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Abstract

Compliant mechanisms achieve motion through elastic deformation rather
than contact surfaces, eliminating friction, wear, and lubrication require-
ments. Their design and adoption in cryogenic and space applications have
historically been constrained by conventional manufacturing processes that
limit geometric complexity.

This work exploits the design freedom of Laser Powder Bed Fusion (LPBF)

to propose a streamlined Design for Additive Manufacturing (DfAM) work-
flow for optimizing and customizing a flexure pivot operating at 4.2 K within
the Mode Selector Mechanism (MSM).
The methodology comprises three stages: (i) material selection and post-
processing - 316L stainless steel combined with stress annealing and HIP - to
ensure cryogenic compatibility and fatigue strength; (ii) optimization of the
Interlocked Lattice Flexure (ILF) geometry considering performance metrics
(stroke, stiffness, guiding accuracy) and AM constraints (overhang, mini-
mum feature size); and (iii) flexure thickness tuning to meet project-specific
requirements while mitigating AM-induced variability, enabling rapid cus-
tomization.

Email address: 1ionel.kiener@csem.ch (Lionel Kiener)



Numerical and experimental validation confirmed compliance with design
targets: +3.5 deg stroke, stiffness of 3.97 mN-m/deg, and fatigue life exceed-
ing 10° cycles under over-testing conditions (115% of operational range).
Failure analysis further demonstrated that the ILF design inherently local-
izes damage, preventing catastrophic failure and enhancing robustness for
aerospace applications.

These results underscore the transformative potential of AM for high-
performance, customizable compliant mechanisms in extreme environments.

Keywords: Additive Manufacturing, Compliant Mechanisms, Cryogenic
Mechanisms, Flexible Pivot, DfFAM, Functional AM, Optimization

1. Introduction

Compliant mechanisms are mechanical systems that achieve motion through
the elastic deformation of their constitutive elements, rather than relying on
traditional contact-based joints [1]. This intrinsic characteristic eliminates
several drawbacks typically associated with contact-based mechanisms, in-
cluding friction, backlash, stick-slip phenomena, wear, and the need for lu-
brication. As a result, compliant mechanisms are particularly well-suited for
high-precision applications and operations in harsh environments, including
vacuum and cryogenic conditions |2, 3].

Historically, the design of compliant mechanisms has been constrained by
conventional manufacturing limitations, which restricted their geometry [4].
The emergence of Additive Manufacturing (AM), however, has introduced
unprecedented design freedom, enabling the fabrication of complex, mono-
lithic structures with tailored mechanical properties. This technological shift
opens new avenues for enhancing the performance, compactness, and reli-
ability of compliant systems, while also enabling on-demand customization
and manufacturing [5, 6, 7].

In this work, we explore the disruptive potential of AM in the context
of space and cryogenic scientific instrumentation. Specifically, we present a
Design for Additive Manufacturing (DfAM) of a flexible pivot intended for
cryogenic operation within the Mode Selector Mechanism (MSM) - a bi-stable
cryo-actuator developed by the Centre Spatial de Liége (CSL) and operated
at 4.2 K [8]. Leveraging the geometric flexibility of AM, the proposed com-



pliant pivot integrates Interlocked Lattice Flexures (ILF, patented). This
innovative feature not only circumvents AM-specific limitations, such as mini-
mum feature size - by reducing the stiffness of the compliant elements without
compromising structural integrity - but also enhances the compactness of the
design and mitigates the risk of catastrophic failure by preventing the prop-
agation of cracks in compliant elements. We demonstrate the potential of
AM for on-demand manufacturing, highlighting its capacity for customiza-
tion in both design and material selection. This approach not only meets
the stringent requirements of cryogenic applications but also offers economic
and lead-time advantages, making it a compelling solution for future space
instrumentation.

