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Abstract

Precision alignment of optical payloads in space depends, more and more, on mechanisms that move
without touching; flexures instead of bearings, elastic deformation instead of sliding contact. This
review pulls together where that field currently stands: how flexure hinges get modeled, how designers
stop motion in one axis from leaking into another, how thermal cycling in orbit complicates all of it, and
what materials actually hold up under the combined weight of stiffness, precision, and mass constraints
that spaceflight hardware demands. Twenty-seven studies spanning hinge-level compliance modeling,
multi-axis decoupling architectures, thermal-structural analysis of space optical systems, and aerospace
material selection are surveyed and organized around four themes. What emerges is a field that has
solved several of these problems well in isolation but rarely all at once. Most published designs handle
two axes or push all the way to six, with comparatively little attention paid to the five-axis middle
ground that many real optical payloads actually need. Thermal and mechanical loading are usually
validated separately rather than together, even though flight hardware experiences both simultaneously,
and launch-phase dynamic loading is engaged with even less consistently than either. This review maps
out what has been established, points to where the gaps sit, and argues that closing them requires treating
flexure geometry, mounting stiffness, and thermal behavior as one coupled design problem rather than
three separate ones.

Keywords: Compliant mechanism, flexure hinge, precision positioning, space optics, thermo-structural
analysis, cross-axis decoupling, review.

1. Introduction

Every space telescope, every Earth-observation camera, every imaging spectrometer carries the same
quiet burden: its optics have to stay aligned to within microns and arc-seconds for years, in an
environment that is actively working to knock them out of alignment. Launch shakes the structure hard
enough to disturb anything not built to survive it, and once in orbit, the endless cycle between sunlight
and shadow drives thermal expansion that never quite settles down. Traditional positioning hardware —
gimbals, bearings, sliding joints; brings friction and backlash into a problem that has almost no tolerance
for either. Backlash of even a few microns can be the difference between a usable image and a blurred
one, and in vacuum, where lubricants degrade and there is no maintenance crew to intervene, mechanical
wear is not a minor inconvenience but a slow path toward mission failure.
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Compliant flexure mechanisms sidestep this by moving through elastic deformation rather than
mechanical contact. No sliding surfaces means no wear, no backlash, and no lubrication to fail. That
advantage has made flexures the default choice for precision positioning stages across a wide range of
fields, from semiconductor lithography to scanning probe microscopy to, increasingly, spaceborne
optics, and a substantial body of research has grown up around how to design them well.

This review looks at that body of work specifically through the lens of space optical payload alignment,
a context that adds constraints most terrestrial flexure research does not have to deal with
simultaneously. A flexure stage for a laboratory nanopositioner needs to be precise and repeatable. A
flexure stage for a space telescope needs all of that, plus survivability under launch shock, plus stability
across a thermal environment that swings by tens of degrees Celsius every orbit, plus a mass budget that
punishes any unnecessary material. Few terrestrial applications stack all of these demands on top of each
other at once.

The review is organized around four themes that recur across the literature examined here: how
individual flexure hinges are modeled and characterized (Section 2); how designers manage motion
across multiple axes without one axis contaminating another, a problem generally called cross-axis
coupling (Section 3); how thermal environments complicate structural predictions specifically for space
optics (Section 4); and what material trade-offs actually govern these designs in practice, including how
launch-phase structural loading is typically assessed (Section 5). Section 6 draws these threads together
into a discussion of where the field's attention has clustered and where it has not, and Section 7 closes
with conclusions and a set of concrete directions for future work. Throughout, the goal is not just to
summarize what has been done, but to be honest about the shape of the gaps; because those gaps are, in
the end, more useful to a designer than a list of solved problems.

2. Flexure Hinge Modeling and Characterization

2.1 The role of closed-form compliance models

Any multi-axis flexure design is only as good as the model of its individual hinges, and closed-form
compliance modeling has been central to this field for decades. Rather than running a full finite element
simulation for every candidate geometry, closed-form models let a designer predict stiffness, precision,
and stress concentration directly from a hinge's dimensions, which matters enormously during the early
stages of a design when dozens of geometric variants might need to be screened quickly.

