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Rapid Evaluation of Structural Concepts in Preliminary Design of Trailing-Edge High-Lift Devices
Rakshith Manikandan, David Zerbst, Erik Kappel, Lennart Tonjes, Edgar Werthen, Sascha Dihne, Christian Hiithne

o Efficient CPACS-based workflow for rapid structural trade
studies of high-lift devices

o Flexible definition of arbitrary geometries, loads, and con-
straints enabling consistent evaluation of modular flap ar-
chitectures for high-aspect ratio wings

e Structural sizing under aerodynamic and kinematic loads
with strength, buckling, and deflection limits

e Optimal support locations and reinforcement layouts shown
to vary with flaperon geometry (outboard vs. inboard)
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Abstract

This article introduces a rapid, mechanically informed design workflow for preliminary structural trade studies of control surfaces
with composite materials. Developed to address the challenges of designing slender trailing-edge devices for high-aspect-ratio
wings, the workflow enables systematic early-phase evaluation of alternative structural concepts. Flaperon geometries, parame-
terised with CPACS, are idealised using an efficient beam element solver, allowing simultaneous consideration of nominal aerody-
namic loads and off-nominal kinematic failure loads. Structural responses under these loads are used to size the structure, ensuring
compliance with strain, buckling, and deflection constraints. The workflow’s utility is demonstrated through trade studies on repre-
sentative inboard and outboard flaperons of the DLR-F25 research configuration. Mass sensitivities associated with support-station
placement, number of spars, and their geometric layout are quantified to identify favourable design regions. Distinct optimal
configurations emerge for bulky inboard and slender outboard flaperons, highlighting the geometry-dependent nature of struc-
tural decisions. As such, the presented workflow enables the rapid evaluation of structural concepts, supports cross-disciplinary
exchanges, and facilitates context-specific decision-making in preliminary high-lift system design.
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1. Introduction These challenges becomes particularly evident in the develop-

ment of next-generation single-aisle aircraft, which target higher

The conceptual design of modern aircraft requires consistent
integration of multiple disciplines under varying fidelity. Al-
though early design phases offer significant architectural free-
dom, they are often guided by simplified constraints or rule-
based margins, to ensure feasibility across subsequent phases
(1). Such constraints, usually driven by manufacturing con-
siderations—e.g., minimum rear spar heights or geometric lim-
its—are robust, but may obscure underlying physical sensitiv-
ities and limit exploration of superior alternate concepts. This
effect is further compounded in a linear development processes,
where key architectural decisions are fixed early. Parametric
trade studies are therefore essential to challenge such constraints
and enable informed, context-specific design decisions.

.

Figure 1: High Aspect Ratio Wing envisioned for future single-aisle aircraft

A

fuel efficiency, lower emissions, and reduced operating costs.
High-aspect-ratio (HAR) wings (as illustrated in Figure 1) are
a key aerodynamic enabler in this context, offering reduced in-
duced drag and improved cruise performance. However, their
slender outboard geometry with control-surface profile heights
as low as 5-10 cm (2), introduces significant structural and
manufacturing challenges for trailing-edge (TE) high-lift de-
vices. Conventional composite differential (or “skeleton”) de-
signs, consisting of ribs, spars, stiffened-skins, and closing el-
ements assembled through riveting, remain the industrial base-
line. Figure 2a shows the individual parts of an A321 com-
posite flap. Though the higher part counts offer flexibility with
tolerance compensation, these architectures involve significant
assembly effort. At projected production rates of up to 100 air-
craft per month for future single-aisle platforms (3), such as-
sembly efforts risks becoming a bottleneck. The reduced profile
heights in HAR outboard regions further exacerbate accessibil-
ity and integration challenges.

