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Abstract

This work evaluates a modular fused filament fabrication (FFF) workflow for replacing a carbon fiber
VTOL boom on an X200 eVTOL hybrid UAV. Finite element analysis was used to generate stress fields
for topology optimization (TO) and variable-thickness lattice (VTL) design. Because the boom exceeded
typical print volumes, modular joint architecture was evaluated as a primary design variable. Joint
testing showed that a pinned sleeve joint most closely approached homogeneous-beam behavior. The
best topology-optimized boom design weighed 281 g and supported a 115.7 N load, corresponding to
approximately FoS = 4.62. However, an aggressively reduced 193 g design failed by lateral rolling,
revealing sensitivity to unmodeled off-axis loading. A final 218 g variable-thickness Kelvin lattice boom
with a pinned sleeve joint was fabricated and validated using powered thrust testing. This design
survived both the 5400 RPM X200 VTOL takeoff condition and a 6000 RPM maximum test condition.
The results demonstrate that modular FFF boom replacement is feasible for the evaluated X200 load
case when joint robustness, cross-sectional bending efficiency, and lattice load-path redundancy are
designed together. Although the final printed boom remained 31% heavier than the 166 g carbon fiber
baseline, it provides a viable feasibility demonstration for rapid, repairable UAV structural development.

Keywords: topology optimization; variable-thickness lattice; fused filament fabrication; UAV
structures; modular design.

1. Introduction

Lightweight structural design is critical for UAV performance. Topology optimization has proven
effective in reducing weight by concentrating material along load paths [1]. Additive manufacturing (AM)
further enables these complex geometries with minimal tooling and has been used extensively in
aerospace applications for UAV development as of late [2-17]. For example, Yap et al. demonstrated
that topology-optimized micro-drone frames printed with AM achieved =90% mass reduction without
sacrificing integrity [1]. Likewise, Mduller and Gollnick noted that 3D printing “revolutionized” UAV
prototyping by making design flexible and cost-effective, rapidly producing lightweight robust
components [18]. However, Fused Filament Fabrication (FFF) is typically constrained by printer build
volume. To create large Group 2 UAV parts on standard printers, our approach segments designs into
interlocking modules. To date, hybrid structures with composite beams and printed material elsewhere
are common in aerospace [18].

PLA polymer was selected for printing. The ability to rapidly fabricate spare components is also an
advantage: Garcia-Tiscar et al. emphasized that in-field replacement of damaged UAV parts by AM is
highly desirable [20]. The proposed approach leverages these benefits by printing interchangeable PLA
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segments for a larger airframe while upholding the stiffness-to-weight ratio benefits of topology
optimization.

Many Group 1-2 unmanned aerial vehicles rely on carbon fiber composite spars, stringers, and
stiffeners as their primary load-bearing structural elements [21]. These components are typically
selected for their high specific stiffness and strength, enabling slender airframes with adequate margins
under aerodynamic and inertial loading. However, such structural members are often geometrically
simple, load-path dominated, and repeated across platforms, limiting design options, but making them
well suited for computational design optimization. The workflow proposed in this study, combining
stress-field-driven optimization with modular fused filament fabrication, may offer a viable alternative
manufacturing pathway with and increase in design freedom for such components. In particular, spars
and booms with well-defined load cases could theoretically be redesigned as stress field-optimized,
additively manufactured structures that preserve required stiffness and strength while enabling rapid
iteration, part consolidation, and reduced manufacturing complexity.

It is also worth noting that carbon fiber composite structures used in Group 1-2 UAV applications
are frequently designed with substantial strength and stiffness margins to accommodate uncertainty in
loading, manufacturing variability, and certification requirements. Conservative knockdown factors and
factors of safety are commonly applied to composite design allowables for advanced aerospace
applications [22]. While these margins are appropriate from a safety and reliability standpoint, they can
easily exceed the demands of many operational missions. As a result, there exists the possibility that
certain carbon fiber spars, stiffeners, and booms are stronger than necessary for their intended load
envelopes. Under such conditions, alternative structural concepts, such as optimized, additively
manufactured polymer structures, could theoretically satisfy performance requirements while offering
advantages in cost, manufacturability, and design flexibility. This study does not seek to replace carbon
fiber composites in all applications, but rather to explore whether a subset of Group 1-2 UAV structural
components might be addressed using a different design and manufacturing paradigm.

This work integrates nTop-based stress analysis, field-driven topology optimization, variable-
thickness lattice design, modular FFF fabrication, and experimental structural evaluation. The vast
majority of similar work focuses on small-scale homogeneous UAV structures [1,23]. This work is novel
in that it combines large-scale topology optimization and variable-thickness lattice design with
mechanically joined segmented FFF-printed UAV structures. Reliability considerations are addressed
through structural analysis, joint characterization, boom-level loading, and failure-mode evaluation of
joined PLA structures under representative loading conditions. The study first establishes the numerical
modeling and optimization workflow, then experimentally evaluates candidate joint architectures, and
finally applies the selected joining strategy to boom-level structural demonstrations. The results are
used to identify the design tradeoffs between topology optimization, variable-thickness lattice design,
joint robustness, cross-sectional bending efficiency, and carbon fiber mass equivalency.

