Epilogue

As stated in the Preface, the intent of this text was to provide a basic
understanding of opto-structural design principles using hand analyses. This is
critical in a proposal or early program phase, enabling a first-order system
design in short time prior to diving in to the more detailed finite element
models, the latter of which will be necessary for fine tuning the performance
requirements.

Even in later design phases in which finite element analyses are critical,
the hand analysis basics are of equal or greater importance. For it is these
basics that validate the models, and not the models that validate the basics.

While some of the analysis reported herein can be found in other
publications, much more is not; at any rate, this text gathers the structural
analysis that is critical to optical instruments. And although some of the first-
order analyses are basic, others are more esoteric in nature and, indeed, will
not be found elsewhere.

While finite element tools are of absolute necessity, the techniques in this
text allow for the development of improved models as well as validation of
models, which is essential. There is a process from which one can start with
hand calculations, go to simple “stick” models, and then move to models of
increasing fidelity in a “crawl, walk, run” strategy. The hand calculations fit
nicely into this process.

It is hoped that the preceding chapters will mitigate the risk associated
with the use of detailed modeling prior to the application of the basics of
engineering analysis principles.

Perhaps someday we will look back fondly on these things.
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B function, 330
I" function, 330-331

A

aberrations, 90

abrasion, 249, 251

acceleration, 269, 273-274, 278,
282, 287

active mount (see: mount, active)

actuators, 86

adhesion, 237, 249, 251

adhesive, 237-238

alternating stress (see: stress,
alternating)

aluminum, 50

anisotropy, 148, 160

area moment, 6, 20

aspect ratio, 179, 186

astigmatism, 90

athermalization, 266, 347, 349, 355

axial deflection (see: deflection,
axial)

B

ball contact, 426428

basal plane, 445

bending deflection (see: deflection,
bending),

bending moment, 28, 417

bending stress (see: stress, bending)

beryllium, 50-51

Bessel functions, 193, 255, 257

bimetal, 116
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bipod, 70

bipod support (see: support, bipod)

birefringence, 414415

Boeing 747, 186-187

bolt loosening, 369, 376, 386

bolt nomenclature, 371

bolt size, 369, 392

bolt torque, 377

bonding, 249, 251, 255

brittle materials, 14-15, 56-57, 243,
251, 259, 291, 300, 311, 322

buckling, 28-29

bulk modulus (see: modulus, bulk)

C

cladding, 93

closed-back mirror (see: mirror,
closed-back)

coating, 116-120

coefficient of moisture expansion
(CME), 33

coefficient of thermal expansion
(CTE), 32, 215

cohesion, 249, 251

coma, 90

combined figure of merit (see: figure
of merit, combined)

combined stress (see: stress,
combined)

compliance, 64, 75

composites, 38, 41-42, 347, 355

compression, 5, 20, 28

constraint, 60



452

Index

contact stress (see: stress, contact)
control grinding, 445
correctability, 182-183, 20
corrosion fatigue (see: fatigue,
corrosion)
crack, 311-312, 316, 322
—Griffith, 311, 313
—penny, 313
—through, 313
crack growth, 33, 35, 292, 298,
300-301
crack velocity constant, 329, 337
creep, 237, 245-246
creep coefficient, 247
critical stress intensity, 292, 298
cyclic fatigue (see: fatigue, cyclic)

D
damping, 271
decentration, 343-344
deflection, 63
—axial, 2
—bending, 6-7, 17, 180
—large, 437438
—rotational, 7
—self-weight, 68, 99
—shear, 9-10, 155, 158-159, 180
degrees of freedom, 59-60
—multiple, 308
delayed elasticity, 201-206, 441-442
density, 31
despace, 341-342
detrusion, 9
dimensional instability, 439-440
displacement, 63, 73
ductile materials, 14, 18, 263, 291,
300, 317
dynamic fatigue (see: fatigue,
dynamic)

E
edge boundaries, 254, 259
edge-cut model, 199

edge mount (see: mount, edge)

effective CTE, 107-108

effective gradient, 112

eigenstrain, 19

elastic modulus (see: modulus,
Young’s)

elastomers, 263

energy, 282

epoxy, 237-240, 243

equilibrium, 59

error budget, 116

etching, 251-252

F

factor of safety, 57-58, 336

fatigue, 33
—corrosion, 291
—cyclic, 291-292, 298
—dynamic, 329, 334
—low-cycle, 292
—random, 306-307
—static, 33, 291, 321-322

figure of merit
—combined, 220, 232
—lightweight, 233
—mechanical, 215-218
—performance, 222-223
—strength, 216, 228
—thermal, 218-220
—weight, 221-222

fillets, 262-263

finite element, 241, 255,
258-259, 449

fixed support (see: support, fixed)

flaw growth, 33

flaw growth exponent, 324, 329,
331, 338

flaw shape factor, 315-316

flexure support (see: support,
flexure)

focus, 90

force, 12

force limits, 277-279
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fracture, 312, 319
fracture toughness, 292, 299, 311
frame structure, 344
Franklin, Benjamin, 204, 441
free-surface correction factor, 316
frequency
—mnatural, 271, 273, 288
—rotational, 272-274
friction, 426, 435436
fused silica, 38-39