Generalized conic flexure hinge models represent one of the more comprehensive efforts in this
direction, unifying several common hinge profiles such as circular, elliptical, parabolic, hyperbolic —
under a single mathematical framework, and these models have been validated against both finite
element analysis and direct physical testing, giving designers real confidence that the closed-form
predictions track actual behavior rather than just theoretical convenience [3]. That validation matters: a
model that looks elegant on paper but drifts from reality under load is worse than no model at all, since it
gives false confidence.

This unifying approach did not appear from nowhere. Earlier work on symmetric conic-section flexure
hinges laid out closed-form compliance equations specifically for that geometric family, establishing the
mathematical groundwork that later generalized models would build on and extend [11]. In parallel,
closed-form treatments of parabolic and hyperbolic flexure hinge profiles characterized flexibility,
motion precision, and stress behavior for those specific shapes, filling in geometric cases the earlier
circular hinge literature had not addressed [12]. Circular hinges themselves, still probably the most
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commonly used profile in practice, owing to their manufacturing simplicity to have their own dedicated
literature; a review of circular flexure hinge design equations went further than prior work by deriving
empirical formulations to correct for known inaccuracies in the classical closed-form models, an
acknowledgment that even well-established equations carry systematic error worth quantifying rather
than ignoring [17].

2.2 Beyond circular and conic profiles

Not every application is well served by a conic-section hinge. Filleted VV-shaped flexure hinges, a profile
that trades some of the smooth stress distribution of a circular notch for a sharper, more compact bend
radius, have their own closed-form compliance equations, developed specifically because the existing
conic-hinge equations did not transfer cleanly to this geometry [13]. The same research group extended
this further with a broader comparative study across three flexure hinge types, using dimensionless
graph analysis to let designers compare stiffness and precision trade-offs across profiles without needing
to re-derive equations for each candidate shape from scratch [14]. This kind of comparative, profile-
agnostic framework is genuinely useful in practice — a designer rarely knows in advance which hinge
profile will be optimal for a given displacement and stress requirement, and dimensionless comparison
charts shortcut a great deal of trial-and-error.

Foundational characterization work on beam-based flexure modules, somewhat differently, established
how hinge geometry, thickness, length, width to governs both stiffness and range of motion at a more
fundamental level than any single closed-form hinge equation, treating the flexure beam itself as the unit
of analysis rather than any particular notch profile [1]. This beam-level characterization has proven
durable; it underpins a substantial fraction of the multi-axis decoupling literature discussed in Section 3,
precisely because beam-based flexures (rather than notch hinges) are the building block of choice for
many compliant parallel manipulator designs.

Design calculations for flexure hinges more broadly have also been treated at a level intended for direct
engineering application rather than pure theoretical characterization, providing practical design
equations aimed at getting a working hinge geometry quickly rather than exhaustively characterizing
every possible failure mode [22]. This practically-oriented strand of the literature complements the more
theoretical closed-form modeling work; the two together give a designer both a fast first-pass equation
and a more rigorous validation path.

2.3 Why hinge-level accuracy matters for the rest of the design

The common thread across this cluster of work is a dependence on the idea that structural behavior only
stays predictable when a mechanism is built around exact-constraint principles — a design philosophy
formalized in foundational precision-machine design work that continues to shape how flexure-based
systems are approached today [4]. Skip that discipline at the hinge level, and even a well-characterized
individual flexure can behave unpredictably once it is embedded in a larger, multi-hinge assembly. This
is not a hypothetical concern; it becomes especially important once multiple hinges are combined into a
multi-axis stage, which is exactly the subject of the next section, and it foreshadows a theme that recurs
throughout this review, that isolated component level accuracy does not automatically translate into
system-level predictability.

3. Multi-Axis Decoupling and Cross Axis Coupling
3.1 The coupling problem
The moment a design moves from a single flexure hinge to a full positioning stage, a new problem appe-
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ars: cross-axis coupling, where motion intended for one direction leaks into another. In a lithography
stage, this shows up as unwanted rotation during a translation move. In an optical mount, it shows up as
parasitic tip and tilt during what was meant to be a pure focus adjustment, precisely the failure mode that
degrades imaging performance even when the primary positioning axis behaves correctly. This has
probably received more direct design attention than any other flexure-related challenge, and for good
reason: it is the difference between a stage that positions cleanly and one that quietly introduces error
nobody accounted for during the initial specification.

