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ABSTRACT

As space structures become larger, lighter, and deployable, thermal deflections in-
duced by sunlight become a significant source of structural inaccuracy and even
spacecraft vibration. Studying these deflections is notoriously difficult: analytical
solutions rapidly become intractable, experiments under vacuum and cooling are
low-visibility and expensive, and multiphysics finite-element simulations are com-
putationally demanding and usually don’t account for coupled thermo-structural
analyses and/or changing radiation view factors.

This work demonstrates key improvements in experimental methods and thermo-
structural simulation of these thermal deflections. First, simultaneous full-field mea-
surements of structural temperatures and deflections are achieved by constructing
and using a custom vacuum chamber and heating setup; significant thermal gradients
and repeatable thermal deformations are measured and analyzed, forming a ground
truth for succeeding simulations. Second, multiphysics models of the experimental
chamber are created in COMSOL Multiphysics and characterized, even accounting
for residual convection, and used to inform prototype improvements and more ad-
vanced simulations. Third, based off such predictions, the unit structure prototype
composite is improved by adding a layer of graphitized polymer film, with further
experimentation showing a dramatic reduction in deflections.

Finally, the accumulated knowledge is used to simulate a satellite slew maneuver with
realistic orbital heating; a custom technique to couple thermal (Thermal Desktop)
and structural (Abaqus) finite-element software via a MATLAB script allows for
the recalculation of radiation view factors during simulations, a feat necessary for
accurate heating calculations on deployable structures. These results have immediate
applicability in predicting structural temperatures and deflections during the satellite
maneuvers proposed for the Caltech Space Solar Power Project, as well as suggesting
critical improvements to ensure reliability and mission success.
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C h a p t e r 1

INTRODUCTION

“I’ve never been certain whether the moral of the
Icarus story should only be...‘don’t try to fly too high,’
or...‘forget the wax and feathers, and do a better job
on the wings.’”

Stanley Kubrick

To explore space, study the wonders of the cosmos, and better understand the
processes of our own planet, structures that support such endeavors in space

(trusses, solar arrays, antennae, etc.) are growing in size. As such missions push ever
harder on the payload mass and volume constraints of the rockets used to take them to
orbit, deployable structures have emerged as a promising field, efficiently packaging
large lightweight structures into spaces too small for their rigid equivalents.

The ability to compactly coil and fold for the trip into space, as well as the ability to
elastically unfurl and deploy once in orbit, generates high bending stresses, requiring
the use of extremely thin, yet strong, materials that must also be lightweight. While
metals such as steel and Elgiloy have been the standard (albeit non-lightweight)
historic choices, the entire combination of desired properties is best met by carbon-
fiber and glass-fiber composite laminates. The incredibly high tensile strength of
carbon fiber allows for incredibly thin material thicknesses—the plies in this work,
for example, do not exceed 30 ‘m—while the toughness of even thinner plain-
weaves of glass fibers, as well as that of the thermoset epoxy matrix that binds
them together, allows for robust and repeated handling. Having successfully flown
and deployed on several recent missions, composite deployable space structures are
therefore the architecture considered in this work.

1.1 Thermal Effects in the Space Environment
However, the thermal environment of Earth orbit and beyond proves a particularly
punishing one for large thin structures. In the total absence of convection, conductive
and radiative heat transfer dominate, meaning that sunlight and the cold background
of space can induce extreme temperatures across structures; such heat loads can
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even rapidly fluctuate during orbital maneuvers or planetary eclipses. The resulting
structural temperature changes and gradients cause unbalanced thermal expansions
and contractions, which in turn cause significant local and global deformations, and
even vibrations if the heating profile changes with the structure’s local orientation
[41]. Structural geometric inaccuracy, spacecraft pointing difficulty, and even cyclic
material fatigue are all undesirable side effects of these phenomena if left unchecked.

Thus, long after the legendary flight of Icarus, whose wax-and-feathered wings
were no match for the intense rays of the sun, thermal effects on large spacecraft
"wings" (structures) still remain undefeated. Harmful effects of thermal imbalances
have unfortunately plagued space missions for the last sixty years and counting;
at least two dozen recorded spacecraft have encountered problems ranging from
unexpected nutation to thermoelastic vibrations on long panels and booms [47]. The
most high-profile example of such mission-critical performance issues would be
that of the Hubble Space Telescope, specifically its original large deployable solar
arrays shown in Figure 1.1. Each time the telescope exited the shadow of the Earth
on orbit, the sudden heating of one side of the arrays created thermal expansions,
bending and torsional deflections, and even thermally induced oscillations [16].
Such unpredicted interference exceeded the ability of the pointing system’s reaction
wheels to compensate, jeopardizing Hubble’s ability to hold sufficient pointing
control to perform cutting-edge Deep Field measurements [9]. Most notably, the
problem was not ultimately solved by more advanced deployable arrays—though
redesigned ones were outfitted and tried—but by replacing them a second time with
rigid photovoltaic panels [31].