2. Methods

2.1 X200 Platform, Load Case, and Replacement Objective

The representative platform used in this study was the X200, a Group 2 electric vertical takeoff and
landing (eVTOL) hybrid UAV. The aircraft has an approximate vehicle weight of 8.16 kg and uses carbon
fiber boom members to transfer VTOL motor loads into the wing and spar assembly. The baseline
carbon fiber boom assembly had a measured mass of 166 g, including the bolts required for installation.
The VTOL boom was selected as the initial replacement target because it is a repeated, load-path-
dominated structural member and is therefore well suited for computational redesign and modular
fabrication.
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Figure 2.1 — X200 Group 2 eVTOL hybrid UAV with the baseline carbon fiber VTOL boom and printed
replacement region identified.

A preliminary structural case study of the existing carbon fiber boom that the baseline boom was
substantially overdesigned for the representative load case considered in this work. Therefore, the
objective of the printed boom study was not to reproduce the full reserve capacity of the carbon fiber
member. Instead, the objective was to determine whether a modular FFF polymer boom could provide
a more practical structural margin, approximately in the FoS = 3-7 range, while improving
manufacturability, repairability, and design flexibility.

The primary design load case was maximum vertical thrust during VTOL operation. This condition
was selected because the boom transfers lift-motor thrust into the wing and spar assembly, producing
a bending-dominated load state. To define a reference load, a thrust margin of 1.25 times the vehicle
weight was used:

Ftotal,req = 1.25W (1)

For the 8.16 kg X200,
Frotalreq = 1.25(8.16 kg)(9.81 Sﬂz) =100.0 N (2)

With four VTOL propulsors, the corresponding required thrust per propulsor is

F otatre
Foropireq =~ 4t =250 N (3)

The experimental boom factor of safety was therefore defined as

FoS = Fappliea (4)

Fprop,req

where Fypp,15¢4iS the load applied at the motor/boom location. Static validation loads of 57.8 N and 115.7
N per evaluated boom side corresponded to approximate factors of safety of 2.31 and 4.62, respectively.
The 57.8 N condition was used as an initial feasibility screen, while the 115.7 N condition represented
a more demanding structural validation case within the desired design-margin range.

The carbon fiber wing spars were retained for the boom-level tests so that the boom replacement
concepts could be isolated. Spar replacement is reserved for future work because it requires a separate
cross-sectional flexural rigidity and buckling study for FFF-compatible spar geometries.

2.2 FEA, Material Model, and Optimization Workflow

Finite element analysis was used to generate the stress field that drove both the topology-optimized
and variable-thickness lattice boom designs. All finite element simulations were conducted in nTop using
a static structural framework. The boom root was constrained at the spar-hole interfaces to represent
load transfer into the wing/spar assembly, and a load was applied in the +y-orientation at the distal
motor mounting region to represent maximum VTOL thrust. For optimization, the applied load was 50.0
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N at the motor mounting region, corresponding to the per-side thrust associated with a total lift capacity
of 20.4 kg, or approximately FoS = 2 relative to the 10.2 kg reference lift requirement.

e

— .. © -

Figure 2.2 — FEA boundary conditions imposed on the boom design space (red: fixed spar-hole
interfaces, and yellow: thrust load at the motor mounting regions).

The printed PLA material was modeled as a homogenized orthotropic linear elastic material to
account for the direction-dependent stiffness introduced by FFF. The material axes were aligned with
the global print directions used for the evaluated boom designs. This continuum representation was
selected to capture the first-order anisotropic response of printed PLA without explicitly modeling
individual beads, interlayer welds, voids, or raster discontinuities.

Table 2.1 — Homogenized orthotropic PLA properties.

Property PLA
Ei=E> (GPa) 3.2

E3 (GPa) 1.8

Vi2 0.36
V93 = V13 0.30
G1o (GPa) 1.18
G23 = G13 (GPa) 0.69
p (kg/m?®) 1240

The finite element mesh used tetrahedral solid elements to accommodate the complex boom
geometries generated during topology optimization and lattice design. A nominal element size of 3 mm
was used with a mesh growth rate of 2. This mesh setting provided sufficient resolution at the motor
mounting region, spar-hole interfaces, joint regions, and optimized structural members while
maintaining reasonable computational cost for iterative design studies. A mesh convergence check was
performed by refining the global element size and comparing changes in peak Von Mises stress and
maximum displacement. The final 3 mm nominal element size was selected after these quantities
stabilized to within an acceptable engineering tolerance, indicating that the stress field used to drive
optimization was not dominated by mesh discretization.