2. Design and Customization

This section details the DFAM and customization of the ILF compliant
pivot to meet the specific operational requirements of the MSM (see Figure
1). The key design requirements addressed in this study are as follows:

e Stroke: The pivot shall accommodate an operational angular stroke
of 3.5 deg.

e Stiffness: The natural torsional stiffness of the pivot shall lie within
the range of 1.0 to 4.0 mN-m/deg range.

e Thermal Environment: The pivot must remain functional across
the full operational temperature range, from 4 to 353 K.

e Envelope and Interfaces: The pivot’s external dimensions and in-
terfaces shall be compatible with commercially available counterparts,
specifically a diameter of 12.7 mm and a length of [ = 20.3 mm.

Customization begins with material selection, particularly in response
to the stringent thermal requirements. Subsequently, the lattice geometry
and blades’ thickness are optimized to satisfy both functional performance
and manufacturing constraints. Finally, pivots’ interfaces are customized to
match MSM configuration.



2.1. Material Selection

Material selection is a critical aspect in the design of compliant mech-
anisms for cryogenic applications. While 17-4-PH stainless steel has been
widely used for AM compliant mechanisms due to its high strength and
favorable mechanical properties |6, 9], its micro-structural transition tem-
perature near —20°C renders it unsuitable for cryogenic environments [10].
To overcome this limitation, 316L stainless steel is proposed. This alloy
maintains acceptable mechanical performance at cryogenic temperatures (at
least in its bulk form). Although it exhibits slightly lower strength than 17-
4-PH, 316L offers a significant advantage in additive manufacturing: it does
not require age-hardening thermal treatments, thereby avoiding the distor-
tions typically associated with such post-processing [11|. This characteristic
makes 316L particularly suitable for fabricating precision components with
tight dimensional tolerances.

Property Symbol | Unit | Value
Young’s Modulus E GPa | 193.0
Poisson’s Ratio v - 0.27
Density ) kg/m? | 7870
Yield stress, yield Oyield MPa 460
Yield stress, ultimate | oyimate | MPa 617

Table 1: 316 Room Temperature Bulk Properties



2.2. Piwot optimization

To tailor the flexible pivot to the specific operational requirements of the
MSM, a three-step design optimization strategy was employed, leveraging
the design freedom offered by AM: (1) lattice geometry optimization, (2)
thickness adaptation, and (3) interfaces’ design.

Figure 1: CAD Renderings of the Interlocked Lattice Flexure Pivot
The left image shows the complete pivot, while the right image includes a sectional
cutout revealing the internal lattice blades.

2.2.1. Lattice Geometry Optimization

The first step involves optimizing the lattice cell geometry while main-
taining a constant blade thickness. The objective is to minimize the natural
torsional stiffness (Kj,), maximize the allowable stroke by minimizing stress
(04.), and enhance guiding performance. The latter is quantified by the ratio
of transverse to natural stiffness (K,/Kj.), which reflects the mechanism’s
ability to reject external perturbations.
To assess the influence of design parameters onto performance and the rele-
vance of ILF for this use-case, the simplified parametrization shown in Figure
2 has been used:

e Natural Stiffness: Across the explored parameter space, the natural
stiffness was reduced by a factor of 3 to 7 compared to plain blades with
identical envelopes. This reduction is beneficial for AM, as it allows for



increased blade thickness at constant stiffness, thereby improving man-
ufacturability.

Width, radius, and length were identified as the most influential pa-
rameters. A strong correlation was also observed between stiffness and
the "density ratio" - an extrapolated metric estimating the surface area
ratio between lattice and plain blades (see Figure 3).

e Stroke: The lattice structure increases stress by approximately 5% to
35% resulting in a corresponding reduction in allowable stroke.

e Guiding performance: Guiding performance (i.e., stiffness ratio) is
significantly reduced - 65% to 90% - as transverse stiffness decreases
more rapidly than natural stiffness. The same qualitative trends ob-
served for natural stiffness also apply here.
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Figure 2: Impact of Parameters on Stress and Guiding Performance Ratio
Ratios computed as the lattice blade performances over a plain blade with the
same external dimensions.
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These findings underscore the need for Multi-Objective Optimization
(MOO), as the performance criteria are inherently conflicting [12]|. In such
cases, no single optimal solution exists; instead, a Pareto-optimal set of non-
dominated solutions must be considered.