Figure 1.1: a) The Hubble Space Telescope with its second set of deployable solar
arrays, and b) with its final rigid solar panels. a) copyright ESA.

One putative solution to these thermal control issues would be to construct the
structures of material with better thermal properties; composite laminates appear to
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have a decisive advantage in this area, since carbon fibers are known to have lower
coefficients of thermal expansion than most metals [18], and when constructed
with specific combinations of laminae, ultralow CTE’s are theoretically possible
to achieve [27]. However, the full laminates often have higher CTE’s due to the
presence of glass fibers and matrix [14, 19]; in addition, the thermal conductivities
of carbon-fiber thermoset composite laminates are much lower than most metals,
often by over two orders of magnitude [50]. In addition, manufacturing defects and
imperfections are ever present; these three properties together mean that if heated,
many composite booms may actually experience thermal deflections similar to or
greater than metallic booms, a result of the increased thermal gradients overriding
other considerations [38].

1.2 Thermal Deflection Prediction
To reduce or eliminate thermally induced deflections, designers and engineers must
first understand their causes and contributing factors; in this vein of inquiry, accurate
predictions and modeling are paramount. The main avenues of correctly predicting
structural temperatures and deflections are laboratory experiments, analytical mod-
els, and finite-element simulations; each of these have advantages and drawbacks as
discussed below.

Analytical Methods

Analytical models are a good starting point for understanding the temperature fields
of structures, especially those of simple geometries like booms of regular cross-
section. Many analytical calculations regarding spacecraft can be found in the influ-
ential Thermal Structures for Aerospace Applications by Earl Thornton; examples
include derivations of steady-state and transient temperature fields for single illu-
minated booms, as well as quasi-static and dynamic deflections of the same [47].
Analysis can even be extended to dynamic analyses of the Hubble Space Telescope’s
blanket arrays, which were able to predict observed global torsional buckling [29],
as well as closed-loop dynamics of thermal shocks on large structural beams [3].

Explicit energy balances involving conduction and radiation allow for an exact com-
parison of the relative contribution of each term, yielding much intuition into which
factors are most significant. However, when the effects of material orthotropy, heat
conduction in two or three dimensions, or internal boom radiation are considered,
much less any complicated structural geometry, the equations become intractable



4

enough to require numerical solutions. However, some workarounds to this in-
tractability are possible: for example, singular value decomposition of thermal sys-
tems offers a means to simplify transient temperature fields, reducing the required
number of differential equations to be solved [52].

Finite-Element Models

Finite-element modeling (FEM) is able to continue where analytical calculations
leave off; by discretizing the geometry into regular, well-characterized elements, the
issues of multi-dimensional heat flow and radiation, and even complicated geometry,
vanish at the expense of increased computational time. To account for temperature-
induced deformations, one must use either a separate solid-mechanics finite-element
solver (such as Abaqus) or a multiphysics finite-element software (such as COMSOL
Multiphysics). Care must also be taken, just as with analytical models, that all
relevant forms of heat transfer and material characteristics are accounted for. Such
a diverse set of factors can include such things as conduction through fasteners,
potting material, and unrelated components of the structural frame—factors that, if
unaccounted for, lead to noticeably different model results [37].

Finite-element models have been used to great effect in analysis and prediction
of real structures; such models are typically used to examine simulated structural
behavior in realistic environmental conditions, or to explain observed behavior and
data from actual spacecraft measurements. An example of the former would be
Stohlman and Loper’s simulation of steady-state deflections of Triangular Rollable
and Collapsible (TRAC) booms, including those used on The Planetary Society’s
Lightsail-A; the effects of a vapor-deposited coating and a simulated composite with
low coefficient of thermal expansion were analyzed, with recommendations made
for future construction efforts [42]. As for the latter, an analysis of the Air Force
Research Laboratory’s Roll-Out Solar Array (ROSA), carried out by Chamberlain,
Kiefer, and Banik, analyzed the array’s split-cylinder composite booms to determine
the deflection and vibration modes induced by sunlight exposure under orbital
conditions; their analyses included explanations of structural modes and behavior
based on embedded accelerometer and photogrammetric data [5].