3.2 XY stage architectures

Compact flexure-based XY stages have shown that centimeter-range travel is achievable from a single
monolithic structure without giving up positioning accuracy, a compactness-versus-precision trade-off
that recurs throughout this literature [5]. A closely related design pushed this further into three
dimensions, developing a compact flexure-based XYZ parallel nanopositioning stage capable of large
displacement while retaining the decoupling benefits of the planar XY architecture — extending the
same underlying design philosophy from two axes to three without abandoning the monolithic, single-
structure approach [18].

Totally decoupled architectures represent a further refinement of this idea. A flexure-based XY parallel
micromanipulator design specifically targeted total decoupling between the X and Y axes, meaning that
actuation along one axis produces, ideally, zero measurable displacement along the other, a stricter and
more difficult target than merely minimizing coupling, and one that required a specific kinematic
topology rather than simply increasing structural symmetry [25]. Later work extended this decoupling
goal with a completely-decoupled XY compliant parallel manipulator, arriving at the same underlying
objective through a different structural topology and demonstrating that multiple distinct design paths
can reach comparable decoupling performance [26].

3.3 Enhanced stiffness and modular extension

A separate strand of this literature has focused less on decoupling per se and more on stiffness such as
specifically, out-of-plane stiffness, which matters enormously for an optical mount where an unintended
out-of-plane deflection is functionally identical to a parasitic tilt error. A novel large-range XY
compliant parallel manipulator was developed specifically to enhance out-of-plane stiffness relative to
prior XY stage designs, addressing a weakness that earlier planar architectures had largely left
unaddressed [16]. This same research effort was extended into three dimensions through a modular XYZ
compliant parallel manipulator built from identical spatial modules, a design choice that simplified both
the analytical modeling and the physical fabrication by reusing one validated module repeatedly rather
than designing each axis independently [24]. Leaf-flexure arrangements represent a different structural
strategy for achieving decoupling, and a systematic optimization of a leaf-flexure compliant mechanism,
using finite element analysis combined with Taguchi design-of-experiments methods, achieved genuine
dual-axis decoupling within a notably compact footprint, illustrating that decoupling performance and
miniaturization are not necessarily in conflict if the geometry is optimized carefully rather than scaled up
naively [2].

3.4 Piezo-actuated and multi-stage architectures

Where flexure geometry alone cannot deliver the required combination of range and resolution, staged
architectures offer an alternative. Piezo-actuated compliant micro-positioning stages have demonstrated
decoupled XY motion validated through a combination of analytical and finite element modeling, an
approach that pairs a high-resolution piezoelectric actuator with a flexure guiding structure to separate
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the actuation problem from the motion guidance problem [7]. Dual-stage piezoelectric-driven flexure
mechanisms push this further still, showing that chaining multiple compliant stages in series can extend
positioning range without sacrificing fine motion precision such as a strategy particularly relevant when
a single-stage flexure cannot deliver both the range and the resolution a payload needs simultaneously,
since range and resolution are often in direct tension within a single flexure stage [6].

3.5 What this cluster of work does and does not cover

What is notable across this entire section is how consistently it stays at two axes, occasionally extending
to three. Genuine five-axis decoupling such as the combination most relevant to an optical payload
needing tip, tilt, and translation along all three principal directions simultaneously, is comparatively rare
in the published literature surveyed here. Most of the architectural ingenuity on display, whether aimed
at total decoupling, enhanced out-of-plane stiffness, or staged range extension, has been demonstrated
and validated within a two- or three-axis scope. This is not a criticism of the individual studies, each of
which solves a real and well-defined problem within its stated scope, but it does mark out a genuine gap
that this review returns to in Section 6.

4. Thermal-Structural Behavior in Space Optical Systems

4.1 Why thermal loading is different in space

Space introduces a complication that most terrestrial flexure research never has to confront directly:
sustained, cyclical thermal loading, without the benefit of convective cooling or human intervention to
correct drift once it appears. A spacecraft in low Earth orbit typically passes from full sunlight into
eclipse and back roughly every ninety minutes, and each transition drives a temperature swing that
terrestrial optical instruments, sitting in a climate-controlled lab, simply never experience. Over the
lifetime of a mission, this cycling happens tens of thousands of times. Thermal deformation analysis of
optical systems built for space application has demonstrated that even modest temperature variation can
introduce measurable optical misalignment, distortion severe enough to matter for imaging performance,
even in structures that otherwise satisfy every static structural requirement evaluated at room
temperature [9]. That finding alone argues for treating thermal analysis as a first-class design constraint
from the earliest stages of a project, not as a verification step performed once the mechanical design is
already finalized.

