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Abstract: In many aerospace and defense programs, cost
estimating remains disconnected from the iterative design process,
resulting in technically optimal solutions that later prove
unaffordable or contributive to overrun. This paper presents a
practical approach to embedding cost analysis as a formal discipline
within a Multidisciplinary Design Analysis & Optimization (MDAO)
environment using integration platforms. The proposed framework
connects traditional engineering analyses — such as aerodynamics,
structures, and mass properties (via CAD and code-based
performance analyses) — to parametric cost models. Two
optimization cases surrounding the design of a Formula One rear-
wing will be explored: one driven by aerodynamic performance and
another incorporating cost as a coupled objective. Anticipated results
aim to illustrate how visibility of affordability metrics can influence
design decisions, offering a practical foundation for integrating
MDAO into future cost estimation workflows for high-performance
systems.

I.  INTRODUCTION

A. Cost in Early Design

Engineering organizations conducting Analyses of
Alternatives (AoAs), Requests for Proposals (RFPs), and early
white paper efforts frequently operate within discipline-
segregated workflows. Aerodynamic, structural, propulsion,
manufacturing, and additional analyses are often performed
independently until a design reaches sufficient maturity to
transition to subsequent program phases. Figure [ illustrates a
condensed representation of NASA’s Flight and Ground
Systems life-cycle process.
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Figure 1: Mini NASA Project Life Cycle Process Flow for
Flight & Ground Systems. Credit: NASA

Traditional aerospace development progresses through
conceptual, preliminary, and detailed design phases.

Conceptual design efforts may span several months to
approximately one year, while preliminary design can extend
from one to two years depending on system complexity [1].
During early development, performance objectives often
dominate engineering focus, resulting in certain disciplines
being treated as validation functions rather than primary design
drivers. Cost engineering/analysis is frequently among these.

Despite this separation, cost plays a decisive role during
carly design. NASA systems engineering guidance
demonstrates that while only a small fraction of total life-cycle
expenditures occur during conceptual design, approximately
70-80 percent of total life-cycle cost is committed during
conceptual and preliminary phases [2]. Figure 2 further
illustrates that the cost of modifying system architecture
increases significantly as development progresses. These
characteristics underscore the importance of integrating
affordability considerations during early architecture definition
rather than deferring cost evaluation to later validation
activities.
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Figure 2: Life Cycle Cost Against Time. Credit: NASA,
INCOSE

B. MDAO to Fill the Gap

Multidisciplinary Design Analysis and Optimization
(MDAO) enables concurrent evaluation of strongly coupled
system behaviors through integrated computational workflows.
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Rather than performing discipline analyses sequentially, shared
design variables are distributed across aerodynamic, structural,
propulsion, and performance modules within an automated
optimization loop.

As illustrated in Figure 3, geometry parameters
propagate through structural analysis to determine mass
properties and load responses, which in turn influence
propulsion sizing, performance metrics, and mission behavior.
These outputs feed back into design constraints, creating a
closed-loop optimization process. Iterative solver evaluations
generate successive candidate designs until convergence is
achieved across defined objectives and constraints.
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Figure 3: Example MDAO Workflow. Credit: m4
Engineering

Because geometry, material selection, and subsystem sizing
directly influence manufacturing complexity and inspection
requirements, cost behavior is inherently coupled to engineering
design variables. Integrating parametric cost modeling within
the MDAO loop allows affordability to influence design
evolution concurrently with performance optimization rather
than serving as a downstream validation step.

C. Objective and Application Context

This research develops and evaluates a low-fidelity yet
physically interpretable MDAO framework capable of
modeling coupled aecrodynamic performance, structural mass,
material composition, and parametric production cost
relationships. The framework integrates simplified
aerodynamic modeling, composite structural mass inputs, and
material and weight-driven cost estimation within a unified
design trade environment. The methodology is demonstrated
using a Formula One rear-wing assembly as a representative
high-performance composite acrodynamic structure. Rear
wings exhibit strong coupling between aerodynamic
efficiency, structural stiffness, and manufacturing precision.
Multi-element racing wings rely on complex aerodynamic
flow interactions and structural stability to maintain
aerodynamic shape under load, making them suitable for
lifting surface aecrodynamics studies [3][4].
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II. TECHNICAL BACKGROUND

A. Motorsport Multi-Element Wing Aerodynamics

Rear wings used in high-performance motorsport
applications operate under aerodynamic conditions that differ
from conventional aircraft lifting surfaces. These wings
typically possess relatively low aspect ratios and incorporate
multi-element airfoil configurations designed to increase lift
generation. Endplate geometries improve aerodynamic
performance by reducing wingtip vortex losses and increasing
effective lift slope.