Recalculating Radiative Heating

Simulating the coupled nature of temperature and deflection fields, however, is a road
much less traveled in the field of space structures modeling, due to its inherent com-
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plexity and computational demands. For long structures undergoing large enough
thermally-induced deflections, the angle and location of a given finite element can
change enough to invalidate the initially calculated local heating environment; for
example, an initially straight rod lit by perpendicular sunlight can bend so much
that sunlight is no longer perpendicular to elements far from the root, affecting their
local heating rates. Similar effects can be induced by self-shadowing, i.e. when some
structural elements shield others from the sun; studies on such effects show signifi-
cant alterations in thermal deflection behavior and therefore must be accounted for
[24][48]. In at least one of these, planar structures facing the Earth were found to be
particularly at risk [49].

For maximum accuracy in modeling large deformations, therefore, the simulation
must recalculate the radiative view factors for each element during the analysis.
While some multiphysics software, like COMSOL Multiphysics, can perform this
recalculation during a coupled thermo-structural analysis, such capabilities are lim-
ited to dynamic analyses and can fail to converge on non-trivial timescales, as shown
in Section 5.1. Dedicated heat transfer simulations such as Thermal Desktop are able
to recalculate view factors on demand, and therefore provide a promising ability to
exploit when coupled with a dynamic deflection simulation. The details and capa-
bilities of this approach, pursued by Stohlman in 2018 and the present work in 2024,
are explained in Chapter 5.

1.3 Experimental Difficulties
Experiments offer an escape from tedious accounting for all possible contributing
factors, but introduce new difficulties of their own. While offering the most direct
means of measuring and observing thermo-structural effects in real-time, experi-
ments involving significant structural deformations can be difficult to execute in
a useful manner. To achieve larger deformations with a high signal-to-noise ratio,
the structure must either be long (i.e. meters in scale) or the inducing temperature
gradients must be high. The latter not only requires heat lamps or solar simulators,
but almost always necessitates a vacuum chamber to avoid convective cooling; thin
structures are especially sensitive to convection, owing to their low thermal inertia.
If space-like temperatures are desired, cryogenic substances (usually liquid nitro-
gen) must be used to cool the vacuum chamber and/or an internal radiation shroud,
increasing both the cost and complexity of experimentation.

In addition, many typical data acquisition devices such as cameras and laser distance
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sensors cannot operate in vacuum and/or cryogenic temperatures, and the ones that
do are often necessarily placed too close to see the entire structure. These constraints
tend to make structural measurements either impossible or only available from lim-
ited angles, meaning that few studies attempting such measurements are able to
obtain experimental deformations at all. For example, one such study on thermal
analysis of lenticular booms used many thermocouples to provide measurements of
the boom’s temperature field, but owing to the limited visibility and harsh environ-
ment inside the chamber, could not measure boom deflections at all [2]. Another
example used three cameras and a line of heat lamps placed in a large chamber with
a four-meter boom, but only the motion of the boom tip was accurately able to be
traced [43]. In fact, such behavior completely diverged from any simulation predic-
tion, showing the unfortunately tenuous nature of relating current state-of-the-art
experiments and simulations.

For comparison of experimental data to simulation results, a full deflection field,
as well as a full temperature field, would therefore be an ideal unattainable by
previous measurement techniques. That ideal is something the current work has
accomplished, achieved by expanding certain experimental abilities and relaxing
constraints.

1.4 Research Objectives and Outline
The goal of this work is simple: to provide a pathway to reduce or eliminate
thermally-induced deflections on thin-shell composite space structures, and use the
knowledge to model a thermally realistic satellite maneuver. But to reduce these de-
flections, we must first accurately predict and model them, and to accurately predict
and model deflections, we must first accurately measure them in experiment. This
chain of events—measuring, modeling, and reducing—is what this work provides
for an example modular thin structure; these improvements are then used directly
in a simulation for a larger structure in the space environment. This work therefore
addresses these areas in the following chapters.

Chapter 2 shows how full-field measurements of temperatures and deflections of
structures were possible to experimentally achieve in a low-vacuum environment.
After an in-depth discussion of the measurement devices used, as well as the hard-
ware required to create useful thermal boundary conditions, a testing procedure is
outlined and the resulting full-field measurements analyzed.