The Von Mises stress field from the baseline design envelope was used as the scalar driving field
for optimization. Although Von Mises stress is not a complete failure criterion for printed PLA, it provided
a practical stress-intensity measure for identifying dominant load paths and regions requiring
reinforcement. The baseline stress field was used in two design pathways: density-based topology
optimization and variable-thickness lattice design.

Topology optimization was performed using a compliance-minimization objective to maximize
stiffness under the prescribed maximum-thrust load case. The aggressive PLA boom designs used a
volume fraction constraint of approximately 15%, with a maximum of 100 solver iterations. The
convergence criteria were a minimum objective change of 0.0005 and a minimum localized density
change of 0.01. After optimization, the output geometry was post-processed using Boolean operations
to restore and thicken functional regions, including motor mounting pads, spar interfaces, and modular
joint surfaces.

The variable-thickness lattice workflow used the same stress-field logic but retained a distributed
internal architecture rather than removing material into sparse load paths. The final VTL boom used a
Kelvin lattice with a 30 mm x 30 mm x 30 mm unit cell, a minimum lattice thickness of 0.8 mm, a
maximum thickness of 5 mm, and a 1 mm exterior shell. Higher-stress regions were assigned thicker
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lattice members, while lower-stress regions retained thinner members to reduce mass. This approach
was intended to preserve load-path redundancy while still using FEA-derived material placement.

The topology-optimized designs were used for boom Designs 1-5. The variable-thickness lattice
workflow was used for final Design 6 after the topology-optimized iterations showed sensitivity to joint
design, cross-sectional stiffness, and off-axis loading.

2.3 Modular Segmentation and Joint Testing

The optimized boom geometries exceeded the available FFF build volume and were therefore
segmented into printable modules. Modular segmentation enabled the fabrication of longer UAV
structural members using accessible FFF equipment, but it also introduced joints that had to transfer
bending, shear, and local bearing loads across printed interfaces. The joint architecture was therefore
treated as a primary structural design variable rather than as a secondary assembly feature.

Candidate joints were designed to compare different load-transfer mechanisms, including geometric
interlock, lap engagement, sleeve-supported bearing, and pin-assisted mechanical locking. Seven joint
concepts were evaluated against a homogeneous no-joint beam: dovetail, double lap, rotated double
lap, rotated double lap with two tabs, X joint, sleeve, and pinned sleeve. Each joint was tested in both
X and Y orientations to evaluate directional performance.

Figure 2.3 — Instron compression test setup for X (right) and Y-orientation (left) loading (top: preload,
bottom: post load failure).
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Figure 2.4 — Candidate joint geometries (Top left to right: Rotated double lap with 2 tab, sleeved, and
double lap. Bottom left to right: Rotated double lap, X joint, and dovetail).

Initial joint specimens used an 8 mm lengthwise feature allowance. The best-performing or
mechanically relevant designs were then retested at an increased 18.55 mm feature length to evaluate
scale effects and determine whether increased engagement length improved load transfer. All joint
coupons were printed in PLA using a 0.4 mm nozzle, 15% grid infill, and five perimeter walls. These
print settings were held constant across the joint matrix so that geometry-driven performance
differences could be isolated.

<+ A—
8mm 18.55mm|

Figure 2.5 — Small- and large-scale lengthwise difference for joint testing (rotated double lap with
two tabs pictured).

Joint performance was evaluated using maximum force, stiffness, displacement at maximum force,

2
failure mode, and a structural efficiency index (SEI). The structural efficiency index (l;im) was defined
as:

SEI = Ep .k (5)

where Fmax is the maximum force supported by the specimen and k is the measured stiffness from the
approximately linear region of the force-displacement response. This metric rewards joints that provide
both high load capacity and high stiffness. The homogeneous beam served as the reference condition
for evaluating how closely each modular joint approached continuous-member behavior.
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The joint study was used to select the connection architecture for the final boom design. The desired
joint was not simply the one with the highest peak force, but the one that most closely preserved
homogeneous-beam-like stiffness, strength, and failure behavior.

2.4 Boom Fabrication and Validation Testing

Figure 2.6 — Assembled modular boom installed on the X200 wing structure (VTL boom Design 6
shown on the powered validation setup).

The boom designs were fabricated in PLA using a Bambu H2C printer and sliced in Bambu Studio.
Because the topology-optimized and variable-thickness lattice geometries defined the intended internal
load path, boom parts were printed at 100% infill rather than using a slicer-generated sparse infill
pattern. The printed modules were assembled according to the joint architecture specified for each
design iteration and then installed into the X200 wing structure for validation. There were distinct boom
design envelopes for designs 1-3 and 4-6 (I x w x h). For Designs 1-3, the envelope was 31.5 in x 0.91
in x 0.91 in. For Designs 4-6, the envelope was 31.5in x 0.91in x 2.25 in.