For practical implementation, a pseudo-MOO approach was adopted us-
ing a weighted objective function. Using the complete parametrization,
shown in Figure 4, the optimization formulation is as follows:

n}lln {Gops}
s.t., r1, r3 € [0.5, 0.9] mm

Ta, T4€ 0.3, 0.5] mm

min(ry —r1,0.1), 0.3] mm
d2 € [min(r; —72,0.3), 0.3] mm (1)
(ry —7s,0.05), 0.1] mm
dy € [min(rs —ry,0.5), 0.9] mm

H € [1.1, 1.4] mm
H —dy —ry €10.2,3] [mm)]
H —ds —r3 €0.2,3] [mm)]
C./C, — w 0./0,—1
“STD(C, /0 1) 7*STD(0./5,—1)
Co./Cy, — 1 09,/00, — 1
+ W, STD(O/e /09 -1) + Wou, STD(O/QZ/UQZ -1)

Aconst/Aconst - ]—
conet STD(Aconst/Aconst - 1)
Where, w; are the optimization weights (we, = 0.6, w,, = 0.8, wg, = 0.9,
W, = 0.5, wx = 0.4), C; = 1/K; denotes compliance along axis ¢, and
Aconst TEPresents the constancy of the cross-sectional area, which is correlated
with printability risk. Finally, z and ST D(z) are the mean and standard
deviation of each objective, used for normalization.

The optimization weights were selected based on a utility analysis that
considered both stakeholder priorities and manufacturability constraints.
Within the explored design space, the resulting optimal lattice geometry is
summarized in Table 2
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Figure 4: Simplified (left) and Complete (right) Parametrization For Lattice Geometry
Optimization

The final ILF geometry was constructed, and the maximum stroke before
mechanical interference in the interlocking region was numerically determined
to be 0,,.. = 18 deg, providing a substantial safety margin relative to the
design requirement.

To increase transverse stiffness, strategically placed stiffeners were integrated
into the lattice architecture, thereby enhancing guiding performance.

parameter | value mm || parameter | value mm
7 0.499 dy 0.283
Ty 0.364 do 0.411
T3 0.782 ds 0.0999
T4 0.420 dy 0.609
H 1.19

Table 2: Final Lattice Parameters After the Optimization Defined by Equation 1



2.2.2. Thickness Adaptation:

Building upon the optimized lattice geometry established in the previ-
ous section, the second step of the design process involves adapting the blade
thickness. This stage aims to enhance manufacturability while ensuring com-
pliance with the specific performance requirements of the MSM use-case.
The optimized lattice configuration exhibits a reduction in both stroke and
stiffness - by approximately 18% and 68%, respectively - compared to a plain
blade of equivalent dimensions. This simplified relationship between lattice
and plain blade performance enables rapid estimation of the ILF pivot’s be-
havior as a function of the nominal blade thickness.

As illustrated in Figure 5, stroke is not a limiting factor for the MSM use
case. The feasible design space for blade thickness is bounded by two primary
constraints: the minimum printable feature size for additive manufacturing
(ham, min = 200 pm) and the maximum allowable thickness to meet stiffness
requirements (hg, mez = 214 pm).

However, an additional consideration is the sensitivity of performance to AM-
induced defects, such as surface roughness and porosity. The relative sensitiv-
ity (i.e., relative error) of both stroke and stiffness decreases with increasing
blade thickness. Consequently, a nominal blade thickness of hy = 215 pm
was selected.