Multi-element aerodynamic configurations can achieve
substantially higher lift coefficients than single-element
airfoils through boundary layer re-energization and
aerodynamic slot interaction effects [3]. Additional
experimental research evaluating aerodynamic interaction
between vehicle body flow fields and rear wings confirms that
lift generation is highly sensitive to geometric packaging and
aerodynamic coupling between vehicle body structures and
lifting surfaces [4].

Motorsport wings operate in highly three-dimensional and
turbulent flow environments and often experience earlier stall
onset relative to conventional aircraft wings. However, multi-
element flow interaction typically produces soft stall
characteristics, allowing stable lift generation across a broad
operating envelope.

B. Composite Aerostructure Manufacuring Cost Drivers

Carbon fiber reinforced polymer (CFRP) materials
dominate modern high-performance aerodynamic structures
due to superior stiffness-to-weight ratios, fatigue resistance,
and design flexibility. Motorsport and aerospace
manufacturing literature document that composite
aerodynamic components typically rely on multi-layer
laminate layup, adhesive bonding, autoclave curing, and
precision machining operations [5].

Composite manufacturing cost is influenced by both raw
material procurement and fabrication complexity. Layup
labor, tooling precision, cure cycle duration, trimming and
drilling operations, assembly bonding, and inspection
processes collectively contribute significant production cost.
Scrap and rework risk further increase fabrication cost when
tight aerodynamic tolerances must be maintained. These cost
drivers are particularly pronounced in thin laminate composite
structures where dimensional tolerance sensitivity increases.

C. Parametric Cost Estimation in Early Design

Parametric cost estimation during conceptual design often
relies on mass-based scaling relationships due to strong
historical correlation between structural weight and production
cost. However, advanced composite aerodynamic structures
introduce nonlinear cost behavior. Manufacturing precision,
tooling requirements, laminate complexity, and inspection
burden contribute substantially to fabrication cost and are not
fully captured by mass-based models alone [6]. Accurate
early-phase estimation therefore requires incorporation of
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manufacturing complexity multipliers, cost estimating Structural mass properties are taken directly from detailed
relationships (CERs), or similar adjustments in addition to mass statement summaries and material mix data contained
traditional weight scaling. within supporting spreadsheets. These records document

weight contributions associated with composite skins, internal

L. MDAO FRAMEWORK & METHODOLOGY core structures, reinforcement members, and hardware

This study evaluates two Formula One rear-wing design interfaces. The spreadsheet captures assumed material
cases. The first case represents a historically plausible densities, laminate configurations, and manufacturing
configuration derived from the 1990 Ferrari 641 rear-wing allowances used to define representative structural weight
architecture. The second case modifies geometric inputs to characteristics. The resulting mass outputs function as key
investigate aerodynamic performance and cost sensitivity inputs to both aerodynamic performance evaluation and the
tradeoffs. downstream parametric cost model.

The parametric cost model estimates manufacturing cost
using weight scaling relationships, material selection factors,
and manufacturing complexity multipliers. Complexity factors
account for composite layup requirements, tooling precision,
inspection burden, and structural tolerance sensitivity.
Incorporating these drivers enables the model to capture
nonlinear cost behavior associated with advanced composite
aerodynamic structures.

This integrated architecture supports multidisciplinary
trade studies that would be difficult and more time-consuming
Figure 4: Ferrari 641 1990. Credit: Ferrari to evaluate using sequential analysis workflows.

A. Framework Architecture

The MDAO framework integrates four primary modeling
components:

Design Inputs

* Parametric geometry inputs derived from CAD outer

mold line definitions Information

Spreadsheet
* A simplified aerodynamic model predicting lift
coefficient, downforce, and aeroelastic washout

* Structural mass inputs including composite laminate,
core, and hardware contributions

Parallel Analyses

* Parametric cost modeling based on weight, material

composition, and manufacturing complexity Aerosi‘:?;mics Cost Model
This architecture enables geometry changes to propagate

simultaneously through performance, structural, and cost
domains. The integration structure is illustrated in Figure 5.
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y

Geometry definitions serve as foundational inputs to the
framework. CAD-derived parameters such as span, chord
length, thickness distribution, and mounting geometry define @
aerodynamic shape and structural layout. These geometric
variables are extracted and transferred into downstream
analysis modules through structured data interfaces, ensuring
consistent design variable representation across disciplines. While the baseline architecture demonstrates the core
integration concept, MDAO environments can expand in
complexity depending on the number of participating
disciplines and fidelity of modeling tools. Additional
subsystems such as powertrain modeling, electronics
integration, structural durability, and operational performance
analysis can be incorporated as independent modules that
operate concurrently using shared design data. An example of
an expanded multidisciplinary integration architecture is shown
in Figure 6.