G
glass, 33, 311, 315, 322
glass properties, 35, 38-39
glass transition, 33, 237, 243-246
Goodman diagram, 294-296, 380
gradients
—Ilinear, 110, 112, 192
—nonlinear, 167
graphite, 41
gravity, 93, 99, 166
great debate, 155
Griffith crack (see: crack, Griffith)
Griffith shape factor, 316
groove, 421, 426
Guillaume, Charles, 42

H

Hertzian stress (see: stress,
Hertzian)

Hindle mount (see: mount, Hindle)

homogeneity, 32, 93, 129

Hooke’s law, 1, 3, 239, 254, 395

hoop stress (see: stress, hoop)

hub mount (see: mount, hub)

hub-mount mirror (see: mirror,
hub-mount)

humidity, 188, 190-192

hysteresis, 440, 442

I
impedance, 277, 280
index of refraction, 415, 438

inert strength, 300, 328, 336

inertia, 69

insert, 369, 375

instantaneous CTE, 398

internal mount (see: mount,
internal)

Invar®, 42

K

kinematic coupling, 430431

kinematic support (see: support,
kinematic)

L

large deflection (see: deflection,
large)

large mirror (see: mirror, large)

lead angle, 369-370

lifetime, 322, 326, 332, 337

lightweight figure of merit (see:
figure of merit, lightweight)

lightweight mirror (see: mirror,
lightweight)

lightweight optics, 41, 63, 131-132

line flaw, 314, 321

linear gradient (see: gradient, linear)

low-cycle fatigue (see: fatigue
low-cycle)

lubrication, 377

M

machining, 50-51, 132, 197-198,
445-446

margin of safety, 58

mean stress (see: stress, mean)

mechanical figure of merit (see:
figure of merit, mechanical)

metering, 41, 341, 354

metrology, 188

micro-cracking, 357

micro-yield, 56

Miles equation, 275

Miner’s rule, 304-307
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mirror —ring, 179
—closed-back, 131-132, 136-138, ——zonal, 179, 181
144, 153, 160 multipoint mount (see: mount,

—hub-mount, 101-102
—Ilarge, 128, 172-173, 179,
187188
—lightweight, 131
—open-back, 131-132, 135, 140,
144, 152-153, 155, 159
—sandwich, 131
—segmented, 190, 193, 195, 197
—solid, 89, 96-98, 102, 131
—thin, 131, 185
mirror manufacturing, 175-177
mirror shapes, 170-172
mirror shell, 193, 209
mode shape, 160
modulus
—bulk, 237, 263
—constant, 405
—rigidity, 3, 31
—rupture, 299
—secant, 395, 398
—shear, 3, 31, 159
—tangent, 398
—Young’s (elastic), 2-3, 31, 140,
237, 243, 252, 398
Mohr’s circle, 13
moisture, 41, 191, 355, 357-358
moment, 4, 10
moment of inertia, 6, 10, 111-112
momentum, 282
mounts
—active, 182-183
—edge, 100-101, 166
—Hindle (or whiffletree),
179, 182
—hub, 171, 182
—internal, 101-102, 166-167
—kinematic, 59, 424, 426
—multipoint, 179
—mushroom, 101-102
—quasi-kinematic, 60, 62

multipoint)
mushroom mount (see: mount,
mushroom)

N

natural frequency (see: frequency,
natural)

neo-Hookean law, 396, 402

neutral axis, 5

nonlinear behavior, 395, 398,
400401

nonlinear gradient (see: gradient,
nonlinear)

normal stress (see: stress, normal)

nut, 369, 377, 385

(0]

open-back mirror (see: mirror,
open-back)

optical path difference, 89, 438

P

packaging, 133

Paris law, 300

penny crack (see: crack, penny)

Pepi approximation, 336

Pepi effect, 441

Pepi equation, 129

performance figure of merit (see:
figure of merit, performance)

pinning, 373, 385, 388

pivot flexure, 64-65, 182

plastics, 51

point flaw, 314, 316, 319

Poisson ratio, 237, 263

polish, 138-141

power law, 323

power spectral density, 274

precision elastic limit, 32, 56, 58

preload, 369, 376
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pressure, 21

priming, 249, 252

principal stress (see: stress,
principal)

print-through (or quilt), 138, 144

proof loads, 336

Q

quasi-kinematic support (see:
support, quasi-kinematic)
quilt (or print-through), 138, 144