Prior studies have reported a deviation between nominal and effective thick-
nesses of approximately [—20, 0] pm under optimized LPBF parameters. This
variability is represented by the dashed lines and the “uncertain design space”
in Figure 5. Consequently, the selected thickness ensures that the manufac-
tured component meets all performance requirements while minimizing the
impact of AM-induced variability.

In summary, the proposed two-step design methodology ensures both me-
chanical robustness and functional reliability under cryogenic conditions,
while enabling rapid and flexible customization of the compliant pivot.
Notably, the resource-intensive lattice optimization is performed on normal-
ized parameters, allowing the final tuning phase to focus solely on blade
thickness. This significantly reduces design iteration time and simplifies
adaptation to specific requirements. Such modularity in the design process is
particularly advantageous in complex aerospace projects, where mechanism-
level specifications - such as stiffness, stroke, or spatial constraints - may be
revised throughout development phases.

10
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2.2.3. Design for AM and interface customization

Beyond performance optimization, one of the key advantages of AM lies
in its capacity for geometric customization - particularly in the design of com-
ponent’s interfaces. In the case of the ILF pivot, this flexibility enables the
adaptation of interface geometries without compromising mechanical per-
formance or significantly affecting manufacturing cost. This capability is
especially valuable in aerospace applications, where integration with existing
systems often requires strict dimensional compatibility.
In response to a specific request from CSL, the ILF pivot was designed to
be fully interchangeable with available COTS counterparts. The required
envelope dimensions were a height of hpi,,¢ = 20.3 mm and a diameter of
Dypivot = 212.7 mm. These constraints were incorporated into the design
without impacting the performance of the compliant blades, which remain
the primary functional elements of the mechanism.

The printability of the ILF pivot was ensured through careful design of
both the self-supporting lattice structure (see previous sections) and the in-
terface geometries. The bottom interface is fully printable without support
structures, while the top interface requires minimal support - limited to its
lower planar ring surface. To facilitate post-processing and ensure structural
integrity during machining, a bridging structure was introduced between the
top and bottom interfaces. This bridge serves a dual purpose: it acts as a
support structure during printing and provides mechanical stability during
post-machining operations. It is subsequently removed during the final ma-
chining step, which is aimed at achieving high dimensional accuracy of the
interface diameters.

The manufacturing workflow for the ILF pivot is structured to balance pre-
cision, performance, and cost-efficiency. The process consists of the following
steps:

¢ Additive manufacturing: The pivot is printed through LPBF with
dimensional margins to allow for precision post-machining (see Figure

6).

e Thermal treatments: Stress annealing is applied to relieve internal
stresses and enhance ductility, followed by Hot Isostatic Pressing (HIP)
to improve material density, structural anisotropy, and fatigue life (see
section 3.1).

12



e Build Plate Removal: The printed part is detached from the build
plate.

e Final Machining: The bridge and interface surfaces are machined in
a single setup using a lathe or grinding machine (see Figure 6). This
final machining is essential to reach a high dimensional accuracy and
low surface roughness (typ. Ra < 1.6 pm), ensuring the compatibility
and interchangeability with COTS counterparts.

Figure 6: Manufactured Interlocked Lattice Flexure Pivots.
The left image shows the pivots in their as-built state on the build plate used

during LPBF, while the right image presents the components after post-processing
and re-machining to achieve final dimensional accuracy and surface finish.

This streamlined production strategy enables on-demand manufacturing
of compliant pivots, thereby simplifying the supply chain through the use
of digital inventories and decentralized production. Beyond rapid fabrica-
tion, the use of AM enables on-demand customization of each pivot within
the same build plate. By leveraging the modularity of the ILF design and
the normalized optimization framework, individual pivots can be tailored to
meet varying performance requirements without altering the overall produc-
tion workflow. The ILF pivot thus combines economic efficiency with high
adaptability, positioning it as a compelling solution for precision mechanisms
in demanding environments.