Figure 5: Core MDAO Process Diagram

The aerodynamic surrogate model evaluates aerodynamic
performance using computationally efficient, physics-
informed approximations. The model predicts lift coefficient
behavior, acrodynamic downforce, and aeroelastic washout
trends associated with structural flexibility and load-induced
deformation. Surrogate modeling enables rapid evaluation
while maintaining sufficient physical interpretability for
conceptual and preliminary design trade studies.
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Figure 6: Expanded MDAO Process Diagram

Figure 6 demonstrates how additional disciplinary
analyses can be incorporated into the parallel analysis
environment. As new modules are introduced, data exchange
between disciplines increases, and coupling effects become
more pronounced. For example, structural design decisions
influence weight distribution, which affects aerodynamic
loading and operational performance. Similarly, subsystem
integration decisions may introduce packaging constraints that
influence geometric feasibility and manufacturing complexity.
The ability of MDAO platforms to manage these
multidisciplinary interactions enables more comprehensive
evaluation of system-level tradeoffs.

The general methodology governing the MDAO
framework is illustrated in Figure 7, which depicts the data
exchange architecture and iterative optimization loop.

As shown in Figure 7, the MDAO software environment
functions as a centralized data bus that manages information
exchange between design inputs and disciplinary analysis
modules. The design team provides initial geometric
parameters, including wing planform characteristics, center-
of-gravity targets, and thickness distributions. These
parameters are distributed to structural and performance
analysis tools through the MDAO software interface.

Mass properties generated by structural analyses are
returned to the MDAO bus and subsequently passed to cost
modeling tools, which use weight and material composition to
estimate manufacturing cost. Operational or performance
analysis modules use the integrated system results to evaluate
mission effectiveness, performance margins, or race
performance metrics depending on the application.

Outputs from each analysis module are aggregated into a
set of system-level performance metrics. These metrics are
compared against stakeholder objectives and mission
requirements to determine whether the design satisfies
performance targets. If the results do not meet required
performance thresholds, the optimizer adjusts design variables
and initiates a new analysis iteration.

This iterative evaluation loop continues until the design

converges toward a solution that satisfies key performance and

cost objectives while remaining within imposed constraints.
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The iterative nature of MDAO enables designers to
systematically explore multidisciplinary trade spaces and
pinpoint balanced design solutions that might otherwise
remain elusive, while optimization tools further refine this
approach by seamlessly integrating iterative exploration with
targeted numerical analysis.

MDAO Framework - Wing Example

Mass

Design Team Properties

Wing Area

Wing, CG, Thickness
Weight

MDAO
Software (Bus)

General Design Results

Operations
Analysis

Cost Analysis

Return to Design if Necessary

Figure 7: General MDAO Framework — Wing Example

B. Computer Aided Design (CAD)

The CAD model accepts a set of primary geometric
dimension inputs including span, chord length, element
camber, endplate geometry, and flap positioning. Variations in
these parameters directly alter the outer mold line of the rear
wing assembly, which subsequently propagates through
downstream analytical tools within the MDAO environment.

The geometry utilized in this work originates from a
publicly shared digital model hosted by GrabCAD, which
provides a simplified yet dimensionally representative
reconstruction of the 1990 Ferrari 641 rear wing assembly.
While the model does not represent manufacturer-validated
engineering data, it provides a credible geometric baseline
sufficient for parametric sensitivity analysis and surrogate-
based aerodynamic modeling within a conceptual MDAO
framework [7].

Figure 8: 1990 Ferrari 641 CAD Model. Credit:
GrabCAD Community



C. Simplified Aerodynamics Methodology for the Ferrari
641-Class Rear Wing

a)  Purpose and Modeling Philosophy

The aerodynamic model developed in this study is a
conceptual-level (simplified) model intended to support
MDAO trade studies. The objective is not to replicate
high-fidelity Computational Fluid Dynamics (CFD)
results, but rather to generate physically interpretable
trends that enable coupled trade assessments between
geometry, mass, acrodynamic performance, and cost.