Boom validation was conducted in two stages. Designs 1-5 were topology-optimized PLA boom
concepts evaluated using static loading. For these tests, the X200 wing assembly was inverted and
weights were applied at the boom/motor location to represent VTOL thrust loading. The 57.8 N load
condition was used as an initial feasibility screen, while the 115.7 N load condition represented the
higher-margin validation case. Design 6, the final variable-thickness lattice boom, was evaluated using
powered thrust testing on the X200 test fixture.

The boom design iterations 1-5 used topology optimization but varied in joint concept, mass
allowance, resulting cross-sectional geometry, and post-processing strategy. Design 6 used the final
variable-thickness Kelvin lattice architecture [26] with the pinned sleeve joint selected from the joint test
matrix. For powered validation, Design 6 was installed on the X200 test fixture and subjected to motor-
driven thrust loading. The boom was tested at 5400 RPM, corresponding to the thrust condition required
for X200 VTOL takeoff, and then at 6000 RPM, the maximum motor speed evaluated during the test.
This powered validation provided a more realistic propulsion-driven loading condition than static weights
alone, although full qualification would require additional static, fatigue, vibration, environmental, and
multi-load-case testing.

3. Results

3.1 Joint Screening and Final Joint Selection

The joint screening study showed that modular connection architecture strongly influenced the
feasibility of segmented FFF boom structures. In the initial 8 mm joint-length screening tests, several
designs provided useful load transfer, but performance was orientation-dependent. In the X orientation,
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the strongest modular candidates were the X joint, rotated double lap with two tabs, and pinned sleeve,

2
with structural efficiency index (SEI) values (l:nlm) of 1.20 x 107, 1.16 x 1074, and 1.14 x 1074,

respectively. In the Y orientation, the rotated double lap with two tabs produced the highest modular-
joint SEI, approximately 4.02 x 1074, followed by the X joint at approximately 3.15 x 107*. The pinned
sleeve was lower in the initial 8 mm Y-orientation screening, with an SEI of approximately 1.82 x 107,
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Figure 3.1 — Joint test specimens and representative force-displacement curves for the 8 mm
screening study (Top: y-orientation, Bottom: x-orientation).
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Figure 3.2 — Joint test specimens and representative force-displacement curves for the 18.55 mm
screening study (Top: y-orientation, Bottom: x-orientation).

The larger 18.55 mm joint-length retest changed the joint ranking substantially. The pinned sleeve
became the strongest overall modular joint candidate, demonstrating that sleeve-supported load
transfer benefited from increased engagement length. In the Y-orientation test, the pinned sleeve
produced an SEI of approximately 13.0 x 107, closely approaching the homogeneous beam value of
approximately 13.5 x 107*. The force-displacement response of the pinned sleeve was nearly coincident
with the homogeneous beam curve, indicating that the joint preserved much of the continuous-member
stiffness and strength response.

In the X-orientation 18.55 mm test, the homogeneous beam again provided the highest reference
value, with an SEI of approximately 4.0 x 107*. The pinned sleeve was the best modular joint, with an
SEI of approximately 2.5 x 1074, followed by the sleeve at 1.99 x 10™, the X joint at 1.65 x 107, and
the rotated double lap with two tabs at 0.23 x 107™. These results showed that the pinned sleeve was
the most balanced joint across both orientations and the only modular design that approached
homogeneous-beam behavior in the larger-scale test.

Table 3.1 — Joint SEI summary in the x-orientation.
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Joint Desion Joint Length Max. Force Displacement at Stiffness SEI
= [mm] [KN] Max. Force [mm] [KN/mm] [KN”2/mm]

Homogeneous n/a 0.1463 51.3 2.74E-03 4.01E-04
Double lap 8 0.048 56.6 S6SE-04  4.15E-05
Rotated double ¢ 0.0534 24.9 218E-03  1.16E-04
lap - 2 tab

X 8 0.0568 27.8 212B-03  120E-04
{:}Tm"d double ¢ 0.0271 15.1 1.84E-03  4.98E-05
Sleeve 8 0.0372 28.8 11003 4.09E-05
Pinned sleeve 8 0.0702 39.7 163E-03  1.14E-04
Dovetail 8 0.0407 25.1 165603 6.73E-05
Rotated double ¢ 5 0.0365 49.7 624E-04  2.28E-05
lap - 2 tab

X 18.55 0.0811 37.2 203E-03  165E-04
Sleeve 18.55 0.0942 445 212E-03  199E-04
Pinned sleeve __18.55 0.1181 53.1 2.12E-03 __ 2.50E-04

Table 3.2 — Joint SEI summary in the y-orientation.

