systembeaoalculated (Figure A.7).

Using loss factor of elastomer and PSD of the ¥dmgainput, which is specified by
military standards, random vibration analysis resscén be obtained (Figure A.8).

Finally, optical system performance degration carchecked by inserting decenter

and tilt tolerances, which are found from opticgstem design program (Figure
A.9).
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Figure A. 7 Calculation of First Three Natural Frequencieshef ©ptical System

Figure A. 8 Calculation of Random Vibration Analysis Results
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Figure A. 9 Optical Performance Checking

112