Chapter 3 seeks to replicate these experimental results in silico, using COMSOL
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multiphysics models to predict temperatures and deformations. A higher-fidelity
3D model predicts the contributions of the experimental rig as a whole, while a
2D cross-section model dives into the effects of residual convection in the setup.
Finally, the shortcomings of these modeling approaches are countered with a sec-
ond methodology of deflection prediction, one that uses non-contact temperature
measurements to provide thermal loading for simulated deformations.

Chapter 4 draws on the modeling knowledge gained in Chapter 3 to reduce structural
deflections by modifying the structural laminates themselves. A highly conductive
graphite-polymer layer is added to the laminate during manufacture and shown to
reduce simulated structural temperature gradients and deflections, effectively spread
heat in a lab sample, and positively affect performance in a full structural module
prototype.

Chapter 5 extends the multiphysics models of Chapter 3 to realistic structural lengths
and orbital heating loads. Large-scale COMSOL simulations provide significant
insight into the effects of thermal and structural material properties, making use
of the advancements in Chapter 4. To address the inability of these simulations to
handle radiation view-factor recalculation, a bespoke coupled thermo-mechanical
simulation is presented, showing how to successfully combine the deflection analyses
of Abaqus with the thermal predictions of Thermal Desktop in a single coupled
computation. This technique allows for the successful simulation of one of the
most challenging thermo-structural cases: a two-meter deployable structure slew
maneuver requiring transient thermal and dynamic deflection analyses.

Chapter 6 concludes the work by summarizing the achievements, benefits, and
drawbacks of the included research, as well as providing areas for future direction
and work that would carry on the promising findings and apply them to the design
of future deployable composite space structures.

Appendix A provides a summary of the method used to determine the in-plane or-
thotropic thermal conductivity of thin materials, including the composite laminates
used in this work. Continuous laser heating of a sample is used to produce a transient
and steady-state temperature field measured by a thermal camera; this field is then
recreated in a multiphysics simulation of the setup via a parametric search of the
laser heating characteristics and orthotropic sample conductivities.

Appendix B provides a brief inquiry into the thermal buckling demonstrated in
Chapter 5, presenting a partial eigenvalue analysis of the stiffness matrices of two
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structural finite-element models. Connections to existing eigenvalue buckling anal-
yses and suggestions for future improvements are included.
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C h a p t e r 2

FULL-FIELD MEASUREMENT OF TEMPERATURE AND
DISPLACEMENTS OF STRUCTURES IN LOW VACUUM

"...ce que je vois là n’est qu’une écorce.
Le plus important est invisible."
"...what I see there is only a shell.
What’s most important is invisible."

Antoine de Saint-Exupéry,
Le Petit Prince

To experimentally measure the temperature and deflection fields experienced
by realistic thin-shell space structures, several practical challenges must be

overcome, each of which is given a section below.

The first challenge is picking a target structure that is small enough to fit in a
manageable laboratory setup for controlled heating and measurements, yet large
enough to exhibit behaviors representative of and able to be extrapolated to a larger
structure. A module, or unit, of a structure made of repeated units would be an ideal
choice, and it is the one made here: a 25-cm section of a two-meter prototype of the
structural architecture proposed for the Space Solar Power Project [11], as detailed
below.

A second challenge lies in the testing rig itself, pitting the conflicting requirements
of full-field measurement techniques (i.e. ones requiring cameras) against those of
replicating realistic heating loads of the space environment. While cold radiative
boundary conditions, radiative heating, and convection-free environments are all
readily achievable in dedicated thermal vacuum chambers, such apparatuses have
very limited interior visibility. This often precludes the use of exterior cameras at
all, much less the stereoscopic ones needed for out-of-plane measurements, while
cameras mounted inside the chamber must handle extreme temperatures and vacuum.
By abandoning the standard metal chamber in favor of an acrylic one, and slightly
relaxing the temperature requirements, both restrictions on cameras were lifted,
enabling the use of external cameras for stereoscopic deflection measurements and
an internal infrared camera for thermal measurements.
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Due to all of these considerations, obtaining full-field measurements of temperature
and deflection requires a complete re-design of the standard thermal vacuum testing
setup, the details of which are presented here.

2.1 Background and Previous Setups
The experimental rig featured in this work was the culmination of various iterations
and improvements on previous setups, each of which reduced or eliminated some
factor that would interfere with measurements on realistic thin-shell structures.