Joint Design Joint Length Max. Force Displacement at Stiffness SEI
[mm] [KN] Max. Force [mm] [KN/mm] [KN"2/mm]
Homogeneous n/a 0.224 36.3 6.01E-03 1.35E-03
Double lap 8 0.0846 2211 3.91E-03 3.31E-04
Rotated 8 0.0836 18.8 4.80E-03  4.02E-04
double lap - 2
X 8 0.0838 22.6 3.76E-03 3.15E-04
Rotated 8 0.0534 15.0 3.74E-03  2.00E-04
double lap
Sleeve 8 0.0564 41.3 1.23E-03 6.95E-05
Pinned sleeve 8 0.1091 62.2 1.67E-03 1.82E-04
Dovetail 8 0.0502 22.0 2 46E-03 1.23E-04
Rotated 18.55 0.0713 313 2.07E-03  1.48E-04
double lap - 2
X 18.55 0.1617 355 4.39E-03 7.10E-04
Sleeve 18.55 0.1684 411 4 13E-03 6.96E-04
Pinned sleeve 18.55 0.2464 45.5 5.28E-03 1.30E-03

Based on combined stiffness, maximum force, SEIl, and failure behavior, the pinned sleeve was
selected for the final boom design. The result shows that modular FFF joints require sufficient
engagement length and distributed bearing area to avoid becoming the dominant structural weakness.

3.2 Topology-Optimized Boom lterations

The first five boom designs used the topology optimization workflow to evaluate whether printed
PLA could replace the X200 carbon fiber VTOL boom under representative thrust-derived loading. The
baseline carbon fiber boom mass was 166 g, including installation bolts. Designs 1-5 progressively
varied mass allowance, joint concept, and cross-sectional geometry to identify the features controlling
structural performance.

Design 1 was a conservative dovetail-based feasibility concept with a mass of 515 g and was used
primarily to evaluate assembly and fit. Design 2 reduced mass to 327 g but failed under the 57.8 N
static load condition due to excessive bending and failure at the dovetail joint. Design 3 replaced the

10
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dovetail with a pinned double-lap joint and weighed 358 g. It passed the 57.8 N static load,
corresponding to FoS = 2.31, but failed at approximately 89.0 N through pin shear.

.v:_‘;!

Figure 3.3: Topology-optimized boom design progression for Designs 1—4 (top to bottom).

Design 4 increased the boom cross-sectional height to improve bending resistance through a higher
second moment of area (see Fig. 4.2). This design weighed 281 g and successfully supported the 115.7
N static load condition, corresponding to approximately FoS = 4.62. This was the strongest topology-
optimized static validation result and demonstrated that a printed PLA boom could achieve a practical
structural margin when topology optimization was combined with adequate cross-sectional bending
efficiency.

Design 5 retained the increased-height strategy but aggressively reduced mass to 193 g,
substantially closer to the 166 g carbon fiber baseline. However, Design 5 failed through lateral rolling
during validation. This failure mode was not captured by the initial FEA model, which focused primarily
on the maximum-thrust bending case. The result showed that aggressively mass-reduced topology-
optimized structures can become sensitive to boundary-condition mismatch and unmodeled off-axis
loading [26].

Loaded boom

1 with115.7N
. i ,',“;*— "
X200 wing (CF & ===

spar-reinforced) 3’

% ] Suspended | !
i

V=

Figure 3.4 — Static structural evaluation with Design 4 passing 115.7 N loading (FoS = 4.62).

Table 3.3 — Optimized boom iteration results.
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Boom Optimization ] ] . . ]
Design Method Joint Design Weight [g] Pass/Fail FoS
1 Top_o](?gy : Dovetail 515 Fail n/a
Optimization
2 Top_o]o_gy ) Dovetail 327 Fail n/a
Optimization
3 Top_o]o_gy _ Pinned double 158 Pass ’ 31
Optimization lap
4 Topology Pinned double 281 Pass 4.62
Optimization lap
5 Top_ol(_)gy _ Pinned double 193 Fail e
Optimization lap
6 Variable- Pinned sl 218 P n/a**
Thickness Lattice oo ass 2

* Weight of the carbon fiber boom was 166g.
** Different test for design 6 did not allow for comparable FoS evaluation.

Overall, the topology-optimized boom sequence demonstrated that TO can produce a structurally
viable printed boom, but only when joint architecture and cross-sectional bending efficiency are
sufficient. The failure of Design 5 motivated the transition to a variable-thickness lattice architecture for
the final design.

3.3 Final VTL Boom Validation

The final boom design, Design 6, used a variable-thickness Kelvin lattice rather than a sparse
topology-optimized internal structure. This design retained the elevated cross-sectional strategy that
improved Design 4, incorporated the pinned sleeve joint selected from the larger-scale joint study, and
used a stress-field-driven lattice thickness distribution to improve load-path redundancy. The lattice had
a 30 mm x 30 mm x 30 mm unit cell, 0.8 mm minimum member thickness, 5 mm maximum member
thickness, and a 1 mm exterior shell.

Design 6 had a final mass of 217 g. This was lighter than the successful static TO Design 4 but
heavier than the aggressively reduced TO Design 5 and the 166 g carbon fiber baseline. Relative to the
carbon fiber boom, Design 6 had a mass increase of 51.6 g, or approximately 31%. Therefore, the final
design was not mass-equivalent to carbon fiber, but it represented the most robust printed boom
architecture evaluated in this study.