In response, alternative modular and more integral reinforce-
ment concepts have been proposed (Figure2b). High-Technical
Readiness Level (TRL) approaches such as Composite Multi-
Spar Flaps (CMF) and Advanced Multi-Cell Flaps (AMF) use
dry-fiber preforms and resin transfer molding processes, yet
require external load-introduction features (with box-opening
or external fins) that increase geometric complexity. More re-
cently, DLR’s omega concept that is developed for a slender
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(a) Today’s differential concept for an A321 composite flap (4) and corresponding design concept (5)

(b) High-TRL modular composite flap concepts: Composite Multi-Spar Flap (CMF, 2015) ©Radius Engineering (6), Advanced Multi-Cell Flap (AMF, 2021) ©FACC (7), and DLR’s

omega-backbone concept for the F25 outboard flaperon-3 (from left to right)

Figure 2: Overview of conventional and alternative composite flap architectures.

outboard flaperon of the F25 research configuration (2), aims to
simplify manufacturing while maintaining structural efficiency.
Here, all primary sub-laminates (skin, omega stiffener, and bot-
tom cover) can be manufactured from flat full-laminate stacks.
Bracket accessibility is improved through a separately designed
bottom panel.

Despite these developments, the structural implications and mass
sensitivities of such concepts remain insufficiently quantified in
early design phases. Fundamental architectural questions per-
sist: Where should flaps be attached spanwise? How should
spars be positioned chordwise? How many support stations are
required, and how do these decisions vary with control-surface
geometry? Can conventional rule-of-thumb solutions be ex-
trapolated to HAR configurations? Handbook-based methods
lack the fidelity to capture geometry-dependent sensitivities,
while high-fidelity simulations are computationally intensive
for broad concept exploration.

An efficient and mechanically consistent design workflow is
therefore required to support early-phase decision-making. To
close this gap, this article presents a workflow for rapid struc-
tural trade studies of TE devices. By combining the indus-
try relevant CPACS-based geometry definitions, beam-element
idealisation, and automated sizing under aerodynamic and kine-
matic loads with prescribed deflection limits, the workflow en-
ables consistent evaluation of multiple structural concepts, and
efficient exploration of vast parametric design spaces. Struc-

tural sensitivities and mass trends can thus be quantified, sup-

porting cross-disciplinary trade-offs and identification of favourable

design regions, all during preliminary design. The link to the
omega concept is demonstrated in the trade study presented in
Section 3.1.2, where, for example, the influence of tilted spars
on control-surface mass is quantified with respect to a conven-
tional 2-spar solution.

The remainder of the paper is structured as follows. Section 2
describes the composition of the design workflow. Section 3
presents trade studies on evaluating support-station placement
and internal reinforcement layout on representative inboard and
outboard flaperons of a HAR wing. Section 4 summarises the
conclusions and outline future work.

2. Methodology: Rapid Structural Concept Evaluation

This workflow is developed for early-stage structural concept
evaluation and trade studies of TE high-lift devices. It uses
CPACS-based geometry definitions to parameterise design vari-
ables such as support-station placement and reinforcement lay-
out details such as spar type, spacing, and relative rotation. The
defined geometry is then idealised as beam elements using the
PreDoCS solver (8). Structural responses from the loaded beam
model are subsequently used for sizing with lightworks, an in-
ternal DLR design framework (9). This streamlined workflow
is illustrated in Figure 3, with the detailed methodology for each
component described in the following subsections.
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Figure 3: Overview of the preliminary structural design workflow for high-lift devices

2.1. Parametric Flap Geometry Model using CPACS

The flap models used in this study are defined in CPACS (Com-
mon Parametric Aircraft Configuration Schema (10)), a stan-
dardized XML-based format for fully parametric aircraft de-
scription. CPACS enables a consistent representation of geom-
etry, structural layout, materials, and loads. It is widely applied
in multidisciplinary aircraft design and analysis (11).

cpacs [ —
P —L__I Wing/Flap

— 1 Airfoil

—D Sections

—D Spars

—D Materials

Loads and

—D Boundary

Conditions

Figure 4: Data structure and contents of a CPACS file

Airfoil profiles are defined by a set of 2D contour coordinates
and can be scaled in chord length and thickness. The desired
airfoils are then assigned to defined spanwise sections and scaled
according to the local chord length and relative thickness. As
such, the aerodynamic outer surface of the flaperon is described
as a smooth and fully parametric surface definition.