This simplified approach aligns with early-phase
design practice, where simplified physics-based models
are preferred to enable rapid exploration of design space
before committing to expensive high-fidelity analyses.
The model intentionally balances computational
simplicity with aerodynamic realism to ensure outputs
remain consistent with publicly available motorsports
literature.

b)  Geometric Representation

The rear wing is modeled as a rectangular finite wing
planform, defined by span (b), chord (c), and maximum
thickness (tmax). These parameters are selected to be
representative of Ferrari 641-era multi-element rear
wings. The planform area and aspect ratio are defined as:

S=b-c
b2
AR = —
S

The thickness-to-chord ratio (t/c) is included to mildly
penalize unrealistically thick wing sections, reflecting
empirical trends that thicker profiles exhibit reduced lift
slope efficiency.

¢)  Aerodynamic Lift Model

The baseline lift coefficient is computed using a finite-
wing lift slope approximation, derived from classical
lifting-line theory:

AR
“YUR 12

where (ap = 2m) per radian is the two-dimensional
airfoil lift slope. A high-lift effectiveness factor is
applied to represent multi-element flap behavior typical
of Formula One rear wings. A camber-induced zero-lift
offset is introduced so that downforce is generated even
at near-zero geometric angle of attack, consistent with
highly cambered racing wing profiles.

a

To prevent nonphysical lift growth at high angles, a
soft saturation function is applied to approximate stall
onset. This produces smooth limiting of the maximum
attainable lift coefficient rather than imposing abrupt
hard caps.

d)
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Importantly, the lift coefficient (Cp) reported is
defined strictly using the wing planform area as
reference. Published motorsports downforce
coefficients frequently use the entire car frontal or
planform area as reference; therefore, direct
numerical comparisons are avoided unless reference
area definitions are matched.

Operating Conditions

The wing is evaluated at a representative
motorsports velocity of 70 m/s (~157 mph), with
standard sea-level air density. Dynamic pressure is
computed conventionally as:

1
=—_pV?2
a=5p
Downforce is then calculated as:
L =qSC,

Outputs are produced over an angle-of-attack

sweep to generate performance curves and

representative scalar values for subsequent carpet
plotting in the MDAO environment.

e) Weight-Aerodynamics Coupling via Washout

A key enhancement in this model is the
introduction of weight-coupled aeroelastic feedback,
representing the physically observed phenomenon of
rear-wing torsional washout under aerodynamic
loading. In real Formula One wings, lighter structures
generally exhibit reduced torsional stiffness and
therefore twist more under load, reducing effective
angle of attack and downforce. Conversely, heavier
structures are typically stiffer and maintain higher
effective incidence.

To capture this effect without requiring explicit
structural stiffness modeling, a simplified feedback
relationship is introduced:

Ly
Wlbm

Aatyise = ko

where:
o  Aa;ys: 1s the induced washout (in degrees)
® Ly is the aerodynamic downforce in
pounds-force
o Wy, is rear wing mass in pounds-mass
e kg is a tunable coupling gain
This formulation produces an intuitive relationship:

Lower weight — higher load-to-weight ratio —
more washout — reduced effective angle of attack —
reduced lift.

Higher weight — lower washout — higher
retained angle of attack — increased lift.

The washout effect is applied iteratively through
a fixed-point solver to ensure consistent convergence
between lift generation and twist deformation. No



artificial caps or hard constraints are imposed;
instead, stable convergence is ensured through
relaxed iteration.

This approach yields a continuous, physically
interpretable coupling between structural mass and
aerodynamic output, enabling meaningful mass—
performance trade studies within the broader MDAO
and cost-estimating framework.

f)  Probabilistic Weight Representation

Rear wing mass is represented using a tri-point
estimate (least, likely, most) derived from historical
and conceptual-level estimates of 1990-era composite
racing wings. The likely value is defined objectively
as the midpoint of the endpoints, ensuring a
symmetric and internally consistent uncertainty
representation. The aerodynamic model runs
automatically at the likely value while additionally
reporting sensitivity at least and most values for
uncertainty propagation in later cost-risk analyses.

g)  Output Metrics
The simplified aerodynamics model produces:

e Lift coefficient vs. angle of attack

e  Downforce vs. angle of attack

e Induced washout vs. angle of attack

e Representative scalar values at a defined
operating condition

e  Sensitivity of downforce and washout to mass
variation

These outputs feed directly into the multidisciplinary
cost, weight, and performance trades conducted in the
subsequent MDAO case studies.

h)  Model Scope and Limitations

This model represents wing-only aerodynamics and
does not capture:
Ground effect interactions,
Upstream vehicle-body flow interaction,
Endplate vortex system complexity,
Detailed multi-element slot gap flow physics.