The first such experiments merely involved placing a steel tape measure section (a
"tape spring") in front of a quartz infrared heater bulb, both mounted vertically on
the lab bench. When this setup proved too sensitive to convective effects and room
air currents, the setup was surrounded by protective walls; when these walls proved
sufficiently airtight to heat the air and thus constantly change the room temperature
boundary condition, the setup was placed inside the acrylic vacuum chamber used
in this work.

Details on experiments and results achieved in this setup are fully documented in a
previous work [37], but the main takeaways are as follows. With this setup, illustrated
in Figures 2.1 and 2.2, full-field deflection measurements on a tape spring were able
to be measured due to the perfecting of the DIC rig setup and calibration process.
However, without any chamber cooling or focusing of the bare infrared bulb, the
chamber was heated significantly during testing, causing a slow but steady temper-
ature rise that made assigning thermal boundary conditions in the corresponding
COMSOL model difficult. In addition, such heating made repeatable "steady-state"
conditions impossible, even after several hours of consecutively testing trial after
trial. This limitation is the reason why the trials in the current work are all "tran-
sient" tests, with starting temperatures and heating rates carefully controlled to be
as identical as possible between runs.

Further detailed in the same paper are tests performed at the Jet Propulsion Lab-
oratory, under the auspices of chief thermal technologist Eric Sunada. As shown
in Figure 2.3, a similar rig was placed in a large steel rectangular thermal vacuum
chamber, one capable of much higher vacuum than the acrylic chamber used in the
present work. As such, temperatures measured on the structure were about 20�C
higher than tests performed in the acrylic chamber. However, the deflection able to
be measured in such a low-visibility chamber was limited to a single-point measure-
ment of the tape spring tip, one captured by using a Keyence laser distance sensor
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Figure 2.1: Figure from [37], showing a previous experimental setup cartooned with
vertical axis not to scale. Note the placement of thermocouples on the middle of the
tape spring and the clamp.

Figure 2.2: Figure from [37], showing a) a previous experimental setup in the acrylic
vacuum chamber (note the heat lamp and a tape spring hanging vertically), and b)
the LED lights and DIC cameras aimed through slits in the lightbox. Both views are
missing the acrylic chamber lid and top lightbox panel for clarity.

that "shot" through a 2" optical feedthrough window. While such measurements
were extremely inconsistent, probably due to the epoxy holding the tape spring be-
ing strongly affected by the high tape temperatures encountered—an effect entirely
eliminated for the current work—even consistent measurements would regardless
have been of extremely limited use, since they cannot offer much insight into the
thermoelastic deflections over the entire structure. The same logic goes for the tem-
perature measurement obtained from the single thermocouple present on the tape
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Figure 2.3: (a) Figure from [37], showing another previous experimental setup,
performed at JPL. A Keyence laser distance sensor "shoots" through the feedthrough
window hole behind the tape tip. (b) The same tape from above, showing the glint
of the laser dot pointed at the tip. (c) The deflection readings from various tests,
showing wide variation in magnitude thought to be from potting epoxy overheating
and potentially delaminating.

spring; it is of much less use than the full-field temperature measurements sought
after and obtained in the present work.

2.2 Experimental Setup
For the current work, the sample representative unit structure, or module, was
subjected to radiant heating and cooling conditions in a near-vacuum environmental
chamber, and its resultant deflections measured by a stereoscopic camera apparatus
via Digital Image Correlation (DIC). To achieve maximum thermal gradients and
resulting deflections, the structure was heated with radiant energy from a quartz-
infrared heater (QIH) bulb (Ushio #1001287), reflected by a two-part reflector
into a collimated flux, and a cold plate was mounted behind the structure on the
opposite side from that illuminated by the heat lamp. The entire setup is modeled
and photographed in Figure 2.4.

The purpose of the environmental chamber was not to simulate the high vacuum of
space, but rather to reduce the level of convection below an acceptable threshold;
hence, "vacuum" was only achieved to the degree of 95 kPa below ambient pressure,
or around 4-5% atmosphere. The ramifications of this residual atmosphere are fully
discussed in Section 3.2.

The equipment used to produce the heating conditions on the unit structure were
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Figure 2.4: a) The experimental chamber modeled in COMSOL and b) as pho-
tographed in the laboratory.

custom manufactured for these tests, and are hence described here for clarity.