Beyond the outer mold line, the CPACS model defines the inter-
nal structure, including spars and shell components. The stiff-
ening concept is specified through the number of spars, their
chordwise placement and orientation, while the shells can be
defined as monolithic or stiffened. Each component is subdi-
vided into design regions with assigned composite properties or
homogenised sub-laminates for sizing (refer to Table A). Upon
sizing, the resulting laminates are written back to the same file,
enabling consistent data exchange.

External loads are prescribed in the CPACS file as distributed
force and moment vectors for multiple load cases. It is defined
along a spanwise reference axis. Boundary conditions are spec-
ified accordingly to ensure consistent and physically meaning-
ful load application in the subsequent structural analysis.

This parametric modeling approach allows systematic geomet-
ric and structural variation while maintaining coherence be-
tween aerodynamic shape, structural layout, and load defini-
tion. The CPACS models used in this study are publicly avail-
able in a dedicated repository (12).

2.2. Design Loads and Boundary Conditions

In preliminary design, the flap is analysed independent of the
wing, i.e., wing—flap interaction is not considered. For the struc-
tural assessment of high-lift devices, aerodynamic loads are ex-
pressed in the local device coordinate system. The resulting
force components normal (N) and tangential (T), together with
the torsional moment (M), form the NT M load set.

From Computational Fluid Dynamics, a resultant aerodynamic
force vector is first obtained in the aircraft (AC) coordinate sys-
tem, acting at the center of pressure (CoP) of the flap. This
vector corresponds to critical load cases at a given airspeed and
flap deflection angle. It is then transformed into the local device
coordinate system and shifted to its origin (13). The offset from
the CoP to the device reference axis introduces an additional



moment (cross product of the force vector and the offset vec-
tor). As such, the resulting N7 M components are consistently
expressed in the local device system (Figure 5).
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Figure 5: NT M loads applied at the leading edge in the CPACS coordinate
system (x downstream, y toward the right wing, z upward)

The resulting NT M components are distributed spanwise along
the loads reference axis defined in CPACS, scaled with the lo-
cal chord length to represent sectional loading. No loads are
applied at the flap tips and the kinematic attachment points in
order to account for local load reduction due to flow separation
or the presence of track fairings (as shown in Figure 6).
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Figure 6: Spanwise distribution of N7'M loads as a function of local chord
length

Support conditions at the flap tracks are idealised using nodal
boundary conditions. All translational degrees of freedom are
constrained, while rotation about the chordwise axis is left free
to reflect the bending allowed by the spherical bearings con-
necting the kinematics to the flap. In CPACS notation, this cor-
responds to a constraint vector (0,0, 0, 1,0, 0) in the coordinate
system (uy, uy, uz, 6, 6, 8;), where 0 denotes a restrained and 1
a free degree of freedom.

Failure modelled in
beam representation

oo,

Dropped Hinge
Kinematic Actuator
Failure

Figure 7: Dropped-Hinge kinematic failure case and corresponding simplified
structural model (see also (14))

In addition to the nominal aerodynamic load case, an oft-nominal
kinematic failure scenario is considered. As illustrated in Fig-
ure 7 for a dropped-hinge kinematic, this is when actuation con-
tinues despite a failed actuator. To model this, one flap track

is fully constrained as before, while the other support carries
the full moment from the corresponding N7 M load set. Com-
plementary failure cases are generated by considering each at-
tachment point in turn as failing while the others remain con-
strained!. This enables consistent evaluation of load redistribu-
tion and structural compliance in off-nominal scenarios.

2.3. Beam Idealisation and Analysis

To determine the mechanical response under loading, the flap-
eron is idealised as a one-dimensional beam and analysed using
the solver PreDoCS (8) 2. The procedure includes: deriving
cross-sectional properties, applying external loads, solving the
beam finite element model, and recovering sectional and panel
loads for sizing. Figure 8 provides a concise illustration of this
process.