IV. CASE STUDY DEFINITION, MASS DERIVATION, & COST
MODELING ASSUMPTIONS

As mentioned previously, two rear-wing design cases were
developed to evaluate the coupled influence of geometry,
structural mass, material composition, and manufacturing cost
within the proposed MDAO framework. The cases represent
intentionally contrasting design priorities while maintaining
physically defensible assumptions derived from motorsport
engineering practice. Input parameters, material distributions,
and resulting cost ranges are summarized in Figure 9.
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Case Study 1: ine (Ferrari 641 Representative)
Least Likely Most
Weight (Lbs) 10.6 14.3 17.6
Span (m) Chord (m) Max Thickness (m)
Mainplane Dimensions 0.98 0.24 0.03
Least Likely Most
Percent A i /Malleable Metal 4 6 8
Percent Steel Alloy 1 2 3
Percent Commercial Available Exotic 2 3 5
Percent Other Exotic 0 0 1
Percent Composite (Carbon-Fiber) 74 81 85
Percent Polymer (Epoxy Resin + Adhesives) 6 8 10
Percent Ceramic 0 0 0

Estimated Cost Range ($BY2026) 90-100k

Case Study 2: "Optimized" for Aerodynamic Performance (Does not Follow F1 Rules)

Least Likely Most
Weight (Ibs) 5.5 7.5 9.5
Span (m) Chord (m) Max Thickness (m)
Mainplane Dimensions 1.6 0.15 0.015
Least Likely Most
Percent i / Metal 3 4 5
Percent Steel Alloy 0 1 1
Percent Commercial Available Exotic 2 3 4
Percent Other Exotic 0 0 1
Percent Composite (Carbon-Fiber) 80 84 87
Percent Polymer (Epoxy Resin + Adhesives) 8 8 9
Percent Ceramic 0 0 0
Estimated Cost Range ($BY2026) 72-155k

Figure 9: Formula One Rear-Wing MDAO Case Study
Comparison

The baseline configuration is derived from publicly
available geometric and construction characteristics of the
1990 Ferrari 641 Formula One rear wing, representing late-
1980s to early-1990s acrodynamic and structural design
practices. The aecrodynamics-focused configuration relaxes
geometric constraints to explore upper-bound aerodynamic
performance within the model. Together, these cases establish
a bounded design space for evaluating cost—performance trade
behavior.

The baseline configuration assumes representative
mainplane dimensions of 0.98 m span, 0.24 m chord, and
0.030 m maximum thickness. Structural mass was estimated
using tri-point uncertainty bounds derived from bottom-up
sandwich composite approximations, producing a weight
range of 10.6—17.6 Ibs with a most likely estimate of 14.3 1bs.
Material composition reflects conventional motorsport
composite construction dominated by carbon fiber reinforced
polymer laminates supplemented by aluminum inserts, steel
fasteners, and polymer bonding agents. CFRP was modeled as
the primary structural contributor based on motorsport
literature documenting its high stiffness-to-weight efficiency,
while polymer fractions capture epoxy matrix content
consistent with aerospace laminate fiber-to-resin ratios.

The aerodynamics-focused configuration increases
aerodynamic efficiency through planform modification by
expanding span to 1.6 m while reducing chord to 0.15 m and
thickness to 0.015 m, producing a significantly higher aspect
ratio. Structural optimization and reduced laminate thickness
yield a tri-point mass estimate of 5.5-9.5 lbs with a most
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likely estimate of 7.5 Ibs. Despite reduced mass, higher aspect ” Wing-only C, vs « | Weight(mid)=14.3 lbm
ratio aerodynamic surfaces introduce increased aeroelastic '
sensitivity and manufacturing precision requirements. 12y 1
Elevated bending loads and stiffness constraints often require 11t
higher modulus composite materials, tighter ply placement &
. . o g ot 1

control, and stricter geometric tolerances, which increase kS
inspection burden and tooling precision relative to the baseline g oof 1
configuration. E osl ]

Because detailed component-level mass data for Formula *% A i
One aerodynamic assemblies is proprietary, structural weights =3 .l |
were derived using bottom-up sandwich approximations SH
dividing the assembly into composite skins, shear webs, 051 1
honeycomb core, endplates, and metallic attachment 04l )l
hardware. Composite laminate density was assumed to be
1550 kg/m? based on aerospace composite property 03 o 5 10 15 20
references. Tri-point laminate area and thickness estimates o (deg)
were combined with bounding allowances for core, endplate, .
and hardware mass to produce the structural estimates, Figure 10: Case Study I - Cpvs. o
consistent with parametric cost engineering best practices Structural response behavior is shown in Figure 11. The
when empirical component data is unavailable. baseline configuration exhibits limited twist across the

evaluated operating envelope, indicating that structural
stiffness effectively maintains aerodynamic loading alignment
with commanded angle of attack.