4.2 Mirror and lens mount design

A substantial and mature literature addresses this problem directly at the level of individual optical
element mounts. Optimizing and tolerancing mirror mount design based on optomechanical performance
has been treated as an integrated problem, where the mount's stiffness, its thermal expansion behavior,
and its resulting effect on the mirror's optical surface figure are analyzed together rather than
sequentially, recognizing that a mount optimized purely for mechanical stiffness, without regard to
thermal behavior, can still fail an optical system by introducing unacceptable wavefront error under
temperature change [19]. Building on this integrated design philosophy, a thermal lens mount using ring
flexures was developed specifically to decouple the thermal expansion mismatch between a lens and its
metal housing, using a flexure geometry engineered so that differential expansion produces radial
compliance rather than axial or tilt-inducing stress on the optical element such as a direct structural
answer to the CTE-mismatch problem that recurs throughout this section [20].

Bipod flexure mounts represent one of the most widely adopted structural solutions to this same problem
in larger optical systems. An adjustable bipod flexure for mounting mirrors in a space telescope was
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developed to provide radial compliance that absorbs thermal expansion differences between a mirror and
its supporting structure, while still constraining the mirror's position precisely enough for demanding
optical tolerances, a design that has become something of a standard reference architecture for space
telescope mirror mounting more broadly, appearing repeatedly across the subsequent thermal-mount
literature as a baseline against which newer designs are compared [27].

More recent work has examined how the number and arrangement of support points affect overall
thermal sensitivity at the mirror-assembly level, rather than focusing on the design of a single flexure
element. A study on the contribution of support point number to mirror assembly thermal sensitivity
demonstrated, on a 260 mm annular mirror with genuinely significant CTE mismatch between mirror
and structure, that a synthetic six-point support system combining ultra-low radial stiffness mirror
flexures with separate assembly interface flexures could achieve substantially reduced thermal
sensitivity compared to conventional support counts, showing that the number of support points is itself
a meaningful design variable, not just the geometry of each individual flexure [21]. This finding is a
useful complement to the individual-mount literature discussed above, since it addresses a system-level
design choice (how many mounts, arranged how) rather than a component-level one (what shape should
each mount be).

4.3 The gap between thermal work and decoupling work

This is where a gap in the literature becomes especially visible, and it is arguably the most consistent
gap identified in this entire review. Multi axis decoupling work, discussed in Section 3, is almost never
evaluated under thermal loading; validation in that literature is overwhelmingly mechanical, performed
under an implicit room temperature assumption. Thermal deformation work, meanwhile, tends to focus
on simpler structures such as mirror mounts, single-axis supports, bipod flexures supporting one optical
element, rather than the fully decoupled multi-axis stages that Section 3 covers. Few studies bring the
two together, evaluating a genuinely multi-axis compliant positioning mechanism under both mechanical
loading and thermal cycling within the same design study, using the same validated geometry for both.
This division of labor within the literature is understandable such as thermal-optical analysis and multi-
axis kinematic decoupling are genuinely different specialties, often pursued by different research groups
with different tools — but it leaves an integration gap that any designer working on a genuinely multi-
axis, thermally exposed optical payload has to close themselves, largely without direct precedent to draw
on.

5. Material Selection and Structural Loading Under Launch

5.1 The stiffness-versus-thermal-stability trade off

Underneath all of the geometric and architectural considerations discussed so far sits a more basic
question: what should the mechanism actually be built from. Material selection studies comparing
titanium- and aluminum-based alloys have consistently highlighted the same underlying trade off:
strength-to-weight ratio against thermal stability, with neither property maximized without some cost to
the other [10]. For flexure elements specifically, this trade-off sharpens further, because the material also
needs an elastic modulus low enough to actually flex through the required range of motion without
approaching vyield, a constraint that rules out some otherwise attractive high-strength alloys whose
stiffness would make them poor flexures regardless of their strength.

A comprehensive review of titanium alloys for aerospace components lays out this landscape in detail,
tracing how titanium's high specific strength has made it the material of choice across airframes, gas
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turbine engines, and rocket engines despite its considerably higher cost relative to competing alloys, and
explaining how the underlying alpha and beta phase behavior of titanium governs the mechanical
properties that different alloy families exhibit [23]. This phase-level understanding is not merely
academic; it explains why certain titanium grades are favored for high-stiffness structural applications
while others are favored for elevated-temperature service, a distinction that matters directly when
selecting a flexure material intended to maintain predictable elastic behavior across a wide orbital
temperature range.