Figure 8: Beam idealisation of the flaperon and recovery of sectional and
panel loads using PreDoCS

As described in Section 2.1, the CPACS file provides the ge-
ometric description, material properties, and structural layout
of the flaperon along the span. Based on this information, an
analytical thin-walled cross-sectional analysis is performed at
discrete spanwise locations to determine the sectional stiffness
matrix:

K € R™, ey

This matrix accounts for axial, bending, shear, torsional, warp-
ing stiffness, and coupling terms. Based on this sectional stiff-
ness matrix, the beam constitutive law with generalized strains
&gen and the corresponding sectional internal force vector F
reads as follows:

o] N
Ky M,
Kz M,

F = K¢ &gens Eoen = |Ky|, F=|T|. 2)
Y Vy
Yz V.
|’ wm

I'Two complementary cases of kinematic failure, for a flap with two sup-
ports.

2The beam axis follows the CPACS y-direction (different from the native
PreDoCS convention(8)) for consistency within this article.



Here, N is the axial force along the beam axis; M,, M, are the
bending moments about x and y axes respectively; 7' the Saint-
Venant torsional moment about y-axis; V,, V, the transverse
shear forces; and M,, the bimoment due to restrained warping.
The corresponding generalized strains are the axial strain along
beam-axis ¢, bending curvatures «,, k., the torsional curvature
Ky, transverse shear strains yy, y;, and the derivative of the warp-
ing displacement «’.

F is obtained by solving the global beam equilibrium in a fi-
nite element formulation. Spanwise external loads (as defined
in Section 2.2) from CPACS are applied as nodal forces and
moments:

Fy(y), F:(0), Fy(n), Mx(y), M:(y), My(y), 3

These loads are defined along the load reference axis defined in
CPACS. These spanwise load application points are considered
the nodes of the 1D beam idealisation. The sectional stiffness
matrices evaluated at the nodes are assembled into a global Tim-
oshenko beam system (see (15) for 1D FE-model derived from
the cross-sectional formulation):

Kglob u= Fglob~ 4

with element-level form K, u, = F,, where K, contains the sec-
tional stiffness contributions and beam shape functions. Solv-
ing this system yields the nodal displacement field u(y), from
which generalised strains follow:

&een(y) = By) u(y), ©)

B(y) denotes the beam strain—displacement matrix. Now, Sec-
tional forces F(y) can be calculated by substituting &ge,(y) in
Eq. (2).3

Using Jung’s recovery relations (16), the generalised strain state
at each node is transformed into local stresses within the cross
section. Integration through the wall thickness yields the con-
tour forces:

/2
q(s,y) = f Tys(s,n,y)dn,

/2

ny(s,y) = f oy(s,n,y)dn,
- t/2

6)

t/2

where s denotes the contour coordinate and n the wall-normal
direction. This serves as the relevant membrane forces and
shear flows for structural sizing of the panels and spars, as ex-
plained in the following subsection.

3 Axial forces and bending moments are referenced to the cross-sectional
origin; shear forces and torsion to the shear center.

2.4. Structural Sizing with Fully Stressed Design Criteria
Structural sizing is performed using the DLR in-house optimi-
sation framework, lightworks (9). A panel-based sub model is
generated from the CPACS description and subdivided into de-
sired number of design regions. Each region is modeled with
Classical Lamination Theory, providing an equivalent compos-
ite stiffness representation. As illustrated in Figure 9, the sec-
tional loads from PreDoCS (in Section 2.3) are mapped onto
these regions to evaluate strain and stability criteria to accord-
ingly size the laminate. Here, r denotes the resultant membrane
and shear flows (Eq. 6).

Figure 9: Membrane and shear flows r; recovered from PreDoCS and used to
panel sizing in lightworks

For quick sizing, lightworks is configured to follow a fully stressed

design (FSD) approach(17; 18), where laminate thickness is
iteratively updated until all criteria are satisfied with minimal
structural weight. In this study predefined Quad laminates are
used as starting points, as summarized in Table A. For the i
design region, the thickness update in iteration k is:

(k+1) _ (k) = (k)
=L s )
k) \1/3 k
® PN 18l
§O = max|[ 2| EL, ®)
Ferit,i Ecrit,i

Here, r; and ¢; are the local load and strain measures respec-
tively, across all load cases. Critical buckling load rg;, is com-
puted as described in Appendix B, and critical strain &g, is
based on the maximum strain criterion. The buckling contri-
bution in Eq 8 enters the scaling factor with exponent 1/3 to
linearise its cubic influence on deflection, while the strain con-
tribution acts linearly.