Production cost was modeled including materials,
composite layup labor, tooling, machining, bonding, and
quality assurance inspection, excluding aerodynamic
development and race operations. Costs were normalized to

2026 base-year dollars. Industry discussions indicate that Weight-coupled washout | k_6=0.120 deg/(lbfilbm)

modern Formula One rear-wing assemblies, including Drag 18
Reduction System (DRS) hardware, typically fall within
approximately the $80,000-$150,000 range depending on 1er |
design complexity and manufacturing practices [8][9][10]. .
Fixed-wing historical equivalency was approximated by 3 4 ]
allocating and removing DRS subsystem cost content, § 12l |
producing an estimated baseline manufacturing cost range of 5
approximately $90,000-$100,000, which serves as the < Al |
calibration anchor for cost scaling. E
The aerodynamics-focused configuration introduces < o8 |
competing cost drivers. Reduced structural mass lowers raw
material consumption, while increased geometric complexity, 06 |
laminate tolerance requirements, and structural stiffness o ‘ ‘ . .
constraints increase fabrication difficulty and inspection "5 0 5 10 15 20
burden. Multiplicative scaling factors capturing these a (deg)
opposing effects produce an estimated cost range of Figure 11: Case Study 1 — Washout vs.
approximately $72,000-$155,000, reflecting elevated
uncertainty associated with highly optimized aerodynamic The combined aerodynamic and structural behavior results
geometries. in the downforce performance shown in Figure 12. The
baseline configuration maintains strong downforce capability
V. RESULTS & DISCUSSION at higher angles of attack due to its ability to resist aeroelastic

A. Case I: Baseline Configuration deformation under load.

As shown in Figure 10, the baseline configuration
demonstrates a linear lift curve slope at low angles of attack
and achieves peak lift coefficient near stall conditions. The
relatively smooth lift progression indicates stable aerodynamic
behavior and strong load-carrying capability.
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Figure 12: Case Study 1 — Downforce vs. a

The modeled production cost output for a single rear-wing
assembly with these characteristics is $94,324.51.

B. Case 2:Aerodynamically Optimized Lightweight
Configuration

Rigid aerodynamic performance trends shown in Figure
13 indicate that the lightweight configuration maintains
aerodynamic capability comparable to the baseline
configuration. Lift coefficient progression and peak lift
characteristics remain similar between configurations,
demonstrating that the acrodynamic model preserves airfoil
performance consistency.

Wing-only C, vs o | Weight(mid)=7.5 Ibm
14 T T T T

downforce)

08 r b

06 b

CL (positive

04 r b

0.2

-5 0 5 10 15 20
« (deg)
Figure 13: Case Study 2 — CL vs. a

However, structural response differences become evident
in Figure 14. The lightweight configuration exhibits
significantly greater washout across the operating envelope,
indicating increased structural flexibility. Increased twist
reduces effective operating angle of attack according to:

aeffective = Ocommanded — Aatwist
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As aerodynamic loading increases, the lightweight
configuration experiences progressively greater twist, which
reduces effective lift coefficient and accelerates aerodynamic
performance degradation.

15 Weight-coupled washout | k_#=0.120 deg/(Ibf/lbm)

25 J

15+ 1

Ao (deg) (washout)
N

05

-5 6 5; 1‘0 1‘5 20
« (deg)
Figure 14: Case Study 2 — Washout vs. a

These structural effects directly influence realized
aerodynamic force generation, as illustrated in Figure 15.
Despite representing an aerodynamically optimized geometry,
the lightweight configuration produces slightly lower peak
downforce compared with the baseline configuration. This
result demonstrates that aerodynamic optimization alone does
not guarantee improved realized performance when structural
stiffness and aeroelastic response are considered.

200 Downforce vs « | V = 70 m/s | Weight(mid)=7.5 lbm

180

Downforce (1bf)
B

5 0 5 10 15 20
o (deg)
Figure 15: Case Study 2 — Downforce vs. a

The modeled production cost output for a single rear-wing
assembly with these characteristics is $122,075.90.

C. Production Cost Optimization

Production cost behavior was evaluated as a function of
structural weight and composite material utilization. The
resulting trade space is illustrated in Figure 16.
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Figure 16: Production Cost vs. Percent Composite vs.
Weight

Figure 16 shows that production cost increases with
structural weight, demonstrated by the positive gradient along
the weight axis. This behavior reflects higher material
consumption, fabrication labor, and handling complexity
associated with heavier acrodynamic assemblies. Composite
utilization introduces nonlinear cost behavior, as increasing
composite content raises manufacturing precision
requirements, cure complexity, and inspection burden due to
laminate and process interactions.