R

R factor (or ratio), 296

random CTE, 129

random fatigue (sce: fatigue,
random)

random vibration, 274-275, 285

rated load, 287

residual stress (see: stress, residual)

Rice approximation, 308-309

rigid body motion, 86

rigidity, 64

ring in ring, 23-24

root mean square, 90

root sum square, 94

rotational deflection (see: deflection,
rotational)

rotational frequency (see: frequency,
rotational)

rule of mixtures, 122

S

S-N diagram, 292

Saint-Venant’s principle, 254

sandwich mirror (see: mirror,
sandwich)

screw threads, 369, 377

secant CTE, 107, 395, 398, 405

secant modulus (see: modulus,
secant)

segmented mirror (see: mirror,
segmented)

self-weight deflection (see:
deflection, self-weight)
Serrurier truss (see: truss structure,
Serrurier),
shape factor, 243, 263-265
shear deflection (see: deflection,
shear)
shear lag, 163
shear stress (see: stress, shear)
shell support (see: support, shell)
shell structure, 344
shipping, 281
shock, 281-282, 287
silicon, 41
silicon carbide, 41
silicone, 237, 243-244, 258, 263
simple support (see: support,
simple)
sinusoidal vibration, 272, 283
slow crack growth, 291, 321
solid mirror (see: mirror, solid)
spherical aberration, 90
spider support (see: support, spider)
spring, 1, 64-66, 269-270,
282, 285
stability, 42-43, 50, 319, 442
staking, 385-386
static fatigue (see: fatigue, static)
steel, 54-55, 216-217, 372, 436
stiffness, 2, 131, 152
stiffness optimization, 152
strain, 1, 14
strain hardening, 55
strength figure of merit (see: figure
of merit, strength)
stress
—alternating, 295
—Dbearing, 388, 418
—bending, 4-6
——combined, 79-80
—contact, 426-427, 431-433
—Hertzian, 389, 433
—hoop, 20-22
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—mean, 292, 295, 305
—micro-yield, 56, 229
—mnormal, 6, 12
—rprincipal, 14, 18
—residual, 188, 192, 251, 311,
315, 319, 330, 414, 443
—shear, 3, 7, 373-374
—tearout, 388-389
—von Mises, 14, 18, 32, 373,
389-390
—yield, 76, 287
stress area, 372, 381
stress concentration, 292
stress corrosion, 291, 321, 322
stress intensity, 292
stress intensity factor, 299
stress relaxation, 443
stroke, 88
supports
—bipod, 63
—fixed, 7
—flexure, 62
—kinematic, 60
—quasi-kinematic, 60, 62-63
—shell, 187, 361
—simple, 7, 9
—spider, 361, 366
—truss, 344
surface preparation, 249-252

T

tangent modulus (see: modulus,
tangent)

temperature gradient, 167-169, 438

tension, 4, 20

tensor, 2

thermal conductivity, 33, 215, 218

thermal cycling, 440, 444-445

thermal figure of merit (see: figure
of merit, thermal)

thermal soak, 21-22, 116, 125, 128,
192, 207, 266

thermal strain, 20-21

thin mirror (see: mirror, thin)

thread shear, 373-374

through crack (see: crack,
through)

Timmy curves, 78-79

tip/tilt, 115

torsion, 10

torsional stress constant, 10

total mass, 357

transmissibility, 271-272

trefoil, 90

trimetal, 124127

truss structure, 344, 347
—metering, 345
—Serrurier, 345-346

truss support (see: support, truss)

tube, 417, 420

U
ULE®, 39-40
ultimate strength, 32

\Y%

velocity, 325, 334

velocity curves, 322, 324

venting, 413-414

vibration, 269

Vierendeel truss, 344

von Mises stress (see: stress,
von Mises)

W

washer, 382
—Belleville, 384
—flat, 384

—Tlock, 384-385
—spring, 384, 387

water, 322, 334

wavefront error, 89, 165

Weibull value, 57, 393, 434

weight figure of merit (see: figure of
merit, weight)

weight optimization, 141-143
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whiffletree mount (see: mounts, Young’s modulus (see: modulus,
Hindle) Young’s)
windows, 414, 438
wood, 216, 218, 223, 227 Z
Zernike polynomials, 90
Y zero gravity, 99
yield point, 32, 54 ZERODUR®, 40-41
yield strength, 14-15, 287, 292, zinc sulfide, 46
301, 372 zonal mount (see: mount, zonal)

yield stress (see: stress, yield)
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