From iteration k > 3, a global deflection constraint w is en-
forced. If the maximum deflection w®) exceeds a given limit,
all laminate thicknesses are uniformly scaled:

I CRNCI) )
(k)
w
™ = max(l, | |), (10)
Werit

This is done only after three iterations, to preserve local FSD
behaviour while eventually enforcing global deflection limits.



The complete workflow from reading CPACS geometry to a
converged, compliant flap requires two to three minutes on a
standard office laptop. This computational efficiency, while ac-
counting for key structural criteria, enables rapid early-stage
parametric studies to identify key critical design drivers.

3. Parameter Studies on HAR-Wing Flaperons

Using the proposed workflow, trade studies were conducted
on the DLR-F25 flaperons to identify optimal kinematic sup-
port station locations and stiffening concepts. A common de-
sign rule of thumb places both supports and spars at the quar-
tiles (25%, 75%) of span and chord, respectively. With this
lightworks-based workflow, we now aim to show the sensitivity
of structural mass is assessed w.r.t spanwise positioning of the
supports and the chordwise positioning of the spars.

To highlight the geometry-induced differences, the study is car-
ried out for two geometrically distinct flaperons of the DLR-
F25 configuration: a slender outboard device (Flaperon-3) and
a bulkier inboard device (Flaperon-1). Their CPACS models are
provided in an open-source repository published together with
this work (12). Key geometric parameters are summarized in
Table 1.

Table 1: DLR-F25 wing flaperons considered in this study (2) (wing v04, HL
layout 015)

Parameter Flaperon-1 Flaperon-3

Span 1.756 m 3.644 m
Min/Max Chord 0.979-1.088 m 0.335-0.518 m
Min/Max Section Height 0.190-0.206 m 0.07-0.12 m

NTM Loads [72292 N, 66 N, 25037 Nm]  [65641 N, 67 N, 9730 Nm]

Both flaperons are subjected to identical sizing parameters in
lightworks, including a global safety factor of 1.5 for buckling
and strain criteria and a maximum allowable tip deflection of
10 mm. As explored in a previous study (19), the loads are ap-
plied across 31 nodes, and each structural component is subdi-
vided into 20 spanwise design regions, allowing discrete thick-
ness variation.

The analysis proceeds in two steps. First, the slender outboard
flaperon (Flaperon-3)(in Section 3.1) is examined to determine
optimal support-station locations and reinforcement concepts.
The same methodology is subsequently applied to the bulkier
inboard flaperon (Flaperon-1)(in Section 3.2), enabling a direct
comparison of geometry-driven sensitivities.

3.1. Slender Outboard Flaperon

The slender flaperon-3 serves as the reference case for the pa-
rameter study. Owing to its large aspect ratio, it is expected to
exhibit high sensitivity to unsupported lengths and reinforce-
ment layout. The study is structured in two stages: first, the
optimal spanwise support-station locations are determined; sec-
ond, internal reinforcement concepts are varied while keeping
the support positions fixed.

3.1.1. Influence of Support-Station Location

From classical mechanics of a beam, bending deflection scales
with the cube of the unsupported length. While internal re-
inforcement and section height also influence stiffness, the air-
foil geometry largely fixes the section height, and reinforcement
primarily affects local stiffness. In contrast, support placement
directly controls unsupported lengths and therefore dominates
global deflection behaviour. Hence, to isolate the effect of rein-
forcements and independently analyse optimum support place-
ment, a baseline two-spar configuration with spars fixed at 25%
and 75% chord is adopted. This reduces problem dimensional-
ity while preserving representative structural trends.