The cost surface also indicates coupling between structural
weight and composite utilization, with cost sensitivity to
composite percentage varying across weight regimes. This
relationship demonstrates that material processing cost
depends on the combined influence of geometry and structural
mass, reinforcing the need to treat cost drivers as coupled
variables within MDAO environments.

Figure 16 additionally illustrates the ability to impose
design constraints, allowing users to bound acceptable ranges
for weight, material composition, and production cost to filter
infeasible solutions and guide optimization toward designs
that satisfy performance and affordability requirements.

D. Integrated Cost-Performance Findings

The combined aerodynamic results insinuate that
production cost does not scale monotonically with
aerodynamic force capability across differing architectural
strategies.

The lightweight optimized configuration introduces
several cost-increasing drivers, including increased composite
fabrication precision, expanded tooling and manufacturing
complexity, increased aeroelastic modeling and validation
effort, and increased manufacturing quality control
requirements. However, these same architectural changes

Presented at the ICEAA 2026 Professional Development & Training Workshop - www.iceaaonline.com/nfk2026

Jingco 9

reduce torsional stiffness, increase aeroelastic washout, and
limit peak aerodynamic loading capability.

These results demonstrate that aerodynamic performance
and production cost are governed by distinct multidisciplinary
drivers. Aerodynamic load capability is strongly influenced by
structural stiffness and aeroelastic stability, while production
cost is strongly influenced by manufacturing complexity and
material processing requirements.

E. Modern Motorsport Design Context

While the conceptual case studies intentionally explored
distinct architectural strategies, modern Formula One
aerodynamic development occurs within a significantly
narrower regulatory design envelope. Governing rules impose
strict constraints on rear-wing geometry, element count,
materials, and dimensional limits, resulting in rear-wing
architectures that appear visually and structurally similar
across competing teams.

Within this constrained design space, teams no longer
differentiate primarily through large structural or geometric
departures. Instead, competitive advantage is achieved through
refinements in aerodynamic efficiency optimization and
aeroelastic stiffness management. Improvements in airfoil
shaping, multi-element interaction tuning, endplate flow
control, laminate orientation optimization, and structural load-
path refinement require extremely high manufacturing
precision and simulation fidelity.

Because teams operate within a common architectural
baseline, incremental increases in aerodynamic performance
typically require disproportionately greater development and
production cost investment. In this context, acrodynamic
performance improvements and cost growth tend to trend
together due to the requirement for increased precision,
validation effort, and advanced composite processing.

This behavior contrasts with the conceptual case studies
illustrated previously, where alternative architectural strategies
introduced competing acrodynamic and aeroelastic effects that
produced non-monotonic cost—performance relationships.

VI. CONCLUSIONS

This research demonstrates the development and
application of a multidisciplinary design analysis and
optimization (MDAO) framework integrating aerodynamic
performance modeling, structural mass estimation, material
composition assumptions, and parametric production cost
modeling within a unified conceptual design environment.
Embedding affordability metrics directly into engineering
trade studies enables simultaneous evaluation of technical
performance and manufacturing cost during early design
phases, where architecture decisions have the greatest
downstream cost influence.

The rear-wing case studies highlight complex interactions
between aerodynamic optimization, structural design, and
manufacturing cost drivers. The historically representative
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baseline configuration demonstrates that composite fabrication
processes, bonding requirements, and metallic interface
hardware contribute significant manufacturing cost even for
geometrically conservative aerodynamic designs. The
aerodynamics-focused configuration shows that performance-
driven geometric optimization can reduce structural mass
while increasing manufacturing sensitivity, inspection burden,
and structural stiffness requirements. These competing
influences demonstrate that reductions in structural weight do
not necessarily produce proportional reductions in
manufacturing cost, particularly for precision composite
aerodynamic structures.

A key insight challenges the common assumption that
increased aerodynamic downforce capability inherently
increases production cost. While conventional intuition links
higher performance to greater structural reinforcement and
material volume, integrated MDAO results show that cost
behavior emerges from coupled interactions between
geometry, structural response, material selection, and
manufacturing process capability. Performance optimization
expands cost uncertainty rather than producing monotonic cost
escalation.

The aerodynamics-focused configuration demonstrates that
improvements in aecrodynamic efficiency through span
extension and aspect ratio increases can simultaneously reduce
material consumption while introducing secondary cost
drivers such as tighter laminate tolerances, higher stiffness
requirements, and increased inspection sensitivity. These
results reinforce that aerodynamic performance and
production cost are not directly proportional during conceptual
design and instead emerge from interacting multidisciplinary
constraints.