13



In summary, the use of AM not only enables performance-driven cus-
tomization of compliant mechanisms but also facilitates interface adaptation
and cost-effective production. The ILF pivot exemplifies how advanced man-
ufacturing techniques can meet stringent aerospace requirements while main-
taining compatibility with existing hardware and budgetary constraints.

3. Characterization

With the design finalized, this section presents the numerical and exper-
imental characterization of the customized ILF pivot, focusing on its fatigue
behavior, stroke, and stiffness performance.

3.1. Fatigue behavior

The fatigue behavior of the ILF pivot is a critical factor in predicting
its operational stroke under cyclic loading. Among the various mechanical
properties, the fatigue strength - typically represented by the Wéhler (S—N)
curve - is particularly sensitive to part geometry, process parameters, and
post-processing operations. While properties such as Young’s modulus and
Poisson’s ratio are also relevant, they exhibit less variability under AM con-
ditions.
To accurately assess the fatigue performance of the 316L lattice blades, an
experimental campaign was conducted using representative specimens (same
lattice geometry) fabricated via the same LPBF process as the final pivot.
The study also evaluated the influence of post-processing on fatigue response.
The experimental setup, consistent with previous studies [13], involved sub-
jecting representative compliant blades to cyclic loading of varying ampli-
tudes. Blade integrity was monitored using force sensors, and fatigue life
was defined as the number of cycles at which a 10% drop in force was de-
tected - indicative of critical fracture.
Following the staircase method outlined in ISO 3800, approximate Wohler
curves were generated for two post-processing conditions: stress annealing
(SA) alone, and SA followed by Hot HIP. The results, shown in Figure 7,
indicate that SA+HIP samples exhibit an increase in fatigue strength of ap-
proximately 30 MPa (~ 45.8%) compared to SA-only samples.
Based on these findings, HIP was selected as a post-processing step for the
ILF pivot. The fatigue strength of AM 316L under this condition was deter-
mined to be:

e Finite life (10 cycles): ofinire = 538 MPa

14



e Infinite life (> 107 cycles): 0., = 303 MPa

W Ao SA + HIP, broken
550 & SA + HIP, unbroken
m SA, broken
500 1 o SA, unbroken
.- —— SA + HIP, Wohler Estimation
E 450 1 —— SA,Wohler Estimation
)
n 400 1
!
o]}
b
) 350 A
300 -
250 1
104 103 106 107
# Cycles [-]

Figure 7: Wohler Curve of AM 316L Lattices Compliant Blade Subjected to Different
Post Processes
SA = Stress Annealed, HIP = Hot Isostatic Pressure. Before the significant
increased of strength of SA+HIP sample, only the finite lifetime of the Wéhler
curve has been conducted for SA samples.
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3.2. Characterization of stroke

With the fatigue behavior of the LPBF-processed 316L established, the
stroke of the custom ILF pivot was evaluated numerically.
In the non-linear Finite Element Analysis (FEA), one interface of the pivot
was fully constrained (all degrees of freedom), while a varying torque was
applied to the opposite interface. The resulting angular displacement and
maximum von Mises stress were recorded across the whole geometry.

Figure 8 illustrates the relationship between applied rotation and max-
imum stress. At the maximum required stroke of # = £3.5 deg, the peak
stress reaches 0,,,, = 237 MPa.

Using the fatigue strength values from the previous section, the factors of
safety (FOS) for finite and infinite life can be computed as:

. O finite . 538 MPa . _
FOSpinie = =1 = oo =297 [-] (3)
w303 MP
FOSy = 2= = ® 128 (4)

oo 237 MPa

The results confirm that the ILF pivot meets the required stroke specifi-

cations with considerable safety margins. Fatigue testing performed on three
compliant pivots further validates these findings, as each specimen success-
fully endured between 1 - 10° to 3 - 10° cycles under an equivalent stress of
270 MPa.
Although these safety margins may appear conservative relative to the opera-
tional conditions of the MSM, they provide critical robustness against minor
manufacturing imperfections and, more importantly, guarantee fail-safe be-
havior - a topic discussed in detail in Section 4.