Support positions are treated as discrete variables correspond-
ing to beam-node locations. Candidate spanwise positions are
listed in Table 2. The 9 inboard support is restricted to the inner
half of the span and the 9 outboard support to the outer half,
ensuring physically meaningful configurations. All 81 combi-
nations (e.g., 5-95, 10-90, etc.) form the design of experiments
(DOE).

Table 2: DOE for spanwise kinematic support-station locations

Support Station
Inboard
Outboard

Spanwise Position (% of span)
5, 10, 15, 20, 25, 30, 35, 40, 45
55, 60, 65, 70, 75, 80, 85, 90, 95

By sizing the flaperon for all these combinations, the design
space was systematically explored. This took around 4 hours
of computational effort and the results are summarised in Fig-
ure 10, with the corresponding deflection curves for all flap-
erons, and a mass contour plot with the inboard and outboard
support locations as the axes.

Across most configurations, the deflection profiles exhibited a
characteristic “U”-shape along the span. However, whether the
“U” opened upward or downward depended directly on the rel-
ative placement of the support stations. Configurations with
supports placed very close together or very far apart, have their
maximum deflections capped near the 10mm limit. Since up-
ward deflection is driven solely by the NT M loads, these con-
figurations are aerodynamic-driven, and the FSD procedure com-
pensates by increasing laminate thickness to satisfy the deflec-
tion constraint. The remaining design combinations are driven
by the kinematic failure load case.

The mass contour plot indicates optimal support locations at
approximately 20-25% span (inboard) and 75-80% span (out-
board). Within the discrete DOE, the combination (20%, 75%)
yields the lowest mass of 19.74kg. This is close to the con-
ventional quartile assumption (25%, 75%) at 19.93 kg, but al-
ternative configurations of comparable mass exist. Notably,
when the distance between supports is approximately 60% of
the span, the structural mass remains near 20 kg, demonstrat-
ing a range of desirable solutions apart from the conventional
25%, 75%).
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Figure 10: Mass and deflection trends of Flaperon-3 for varying support station locations

3.1.2. Influence of Reinforcement Layout

With support stations fixed at (20%, 75%), the influence of in-
ternal reinforcement is investigated. The study quantifies the
effect of spar number, chordwise spacing, and rotation under
identical boundary conditions. The corresponding design of ex-
periments (DOE) is summarised in Table 3.

Table 3: DOE for spar reinforcement layouts

Concept No. of Spars R ion (°) Candidate Positi (% chord) Total Combination:
2-Spar 2 0 () =36
Omega 2 10,20,30 10, 20, 30, 40, 50, 60, 70, 80, 90 3% g;) =108
3-Spar 3 0 () =84

Nine discrete chordwise locations (10-90%) are defined. Two-
and three-spar layouts are generated by combinatorial selection,
yielding (g) and (g) configurations, respectively*. For the omega
concept, the same combinations are considered with rotation
angles of 10°, 20°, and 30°, excluding geometrically infeasible
cases (spar intersection). Chordwise position and rotation are
defined at the spar midpoint; the front spar is rotated clockwise,
the rear spar counterclockwise. All 228 configurations are sized
in around 8 hours, and the resulting masses are shown in Fig-
ure 11.

The stacked contour plots, map front and rear spar positions to
structural mass for each concept. To represent the three-spar
concept in two dimensions, only the minimum-mass configu-
ration for each front-rear pair is plotted. Independent of re-
inforcement concept, the optimum front and rear spar positions
consistently occur near 30% and 60% chord. he smooth, convex
contours indicate clear sensitivity to spar placement and stable
structural trends.

4(2) = n!/(k!(n—k)!) denotes the number of unordered selections of k items
from n.
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Figure 11: Mass sensitivity of Flaperon-3 to reinforcement layouts, with light-
est configuration of each concept traced in red

As shown in Figure 12, the two-spar concept at (30%, 65%)
achieves the minimum mass of 16.63 kg, with laminate thick-
ness concentrated around the kinematic supports. The kine-
matic failure case heavily loads both skins; however, due to
upward bending under aerodynamic loading, the lower skin is
less buckling-critical and therefore marginally thinner. This re-
sult represents a 15% reduction compared to the conventional
(25%, T75%) layout at 19.74kg.