More broadly, the results emphasize the importance of
incorporating affordability considerations during conceptual
design rather than treating cost as a downstream evaluation
activity. Early visibility of cost sensitivities enables
identification of balanced solutions satisfying stakeholder
performance, manufacturability, and affordability objectives.
The use of tri-point uncertainty estimates provides a practical
method for bounding conceptual cost ranges when empirical
component-level data is unavailable.

Although demonstrated using a motorsport acrodynamic
component, the modeling methodology is transferable to
aerospace and defense conceptual design applications where
advanced materials, structural efficiency, and manufacturing
complexity significantly influence life-cycle cost outcomes.
These results support the role of cost engineering/analysis as
an active design discipline within multidisciplinary
optimization environments rather than a post-design
evaluation function.

VII. FUTURE WORK & LIMITATIONS

Although the proposed framework demonstrates a practical
implementation of cost-aware multidisciplinary optimization,
several technical, organizational, and operational limitations
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remain that define opportunities for future research and
refinement.

A. Aeroelastic Modeling & Cost Model Expansion

The current aerodynamic model captures generalized
aerodynamic performance trends and simplified aeroelastic
washout effects using weight-driven stiffness relationships.
Future work should incorporate explicit aeroelastic constraint
modeling, including structural deflection prediction, flutter
margin evaluation, and multi-element aerodynamic interaction
modeling. Integration of reduced-order finite element models
or CFD-informed surrogate approaches would improve
prediction accuracy and enable evaluation of performance
constraints critical to high-aspect-ratio aerodynamic
structures.

Production cost modeling should also be expanded to
include non-recurring engineering (NRE), tooling
development, mold fabrication, and process qualification
costs. While this study focuses on recurring manufacturing
cost, tooling and qualification activities frequently represent
major cost drivers for low-volume or prototype-dominated
systems. Incorporating these elements would improve support
for acquisition strategy development and manufacturing
readiness trade studies.

Uncertainty characterization represents another important
extension. Although tri-point estimates provide defensible
bounding assumptions, probabilistic techniques such as Monte
Carlo simulation, Bayesian inference, or robust design
optimization would improve evaluation of cost and
performance risk distributions across variability in material
properties, manufacturing tolerances, and model fidelity.

B. Software Integration & Plug-In Flexibility

Framework development revealed limitations associated
with reliance on integration platform plug-ins and model
wrappers that require manual configuration, variable mapping,
and interface maintenance between disciplinary analysis tools.
Differences in solver requirements, data structures, and unit
management often necessitate custom scripting or translation
layers, increasing maintenance complexity and reducing rapid
prototyping flexibility. As multidisciplinary models expand,
these integration challenges can create scalability constraints
and increase sustainment effort.

Future work should investigate standardized data interface
architectures, modular model design principles, and automated
variable mapping approaches to improve interoperability
between disciplinary tools. Development of integration
standards could reduce configuration effort, improve
maintainability, and support enterprise-scale MDAO
expansion.

C. Workforce Training

Effective implementation of multidisciplinary modeling
environments introduces significant workforce training
challenges. MDAO practitioners must understand individual
disciplinary models, cross-domain variable coupling,
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optimization solver behavior, and integrated workflow logic.
These knowledge requirements increase onboarding time and
can limit accessibility in organizations lacking cross-
functional expertise.

Maintaining model credibility also requires governance
frameworks defining validation procedures, configuration
management practices, version control protocols, and
documentation standards. Without structured governance,
multidisciplinary models risk degradation through inconsistent
updates or undocumented assumptions, reducing stakeholder
confidence.

Future research should examine standardized training
frameworks, organizational governance best practices, and
certification pathways supporting workforce proficiency in
integrated digital engineering environments. Establishing
repeatable integration workflows and clearly defined model
ownership structures would improve reliability and adoption
of cost-integrated MDAO methodologies.

D. Enterprise Adoption & Organizational Integration

Enterprise-level adoption of cost-integrated MDAO
environments requires alignment between engineering, cost
estimating, manufacturing, and program management
organizations. Traditional system development workflows
often separate performance optimization and cost estimation
into sequential phases. Transitioning to integrated
multidisciplinary environments requires redefinition of design
review processes, collaborative decision frameworks, and
digital engineering data exchange standards.

Future work should evaluate organizational integration
strategies and governance models that support sustainable
implementation of cost-aware multidisciplinary optimization
across system development programs. Addressing these
adoption challenges will be critical for transitioning MDAO
frameworks from research demonstrations to operational
engineering and acquisition environments.
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