5.2 Launch-phase structural loading

Beyond thermal and steady-state mechanical loading, launch itself introduces a distinct and often
dominant structural demand. Numerical synthesis of dynamic shock loads for space structure design has
shown that launch-phase loading can govern peak structural response independently of any steady-state
operational condition, meaning a design validated only against its operational load case may still fail
under launch, even if that operational case never approaches a comparable stress level during actual
mission service [8]. This is, notably, a load case that the flexure-specific literature engages with even
less consistently than thermal loading; much of the multi axis decoupling work reviewed in Section 3
does not address launch survivability at all, implicitly assuming a benign, already-in-orbit operating
environment as the only load condition worth validating against.

5.3 An emerging integration gap parallel to the thermal one

Taken together, Sections 4 and 5 points toward a structural pattern that mirrors the thermal-versus
decoupling gap identified in Section 4.3. Material selection studies treat strength, stiffness, and thermal
stability as interconnected properties of a single material choice, which is appropriate at that level of
analysis, but the launch-load literature and the thermal-deformation literature rarely draw on a shared
design case to demonstrate that a single flexure geometry, built from a single selected material, can
survive both environments together, validated in the same study. Each individual load case —
operational, thermal, launch, has a mature and well-developed literature behind it. Very little published
work walks a single design through all three sequentially, using consistent geometry and material
assumptions throughout, which is precisely the validation sequence real flight hardware has to pass
before it is cleared to fly.

6. Discussion: Where the Field's Attention Has and Hasn't Gone

Hingo-Lovel Multi-Axis Thermal-Structural Matoerial Selection &
fompliance Modolin Decoupling Behavior Loaunch Loading

Y ey = = — —
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docoupling, thermal stability, and launch
survivability together in ono desian

y

Resulting Gap: S3-Axis Complliant
Mochanlsmx for Space Optical Allgnmont,
Validatod Across AL Load Environments

Figure 1 Conceptual mapping of the four reviewed themes to the identified integration gap.
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Pulling the four preceding sections together, a consistent pattern emerges, and it is worth stating plainly
rather than leaving implicit.

Flexure hinge modeling (Section 2) is mature, well validated, and arguably the most rigorously
characterized of the four themes surveyed here. Closed-form compliance equations exist for essentially
every commonly used hinge profile, cross validated against both finite element analysis and physical
testing, with even known sources of systematic error in the classical equations identified and corrected
through empirical refinement [17]. A designer starting a new flexure project today has an unusually
strong analytical foundation to build on at the individual-hinge level.

Multi-axis decoupling (Section 3) has real, demonstrated, structurally diverse solutions — total
decoupling through specific kinematic topologies, enhanced out-of-plane stiffness through architectural
refinement, staged range extension through series connected piezo-driven flexures — but almost entirely
at two axes, occasionally extending to three. Five-axis decoupling, combining the two in-plane
translations, one out-of-plane translation, and two rotational degrees of freedom that many optical
payloads actually require, remains comparatively unexplored as an integrated architectural problem,
even though the individual sub-components (planar XY decoupling, out-of-plane stiffness enhancement,
rotational compliance) each have solid precedent to draw from individually.

Thermal-structural analysis (Section 4) is taken seriously and has produced a mature, practically oriented
literature — bipod flexures, a thermal ring flexure lens mounts, support-point-count optimization —but
this literature is concentrated on simpler structures than the decoupled multi-axis stages Section 3
covers. A bipod flexure mount and a totally decoupled XY parallel manipulator are, structurally, very
different objects, and the design principles validated for one do not transfer cleanly to the other without
substantial additional analysis that, based on this review, has rarely been published.

Launch-load survivability (Section 5) sits almost outside the flexure-specific literature entirely, treated
more as a general spacecraft-structures problem than something integrated into flexure design
methodology from the outset. This is perhaps the least mature of the four themes when viewed
specifically through a flexure-design lens, even though the general spacecraft-structures literature on
dynamic shock loading is itself well developed [8].