16
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3.3. Characterization of stiffness

The same FEA model was used to estimate the natural stiffness of the

ILF pivot. As shown in Figure 8, the torque-rotation relationship is highly
linear within the 4:6.5 deg range, with a coefficient of determination R? =
1 —3.4-107. The stiffness was thus calculated as the slope of the linear fit
to the torque-rotation data, yielding a value of: Ky = 4.04 mN-m/deg.
This value slightly exceeds the upper bound of the stiffness requirement.
However, as discussed in Section 2.2.2, prior studies have shown a typical
deviation of [—20,0] um between nominal and effective thickness in AM-
fabricated compliant elements. Therefore, this 1% overshoot is considered
acceptable.

To validate the numerical prediction, the effective stiffness of seven man-
ufactured ILF pivots was experimentally measured at room temperature. As
shown in Figure 9 and Table 3, the average measured stiffness was: K, = 3.97
. This result confirms the validity of the numerical model and demonstrates
compliance with the design specification. Moreover, the standard deviation
of the measured stiffness was o, = 0.30 mN-m/deg (which correspond to a
variation of the effective thickness of ~ 20 pm), indicating good repeatabil-
ity of the LPBF process. For comparison, a characterization of commercial
C-FLEX compliant pivots revealed a 45% to 60% relative error between ex-
pected and measured natural stiffness. This highlights the competitive per-
formance consistency of the ILF pivot relative to COTS alternatives.

Note that these experimental results are coherent with the cryogenic tests

conducted by CSL [8].

18



. Stiffness | R? value
Pivot ID mN-m /deg -]
SNO1 4.28 1.000
SN02 3.95 0.997
SN04 3.65 0.998
SNO06 4.48 1.000
SNO8 3.95 0.997
SN10 3.54 0.994
SN11 3.91 0.996

Table 3: Result of the Experimental Stiffness Evaluation of 7 Manufactured 316L ILF
Pivots

The R? walues describe the linear fit error of the Torque-Rotation data.
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Figure 9: Measured Reaction Torque against Rotation for 7 Manufactured 316L ILF Pivots
along with linear approximation
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4. Single Failure Point Avoidance

As with most mechanical systems, compliant mechanisms often represent
single point of failure. The functionality and performance of a compliant
mechanism cannot be guaranteed if a critical rupture occurs within one of its
flexural components. Consequently, compliant joints are typically designed
either for virtual infinite lifetime - by maintaining stress levels below fatigue
thresholds - or with high safety margins to account for potential degradation
over time.

However, real-world conditions such as manufacturing defects, assembly mis-
alignments, or unforeseen out-of-range operations can lead to localized stress
concentrations, increasing the risk of crack initiation. In conventional com-
pliant blades, such cracks tend to propagate through the entire flexure, ulti-
mately resulting in catastrophic failure.

The ILF lattice design, by contrast, inherently mitigates this risk. Its seg-
mented architecture localizes damage, preventing crack propagation beyond
a single truss element and thereby eliminating the single-point failure char-
acteristic of plain flexures.

To evaluate the structural integrity of the ILF pivot under partial fracture
conditions, a series of FEA was conducted: artificial cracks were introduced
at eight critical locations within a representative lattice mesh, as illustrated
in Figure 10.
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Among the eight scenarios, only three resulted in a stress increase exceed-
ing 10%, with the most severe case (Scenario B) showing a maximum stress
rise of +59.0%. Despite this, the stress within the ILF pivot remains within
acceptable limits for its intended operational life. Specifically, the finite-life
margin of safety (127%, as established in Section 3.2) ensures that the pivot
can tolerate such localized damage without compromising functionality over
its full expected lifetime.

While the infinite-life margin of safety is exceeded in Scenario B, the other
cases remain within safe bounds. This indicates that the ILF pivot retains a
high degree of robustness even under partial fracture conditions.