12
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Figure 3.5 — Cross section of the final Design 6 variable-thickness lattice boom with the pinned sleeve
joint and Kelvin lattice structure.

Design 6 was validated using powered thrust testing rather than dead-weight static loading. The
boom was installed on the X200 test fixture and tested at 5400 RPM, corresponding to the thrust
condition required for X200 VTOL takeoff. The test was then increased to 6000 RPM, the maximum
motor speed evaluated during validation. The VTL boom successfully passed both powered thrust
conditions without observed structural failure.
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Figure 3.6 — Thrust and torque data for ramped RPM for the VTL boom Design 6 (as a function of time
[s]).

The final VTL result demonstrates that modular FFF boom replacement is feasible for the evaluated
X200 powered VTOL condition when the design combines three features: a robust pinned sleeve joint,
bending-efficient cross-sectional geometry, and distributed lattice reinforcement. However, the
remaining mass gap and the difference between static and powered validation methods indicate that
additional optimization and testing are required before the printed boom can be considered a viable
carbon fiber replacement.

4. Discussion

4 .1 Joint Architecture Enables Modular FFF Structures

The results show that joint architecture is a controlling design variable for modular FFF UAV
structures. Because the optimized boom geometries exceeded the available printer build volume,
segmentation was necessary. However, segmentation introduces interfaces where local rotation,
bearing damage, stress concentration, and slip can dominate the structural response. Therefore, the
printed boom cannot be evaluated only as an optimized body; the assembled structure is only viable if
the joints preserve load transfer across the segmented member.

The joint screening study demonstrated this clearly. Several compact 8 mm joints performed well in
selected orientations, but the larger 18.55 mm tests showed that engagement length strongly affected
joint behavior. The pinned sleeve became the best overall modular joint because it combined distributed
sleeve contact with positive mechanical locking. In the Y-orientation larger-scale test, its force-
displacement response was nearly coincident with the homogeneous beam, and its SEI approached
the homogeneous reference value. This suggests that the pinned sleeve distributed load sufficiently
well that the specimen behaved more like a continuous member than a segmented assembly.

13
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Figure 4.1 — Pinned sleeve failure mode relative to the homogeneous beam in X and Y orientations.

The boom-level results support this interpretation. The dovetail joint was useful for alignment and
assembly, but it failed under boom-level bending in Design 2. The pinned double-lap joint improved
performance in Designs 3 and 4, but pin shear and off-axis sensitivity remained concerns. The pinned
sleeve was therefore selected for the final VTL boom because it provided the best balance of stiffness,
strength, manufacturability, and homogeneous-beam-like response. These results indicate that modular
FFF structures require joints to be designed as structural load-transfer features.

4.2 Geometry and Load-Case Sensitivity Govern Printed Boom Performance

The topology-optimized boom iterations demonstrated that printed PLA can provide a practical
structural margin when the geometry is designed around the governing mechanics. Design 4 passed
the 115.7 N static load condition, corresponding to approximately FoS = 4.62, despite the lower stiffness
and strength of PLA relative to carbon fiber. This result is significant because the goal was not to match
the excessive reserve capacity of the carbon fiber baseline, but to determine whether a printed boom
could provide a mission-sufficient structural margin.

The success of Design 4 was strongly related to the cross-sectional bending efficiency. The X200
boom is primarily bending loaded under VTOL thrust, so increasing the second moment of area was
critical. This behavior is consistent with the bending stress relationship,

Mc
o= (5)
where increasing | reduces bending stress for a given moment. Since PLA cannot match carbon fiber
by material properties alone, the printed design must use geometry to recover performance. Design 4
showed that a higher section geometry provides practical strength to aid in the mechanical property
difference.

A

2.25in

0.91in

v
G—p —

0.91in 0.91in

Figure 4.2 — Cross-sectional comparison quantifying the increased height and the improved flexural
rigidity from Design 1-3 to Designs 4-6.
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However, Design 5 showed the limit of aggressive single-load-case topology optimization. Although
its mass was reduced to 193 g, much closer to the 166 g carbon fiber baseline, it failed by lateral rolling.
This failure mode was not predicted by the initial FEA model, which focused primarily on maximum
vertical thrust bending. The result indicates that sparse topology-optimized structures can become
overly tuned to the prescribed boundary conditions and may lose robustness to secondary modes such
as torsion, lateral bending, asymmetric thrust, joint rotation, and fixture-induced loads.

Thus, topology optimization is feasible for printed UAV boom design, but only when the load
envelope is complete enough for the desired mass target. At moderate mass reduction, the method
identified useful load paths and produced a boom that passed the target static load. At more aggressive
mass reduction similar to that of the carbon fiber boom, the omitted off-axis load modes became
structurally critical. Future TO-based designs should therefore use multi-load-case optimization rather
than a single maximum-thrust bending case.