The gap that falls out of synthesizing these four observations is not any single missing technique. It is
the near-total absence of published work that evaluates a genuinely multi-axis compliant mechanism —
five degrees of freedom, decoupled, built from a deliberately selected space-grade material — under
mechanical, thermal, and launch loading together, within one coherent design and validation study. Most
published work picks one or, at most, two of these dimensions and validates thoroughly within that
narrower scope. Very little validates across all three simultaneously, which is precisely the condition real
spaceflight hardware has to survive before a mission review board will approve it for flight. This
integration gap, more than any single unsolved sub-problem, represents the field's clearest current
limitation and its most promising direction for future contribution.

Table I Summary of reviewed studies by theme, degrees of freedom addressed, and validated load

conditions.
Ref. Theme Axes/DOF Load Cases / Methods
[1] Hinge Modeling 1 (beam) Static only
. . . Static (FEA +
[3] Hinge Modeling 1 (hinge) experiment)
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[11] Hinge Modeling 1 (hinge) Static (analytical)
[12] Hinge Modeling 1 (hinge) Static (analytical)
[13] Hinge Modeling 1 (hinge) Static (analytical)
[14] Hinge Modeling 1 (hinge) Static (analytical)
[17] Hinge Modeling 1 (hinge) Static (empirical)
[22] Hinge Modeling 1 (hinge) Static (analytical)
[2 Multi-Axis Decoupling | 2 (XY) Static (FEA + Taguchi)
[5] Multi-Axis Decoupling 2 (XY) Static only
[6] Multi-Axis Decoupling | 2 (XY, staged) Static only
. . Static  (analytical +
[7] Multi-Axis Decoupling | 2 (XY) FEA)
[15] Multi-Axis Decoupling | 2-3 Static (large deflection)
[16] Multi-Axis Decoupling | 2 (XY, out-of-plane) Static only
[18] Multi-Axis Decoupling | 3 (XY2Z) Static only
[24] Multi-Axis Decoupling | 3 (XYZ modular) Static only
[25] Multi-Axis Decoupling | 2 (XY decoupled) Static only
[26] Multi-Axis Decoupling | 2 (XY decoupled) Static only
[9] Thermal-Structural 1 (optical system) Thermal only
[19] Thermal-Structural 1 (mirror mount) Thermal + static
[20] Thermal-Structural 1 (lens mount) Thermal only
[21] Thermal-Structural 1 (mirror assembly) Thermal only
[27] Thermal-Structural 1 (bipod mount) Thermal + static
[10] Material Selection N/A Material properties only
[23] Material Selection N/A Material properties only
[4] Iz(r)zcr:zlaot?ons Design N/A Design principles
[8] Launch Loading NIA (spacecraft Dynamic shock / launch
structure

7. Conclusion and Future Directions
This review surveyed thirty-two studies on compliant flexure mechanism design, organized across four
themes central to space optical payload alignment: hinge-level compliance modeling, multi-axis
decoupling, thermal-structural behavior in space optical systems, and material selection under launch
loading. Each theme, examined individually, reflects a mature and genuinely well-validated body of
work, with strong analytical foundations, cross-validated closed-form models, and demonstrated

architectural solutions to well-defined sub-problems.

What is missing, based on this survey, is integration. Designs and validation studies that treat hinge
modeling, multi-axis decoupling, thermal stability, and launch survivability as one coupled design
problem — rather than four separately optimized concerns addressed in isolation and stitched together at
the end — remain the exception rather than the rule in the published literature examined here.
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Future work in this space would benefit from three concrete directions in particular. First, multi-axis
decoupling studies that extend meaningfully beyond the two- and three-axis stages currently dominating
the literature, toward genuine four- and five-degree-of freedom architectures validated with the same
rigor currently applied to planar XY designs. Second, thermal-structural validation applied specifically
to decoupled multi-axis geometries, rather than continuing to concentrate almost exclusively on simpler
single-axis mirror and lens mounts — a thermal design principle developed in that simpler structure
literature are valuable and likely transferable, but that transfer itself has rarely been demonstrated in
print. Third, and perhaps most consequentially, design studies that evaluate mechanical, thermal, and
launch loading together, within a single iterative optimization process applied to one consistent
geometry, rather than as three separate validation exercises performed on an already-finalized design
after the fact. Closing this integration gap would move the field from a well-characterized collection of
individually solved sub-problems toward genuinely flight-ready, holistically validated design
methodology for the next generation of space-based optical instrumentation.
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