These findings demonstrate the inherent fault tolerance of the ILF ar-
chitecture. By localizing damage and preventing full structural failure, the
lattice design significantly enhances the reliability of compliant mechanisms,
effectively eliminating traditional single-point failure modes.
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5. Conclusion

This work presents a comprehensive DfFAM approach for a customized
compliant pivot intended for cryogenic operation within the MSM. Leverag-
ing the geometric freedom afforded by AM, the proposed ILF architecture
addresses several longstanding challenges in compliant mechanism design,
including on-demand performance optimization, fast interface adaptability,
and failure robustness.

The design methodology integrates multi-objective optimization to bal-
ance conflicting performance criteria - namely stroke, stiffness, and guiding
accuracy - while ensuring manufacturability within the constraints of LPBF.
The ILF lattice geometry enables a significant reduction in natural stiffness
(up to 7 times compared to plain blades), thereby allowing increased blade
thickness and improved printability without compromising functional perfor-
mance.

The subsequent thickness adaptation step further refines the design, account-
ing for AM-induced variability and ensuring compliance with operational re-
quirements.

Material selection was guided by the stringent thermal and mechanical
demands of cryogenic environments. 316L stainless steel was chosen for its
favorable behavior at low temperatures and its compatibility with AM pro-
cesses. Post-processing treatments, including stress annealing and HIP, were
shown to significantly enhance fatigue strength, with experimentally derived
Wohler curves confirming the suitability of the material for long-term cyclic
operation (at least at room temperature).

Numerical and experimental characterizations confirmed the performance
of the ILF pivot. Non-linear FEA demonstrated that the pivot meets the re-
quired +3.5 deg stroke with substantial safety margins - 2.27 for finite life
and 1.28 for infinite life - based on experimentally derived fatigue strength
values.

The simulation predicted a natural stiffness of 4.04 mN-m, representing a
1% exceedance of the upper bound of the design specification. However, this
deviation is considered acceptable due to known effects of the LPBF process,
which typically results in a reduction of effective blade thickness.

To validate these findings, experimental stiffness measurements were con-
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ducted on seven manufactured ILF pivots. The results yielded a mean stiff-
ness of 3.97 mN-m, aligning with the design requirements. Furthermore, the
standard deviation of 0.30 mN-m indicates good process repeatability, con-
sistent with COTS flexible pivots which exhibit similar variability.

These results confirm that the ILF pivot not only meets its functional spec-
ifications but also achieves reliable performance across multiple units, rein-
forcing its suitability for precision applications in cryogenic environments.

A key innovation of the ILF design lies in its inherent resistance to single-
point failure. Owing to its segmented lattice architecture, the compliant
blades effectively inhibit crack propagation, thereby preventing catastrophic
failure of the pivot.

Targeted fracture simulations revealed that localized damage within the lat-

tice structure leads to a stress increase of up to 60%, which remains within

the finite-life safety margin of 127%. As a result, the structural integrity of

the pivot is preserved throughout its expected operational lifespan.

This fault-tolerant behavior significantly enhances the reliability of compli-

ant mechanisms, making the ILF pivot particularly well-suited for critical

aerospace applications where robustness and fail-safe operation are paramount.

In addition to functional optimization, AM enabled the customization
of interface geometries to meet integration requirements with existing COTS
components. The inclusion of a removable bridging structure facilitated post-
machining and dimensional accuracy, while maintaining cost-efficiency.

In summary, the ILF pivot exemplifies the transformative potential of
AM in compliant mechanism design. It demonstrates how advanced man-
ufacturing techniques can be harnessed to achieve high-performance, cus-
tomizable, and robust components tailored to demanding operational envi-
ronments. This approach not only meets the specific needs of the MSM
but also lays the groundwork for broader adoption of AM-enabled compliant
mechanisms in future space and cryogenic instrumentation.
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