Introducing a third spar enhances skin buckling resistance and
can reduce the required laminate thickness. The best three-
spar design is found to be (30%, 50%, 60%). However, the
added spar itself, even at minimum allowable thickness, leads
to a higher overall mass compared to the two-spar layout. The
omega configuration is likewise two to seven % heavier than
the optimal two-spar layout, due to spar rotation. While struc-
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Figure 12: Minimum-mass configuration of Flaperon-3: supports at (20%, 75%) span, and two spars at (30%, 65%) chord
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Figure 13: Quantifying mass penalty of Flaperon-3 by rotating spars for ease of production (omega configuration)

turally less efficient, the rotated spars simplify manufacturing
and improve accessibility within the slender structure. This
trade-off is quantified in Figure 13. As such, this workflow
enables informed evaluation of structural efficiency versus pro-
duction benefits at ease.

3.2. Bulky Inboard Flaperon

The parameter studies are repeated for Flaperon-1 to assess
geometry-driven effects. By following the same DOE as before,
all results can be generated in around 12 hours. The resulting
mass and axial deflection trends for varying support locations
in Flaperon-1 are shown in Figure 14.

Compared to Flaperon-3, the bulky Flaperon-1 exhibits reduced
sensitivity to support placement. Moreover, the deflection con-
straint remains inactive for every design combination, meaning
the design is solely driven by the kinematic failure load case.
This is attributed to its shorter span and larger section height.
Therefore, for flaperon-1, a broader range of support locations
yields comparable mass: approximately 20-40% inboard and
60-80% outboard of span.

The reinforcement parameter study is repeated using the same
DOE (as Table 3) and support locations fixed at (20%, 75%)
span. As seen in Figure 15, the optimal spar once again po-
sitions cluster near (30%, 60%) chord. Moreover, the loads
are once again resolved around the kinematic supports, leading
to locally increased laminate thickness, as seen in Figure 16.

These results indicate that, once support positions are fixed, the
internal reinforcement behaviour is largely geometry-independent.
Nevertheless, these trends may change when using more gen-
eral laminate designs instead of homogenised laminates.

With Figure 17, a direct comparison of both flaperons are shown.
The slender flaperon-3 favors widely spaced supports(60% of
span length) and exhibits a sharply defined low-mass region. In
contrast, the bulky flaperon-1 is less sensitive to support place-
ment and allows a wider range of structurally competitive solu-
tions (20-40%, 60-80% of span).

4. Conclusions

This article presents a lightworks-based workflow for system-
atic structural trade studies of control surfaces. Combining the
modular optimisation framework lightworks (9) with the effi-
cient beam solver PreDoCS (8), the approach enables rapid,
mechanically consistent exploration of design spaces for high-
lift devices. CPACS-based input parameterisation allows flex-
ible definition of arbitrary geometries, and load cases for siz-
ing: aerodynamic (NT M) loads, and kinematic failure scenar-
ios. Strength, stability, and explicit deflection limits can be set
for target aerodynamic gap quality.

Extending prior material selection and thickness variation stud-
ies (19), the workflow now explores support-station placement
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Furthermore, production-driven concepts such as rotated (omega)
B2 spars can be quantitatively compared to structurally optimal
3.6 two-spar layouts. The associated mass penalties are evaluated,
320 3Spar enabling justified trade-offs between structural efficiency and
04 manufacturability.
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E Omega
S 272 5. Outlook
25.6
210 2 spar Overall, the workflow provides a quick setup for early-stage ar-
s chitecture studies. It enables consistent variation of geometry,