4.3 VTL Robustness and Carbon Fiber Mass Gap

The final VTL boom addressed the main limitation observed in the topology-optimized design:
insufficient load-path redundancy. Instead of reducing the boom to a sparse set of optimized members,
the variable-thickness Kelvin lattice preserved repeated internal load paths while still using the FEA-
derived stress field to vary material placement. Higher-stress regions received thicker members, while
lower-stress regions retained thinner members. This strategy allowed the design to combine bending-
efficient external geometry with distributed internal reinforcement. The bending advantage is supported
by the parallel axis theorem, I = I. + Ad?, which shows that a material area A contributes to the second
moment of area in proportion to the square of its distance dfrom the neutral axis. Thus, material placed
near the outer envelope is far more effective in increasing flexural rigidity (E/) than material located near
the neutral axis.

This architecture is also consistent with lightweight structural strategies observed in avian
morphology. Bird bones do not generally achieve low mass by reducing structure to a few isolated
members; rather, they place much of the load-bearing material near the outer wall while using internal
randomized lattice reinforcement to stabilize the section and redistribute load. The VTL boom follows a
similar mechanical principle by using an efficient outer section for bending stiffness and an internal
lattice for load redistribution and buckling resistance. This differs from sparse topology optimization,
which can remove stabilizing material that is not highly stressed in the prescribed load case but may
still be important for off-axis stiffness, local stability, and damage tolerance. This redundancy is
particularly useful for FFF structures, where local print defects, layer bonding variability, and anisotropic
properties can make any single printed load path even less reliable.

. > -y

4]

Figure 4.3 — Comparison of VTL boom architecture and avian bone morphology [25,26].
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Design 6 validated this approach under powered thrust testing. The final VTL boom weighed 218 g
and passed both 5400 RPM, corresponding to the X200 VTOL takeoff condition, and 6000 RPM, the
maximum tested motor speed. This result suggests that a modular FFF boom can function under
representative powered loading when joint architecture, cross-sectional geometry, and internal lattice
redundancy are treated as coupled design variables.

However, the final VTL boom remained heavier than the 166 g carbon fiber baseline by 51.6 g, or
approximately 31%. Therefore, the current design should be interpreted as a feasibility demonstration
rather than a mass-equivalent carbon fiber replacement. This mass gap is expected because PLA has
lower stiffness and strength than carbon fiber, requiring additional geometric efficiency, local
reinforcement, or internal structure to reach the required load margin.

The implication is that carbon fiber replacement should be framed as mission-sufficient structural
replacement rather than direct material substitution. If the original carbon fiber member is substantially
overdesigned for the evaluated operating condition, then a printed polymer replacement may be
acceptable without matching carbon fiber’s full reserve capacity. For research, prototyping, and field-
repair applications, the value of modular FFF also includes rapid fabrication, reduced tooling, simplified
replacement, and design iteration speed in addition to structural performance.

4 4 Limitations

This study has several limitations. First, the finite element model focused primarily on the maximum
VTOL thrust bending case and did not fully include torsion, asymmetric thrust, lateral acceleration,
vibration, landing, recovery, or handling loads. The Design 5 lateral rolling failure shows that these
secondary load modes can become important as mass is reduced. Second, the PLA material model
was homogenized and orthotropic, but it did not explicitly capture bead-scale defects, interlayer weld
quality, voids, residual stress, or progressive damage. Third, only PLA was evaluated, so the results
should not be interpreted as final flight-ready material selection.

PLA was selected as the baseline material because it prints reliably, provides good dimensional
consistency, and allowed the study to isolate the effects of geometry, joint architecture, and lattice
redundancy without introducing additional material-processing variables. The results should therefore
be interpreted as a conservative feasibility demonstration rather than a final material selection. Higher-
performance materials such as PETG, ASA, nylon-based polymers, or CF-reinforced PLA may reduce
the remaining 31% mass gap by improving stiffness, toughness, thermal resistance, or specific strength.
However, each material also introduces new tradeoffs in printability, anisotropy, interlayer bonding,
support removal, environmental durability, and cost. Future work will evaluate these material upgrades
after joint robustness, section efficiency, and lattice redundancy are fully established.

A further limitation is that Design 6 was validated using powered thrust testing rather than the same
static dead-weight protocol used for Designs 1-5. The powered test was more representative of
propulsion-driven loading, but it limits direct load-to-load comparison with the earlier static tests. Future
work should apply both static and powered validation to the same final geometry. In addition, fatigue,
vibration, environmental exposure, repeated assembly/disassembly, joint wear, and post-test
microscopy or microCT were outside the scope of the current work.

These limitations do not negate the feasibility demonstrated by Design 6, but they define the next
steps required to mature the method. The present work shows that modular FFF boom replacement
can carry representative X200 VTOL loading when designed around joint robustness, bending
efficiency, and lattice redundancy. Full qualification will require expanded loading, improved materials,
mass optimization, and durability testing.