Structure Selection and Fabrication
A section of a much larger structure was chosen as a structural unit – namely, a two-
meter prototype of the structural architecture proposed for the Space Solar Power
Project [11]. The DOLCE portion of the SSPD-1 mission was designed with the
express purpose of demonstrating the structure’s ability to coil, stow for launch,
uncoil, and dynamically deploy in Earth orbit; to accomplish this, the trapezoidal
"strips" of the architecture can fold on top of themselves accordion-fashion, then coil
around a central hub like a tape measure for storage and launch. Figure 2.5 illustrates
how the section/unit chosen for this study comprises these trapezoidal strips; two
Triangular Rollable and Collapsible (TRAC) longerons are connected via multiple
carbon-fiber battens, forming a ladder-like structure. For the SSPD-1 prototype, the
spacing between the TRAC longerons is 20 cm, while the batten spacing is alllowed
to vary depending on the total strip length and position.

The unit structure studied in this work is a 25 cm by 25 cm section of the trapezoidal
strip, comprised of two TRAC longerons connected by two battens spaced 20 cm
apart – see Figure 2.5. Despite its small size, this simplest basic unit of the architec-
ture still allows for a realistic representation of how the strip as a whole behaves; its
full-size longerons and battens, manufactured and bonded using identical techniques
to the real prototype, conduct heat and transmit force identically to the flight model.
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Figure 2.5: a) The SSPD-1 structural framework, made of trapezoidal "strips"; b)
COMSOL model of a representative unit of the larger strip.

The ultrathin composite materials used in the strip’s construction are of particular
interest, owing to their unique thermal and structural properties. While the battens are
simply off-the-shelf pultruded carbon-fiber rods of rectangular cross-section [46],
as detailed by the SSPD-1 team [11], 25-gsm glass-fiber plain-weave prepreg and
30-gsm unidirectional carbon-fiber prepreg sheets were combined to manufacture
the TRAC longerons; the curved longeron flanges are a three-ply laminate of the
form [±45 GFPW / 0 UDCF/ ±45 GFPW], while the "web" connecting them is a
seven-ply laminate of the form [±45 GFPW / 0 UDCF / ±45 GFPW 3 / 0 UDCF
/ ±45 GFPW]. Effectively, the web is formed of the two flanges bonded together
edgewise with an additional GFPW lamina in between. The structural properties of
the constituent laminae are detailed in Table 2.1.

The unit structure sample for the present study was fabricated in-house using the
same techniques and procedures required for the SSPD-1 DOLCE flight model;
the 7-ply laminates comprising the longerons were constructed of prepregs cured
in an autoclave around aluminum molds, then trimmed to the final flange angle
and longeron length [11]. The battens were then secured to both longerons using
single-ply glass-fiber plain-weave tapes, the corners of which are visible in the final
product shown in Figure 2.6.

Deflection Measurement via Digital Image Correlation
Digital Image Correlation (DIC) was employed to measure the deflections of the
structure before, during, and after heating. A stereoscopic two-camera rig allowed for
out-of-plane deflections—i.e. the key direction of interest—to be resolved within a
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Table 2.1: Lamina/laminate material properties. Most structural properties are pro-
vided separately for each lamina, while starred structural properties and all thermal
properties were determined via testing on the cured laminate.

Glass-Fiber Plain-Weave Unidirectional Carbon Fiber
�1� �2� �3 23.8 GPa �1� �2� �3 128, 6.5, 6.5 GPa
a12� a13� a23 0.17 a12� a13� a23 0.35, 0.0178, 0.0178

d 1770* :6

<3 d 1770* :6

<3

t 25 ‘< t 30 ‘<
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k 0.66 ,
<� 

�)�12�13 �23 25.9, 19, 19 � 10�6 1
 

n 0.89
2? 461 �

:6� 

Figure 2.6: a) Sample unit structure as fabricated; b) as mounted inside the chamber.
Web lines superimposed in red, illustrating a 1.3� twist manufacturing defect.

margin of under 10 ‘m; the rig is detailed in Figure 2.7. Two Point Grey Grasshopper
cameras (GRAS-51S4M-C), each with a resolution of 2448 × 2048, 3.45 ‘m pixel
size, and a gain range of 0 dB to 48 dB, were fitted with 12 mm lenses with
an exposure time of around 6 ms. To provide the required high-contrast uniform
illumination required to keep projection and other errors low, two large LED arrays
(REL, Inc., WS3 7.5" visible spectrum model) were mounted outside the chamber
pointing at the lamp reflector. Reflecting the LED light off the metallic surface off-
axis in this way was an effective means of diffusing the light over the sample, while