]
4
@

Figure 15: Mass sensitivity of Flaperon-1 to reinforcement layouts, with light-
est configuration of each concept traced in red

and internal reinforcement layout across flaperons of varying
geometries. This was done by comparing the sized inboard and
outboard flaperons of the High Aspect Ratio DLR-F25 wing.
The results demonstrate that optimal configurations are geometry-
specific. When sized with homogenised laminates, slender pro-
files (flaperon-3) exhibit narrow low-mass design regions and
strong sensitivity to support spacing, whereas shorter, bulkier
profiles (flaperon-1) allow broader range of competitive solu-
tions and are completely driven by the kinematic failure load
case. An individual design concept can be sized in 3 min-
utes, enabling rigorous parametric studies (12 hours) to identify
favourable design regions and guide architectural decisions be-
yond conventional quartile placements (25%,75%). Such stud-
ies promote better cross-discipline exchanges during prelimi-
nary design, and help make context-specific and informed deci-
sions.

boundary conditions, load assumptions, material models, and
optimisation strategies. In future studies, it can be readily ex-
tended to assess configurations with additional support stations,
alternative stiffening concepts, and refined criteria beyond the
current panel-based buckling treatment of leading & trailing
edges.

Rapid concept evaluation is achieved using Fully Stressed De-
sign (FSD). While efficient and suitable to identify global trends,
it may be suboptimal for structures with pronounced parallel
load paths (18). The underlying lightworks framework supports
gradient-based thickness optimisation and even directional stiff-
ness tailoring via lamination parameters (9). Thus, FSD-based
concept screening can be seamlessly complemented by higher-
fidelity optimisation and extended toward coupled wing—flap
structural interaction.
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8. Data Availability

The CPACS data required to describe the flaperons in this study
are available to download from (12).

Appendix A Material Properties

The material properties of the prepreg used in this study are
tabulated as follows: For a quick sizing of a flaperons, the fully

10

Table 4: Material properties of M21E-IMA (20), allowables and applied com-
posite layups

Material Properties

E, [Pa] 1.54 x 10T
E, [Pa] 8.50 x 10°
G, [Pa] 420 % 10°
v 0.35

o [kg/m3] 1580
Strain Allowables

Elcs E1p> €3¢, & [-] 0.004
Y12 [-] 0.007

Predefined Composite Layup Blocks
Shells [45°,90°, —45°, 0°,0°]
Spars [45°,—-45°,-45°,45°,0°]¢

stressed design (FSD) approach was used in this study. Prede-
fined sublaminates are defined for the shells and skins appro-
priately. The thicknesses of these sublaminates are iteratively
varied by the FSD process. For the skins, a 0° rich laminate
([45°,90°, —45°, 0°,0°]s]) provides near quasi-isotropic behav-
ior, albeit with enhanced axial stiffness. Spars, experiences
more shear-dominated loads. Therefore, they are assigned a
45° dominant laminate ([45°,—45°,-45°,45°,0°]s) which re-
tains some axial stiffness via 0° plies. Any alternative sublam-
inate can also be conveniently defined using the CPACS input,
for example, a sublaminate with a minimum of 10% ply count
for 0°, £45° and 90° plies in the laminate.

Appendix B Buckling Analysis

The buckling behavior of a given laminated composite panel is
calculated using analytical formulations from the HSB Hand-
book (21). As detailed in the following subsections, the critical
loads for compressive and shear buckling are computed sepa-
rately, and then combined using an interaction criterion.

Compression Buckling (HSB 45111-08)
The following relation is used to compute the critical buckling
load per unit width under uniaxial compression:

2
Txer = ki (@, B) (E) VD11D2;
a=-

[P

b\ Dy
D12 + 2D56
VD11D2

In this relation, x refers to the axis along which the highest prin-
cipal load is observed.

an

a

ﬁ:

Shear Buckling (HSB 45112-02)

The following relation is used to calculate the critical buckling
load per unit width under pure in-plane shear:

T\ 3
Fser = ks (ﬂ)(Z) D11D22

12)
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In this relation, a and b represent a panel length and width,
respectively, and D; ; are components of the flexural stiffness
matrix. k, and k; are the buckling coefficients, obtained from
standard reference plots of HSB (21). For combined loading
(compression and shear), the above-calculated critical loads are
appropriately combined using the following relation:

RE+R <1 (13)

R can be defined as the ratio between applied and critical loads.
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