5. Conclusions and Future Work

This study evaluated a modular fused filament fabrication workflow for replacing the carbon fiber
VTOL boom structure of an X200 Group 2 eVTOL hybrid UAV. The work was motivated by a preliminary
structural case study showing that the existing carbon fiber boom had an excessive factor of safety.
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Therefore, the printed boom was not intended to reproduce the full reserve capacity of the carbon fiber
member, but to determine whether a mission-sufficient printed polymer structure could achieve a more
practical design margin while improving manufacturability, modularity, and repairability.

The following conclusions were drawn from this study:

1. The X200 carbon fiber boom was a strong candidate for mission-sufficient
replacement.
The estimated carbon fiber boom factor of safety indicated substantial overdesign for the
evaluated VTOL loading condition. This created an opportunity to investigate printed polymer
replacement at a more practical target margin of approximately FoS = 3—7.

2. Joint architecture controlled the feasibility of modular FFF boom structures.
The joint study showed that segmentation cannot be treated as only a manufacturing constraint.
The pinned sleeve joint provided the best large-scale modular response and approached
homogeneous-beam behavior in the 18.55 mm Y-orientation test, making it the most suitable
joint for the final boom design.

3. Topology optimization produced a viable printed boom, but only when paired with
sufficient bending efficiency.
Design 4, a topology-optimized PLA boom with increased section height, successfully supported
the 115.7 N static load condition, corresponding to approximately FoS = 4.62. This demonstrated
that printed PLA can meet a practical structural margin when geometry is used to compensate
for lower material stiffness and strength.

4. Aggressive topology optimization introduced boundary-condition sensitivity.
Design 5 reduced the boom mass to 193 g, closer to the 166 g carbon fiber baseline, but failed
through lateral rolling. This failure mode was not captured by the initial maximum-thrust bending
model, showing that mass-reduced TO designs require expanded multi-load-case analysis prior
to optimization and subsequent manufacturing.

5. Variable-thickness lattice design improved robustness through load-path
redundancy.
The final Design 6 boom used a Kelvin variable-thickness lattice, elevated cross-sectional
geometry, and a pinned sleeve joint. It successfully passed powered thrust testing at both 5400
RPM, corresponding to the X200 VTOL takeoff condition, and 6000 RPM, the maximum tested
motor speed.

6. The final printed boom was feasible but not yet mass-equivalent to carbon fiber.
Design 6 weighed 218 g, approximately 31% heavier than the 166 g carbon fiber baseline. The
result should therefore be interpreted as a feasibility demonstration rather than a fully optimized
carbon fiber-equivalent replacement.

Future work will focus on closing the carbon fiber mass gap while expanding the validation envelope.
The next boom iterations should reduce mass through cross-sectional geometry optimization, lattice-
parameter refinement, and minimum-mass pinned sleeve design. Candidate boom sections should
include filleted rectangular, elliptical, and airfoil-like geometries that preserve second moment of area
while reducing unnecessary volume. The variable-thickness lattice should also be optimized for unit cell
size, shell thickness, minimum member thickness, maximum member thickness, and local
reinforcement near joints and mounting regions.

Future finite element work should expand beyond the single maximum-thrust bending case. The
Design 5 lateral rolling failure showed that secondary load modes become important as mass is
reduced. Future models should include torsion from motor torque, lateral bending, asymmetric thrust,
vibration, handling loads, recovery loads, and combined load cases. These load cases should be
incorporated directly into multi-load-case optimization so that material is not removed from regions
needed for off-axis stability.

Future experimental work should apply both static and powered validation to the same final
geometry. Design 6 passed powered thrust testing, while Designs 1-5 were evaluated primarily by static
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loading. Testing both methods on the same design would allow direct comparison between dead-weight
structural capacity and propulsion-driven load transfer. Additional validation should include fatigue
testing, vibration/modal testing, environmental exposure, repeated assembly/disassembly, joint
durability, and post-test microscopy or microCT to identify failure initiation mechanisms.

Spar redesign will be addressed as a separate future study. The spar replacement problem will
require a dedicated cross-sectional flexural rigidity study to evaluate FFF-compatible spar geometries.
Candidate spar sections should be assessed using E/, where E is the effective orthotropic modulus of
the printed material and / is the second moment of area. Because printed polymers have lower modulus
than carbon fiber composites, geometry must be used to recover bending stiffness. However, thin-wall
high-1 sections may become susceptible to local buckling before reaching global yielding or bending
failure. Future spar work must therefore balance flexural rigidity, local buckling resistance, torsional
stiffness, printability, mass efficiency, and modular joint integration.

Overall, this work demonstrates that modular FFF structures can serve as mission-sufficient
replacements for selected overdesigned carbon fiber UAV components. The final VTL boom did not yet
match the carbon fiber mass, but it successfully carried the representative X200 powered VTOL thrust
condition. With further mass optimization, expanded load-case modeling, improved material selection,
and durability validation, modular printed structures may provide a practical pathway for rapid Group 1—
2 UAV structural development.
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