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Abstract
In the conceptual stage, a detailed wing mass estimation is crucial to map the influence of geometric wing changes or the
integration of new technologies on the overall aircraft design. Before, the conceptual aircraft design environment MICADO
used a known flight shape of the wing for aerodynamic analyses; the wing mass was estimated with semi-empirical methods
without any aeroelastic coupling. This work presents results from advancements towards integrating existing methods from
literature for a detailed wing mass estimation into MICADO, made in the last years. Besides a more detailed wing mass
estimation, these methods enable, e.g., the consideration of the impact of the lift distribution on the wing mass by coupling
aerodynamic and structural effects for different load cases. Since the applied methods for dimensioning the wing box require
a jig shape, it is inversely calculated if only the flight shape is known beforehand. Hence, the process is independent of
the given (jig or flight) shape of the wing. After presenting the new module, selected application studies demonstrate the
new capabilities of MICADO. For the short-medium range aircraft used in the studies, the results indicate that creating
flexible wing polars with lift-dependent flight shapes only slightly influences the final results of an overall aircraft design.
Similarly, it is demonstrated that an aircraft with variable camber (VC) application exhibits—from an overall aircraft design
perspective—minor differences in the flight shape and, thus, in the aerodynamic performance when flaps are deployed,
compared to a rigid configuration. However, the impact on aerodynamics and structures is significant when designing
aircraft with different target lift distributions. From these findings, application guidelines are derived for the aircraft range
type used within this work. In future studies, these design guidelines can be assessed for different aircraft range types and
eventually generalized.
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1. INTRODUCTION

In recent years, the assessment of wing aerodynamics in the
conceptual aircraft design environment MICADO1 has been
improved, e.g., to evaluate new technology options such as
hybrid laminar flow control and variable camber (VC) [4–7].
Previously, the MICADO process chain, as shown in Fig. 1,
used a known rigid flight shape of the wing for aerodynamic
analyses; the wing mass was estimated with semi-empirical
methods [8, 9] without any aeroelastic coupling. In cases
where the wing mass data of the reference aircraft designs
were known in advance, the results were calibrated.
Since recent developments focused on improving the pre-
diction of aerodynamic key parameters, a new wing mass
estimation module was developed in order to maintain the
interdisciplinary balance between tool complexity and ac-
curacy required for a consistent conceptual design environ-
ment.
This paper presents the results of progress made in recent
years towards the integration of existing methods from the
literature [10–13] for a more detailed wing mass estimation
in MICADO. The adapted methodology from the literature
targets to calculate the wing mass more precisely and con-
sists of an iterative aerostructural process, which considers
different load cases. Starting with the input of the jig shape,
the iterative approach ensures that the deformed wing shape
and the aerodynamics loads align. Finally, the wing mass is
derived based on the dimensioned wing box structure. Be-
sides the more detailed wing mass estimation, these meth-

1Multidisciplinary Integrated Conceptual Aircraft Design and Optimization
environment [1,2]; MICADO is an internal specialization of UNICADO [3] pro-
viding selected methods with higher fidelity.

ods allow, e.g., to consider the influence of the lift distribution
on the wing mass by coupling aerodynamic and structural
effects for different load cases. Since the applied methods
require a jig2 shape for dimensioning the wing box, it is cal-
culated inversely if only the flight shape is known in advance.
Therefore, the procedure is independent of the given shape,
jig or flight, of the wing.

2. METHODOLOGY FOR A DETAILED MASS ESTIMA-
TION

This chapter discusses the wing mass estimation method-
ology, as shown in Fig. 2, within the context of the MICADO
aircraft design process (Fig. 1). This estimation is con-
ducted as part of the design analysis phase. First, the
process description focuses on how the methodology
operates when provided with a predetermined wing jig
shape, consistent with methods established in the existing
literature. Second, attention is given to how the calculation
can be adapted when the flight shape is known beforehand
instead of the jig shape.

2.1. Wing mass calculation with known jig shape

This section addresses the wing mass estimation for a given
jig shape, as indicated by the blue arrows in Fig. 2, rep-
resenting the first option of the process chain. Implemen-
tation details are given by Wecker [14], with an extensive
overview of the references.

2The jig shape refers to the wing geometry without aerodynamic loads
acting upon it.
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FIG 1. MICADO process

The core of the methodology is the dimensioning of the wing
box, with a simplification reducing the wing box to dimen-
sions of skin and web thicknesses [10], both assigned with
an initial assumption for the thickness. Out of several exist-
ing load cases [13], three load cases are identified as dimen-
sioning [10, 14]: a 2.5-g pull-up maneuver, a vertical gust,
and a roll maneuver. An aeroelastic convergence loop [13],
called the inner loop, is initiated for each load case. The
aerodynamic loads are first calculated in the inner loop by
applying the Athena Vortex Lattice (AVL) program [15] to the
jig shape. The results are then passed to a structural fi-
nite element (FEM) analysis. Here, the wing is divided into
structural nodes, each of which is assigned a wing box thick-
ness for the web and skin with a minimum value of 0.5mm
for both. This aerostructural coupling results in a deflected
wing geometry that requires subsequent iterative aerody-
namic and structural recalculation. After the inner loop con-
verges, the wing box dimensions for the skin and web are
known for one load case. After performing this inner loop
for each load case, the wing box web and skin dimensions
are aggregated.
Finally, the 1-g cruise flight calculations are performed
based on the dimensioned wing box. This geometry and
the total wing mass determined from the wing box and
other structural elements are then returned to the MICADO
design process chain.
Another viable option for application is available when the
jig shape and wing box dimensions are already known in
advance. In that case, the geometry preparation and the
inner loop can be omitted, allowing for direct calculations of
the flight shape and the overall wing mass.

Flight shape (FS) Jig shape (JS)

FIG 2. Wing dimensioning process chain

2.2. Wing mass calculation with known flight shape

When the flight shape of the wing is provided as input, an ad-
ditional process step, indicated by the green arrows in Fig. 2,
is required since the basic methodology is initially designed
for a known jig shape. Following the geometry preparation
step, an initial jig shape assumption is required to apply the
wing box dimensioning described in Sec. 2.1. Preliminary
investigations have shown that this initial jig shape assump-
tion can be kept relatively coarse due to the rapid conver-
gence of the subsequent iterative process.
With this initial jig shape assumption, the wing box dimen-
sioning process is performed, resulting in an initial flight
shape estimation. This flight shape is then compared to the
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input geometry with the target flight shape, and adjustments
to the assumed jig shape are made accordingly [11]. This
iterative process evaluates the convergence of the vertical
deflections and twist angles, allowing a maximum deviation
of 0.1m and 0.1◦, respectively, between the target and
calculated flight shapes.
The options presented here provide a versatile approach
that primarily offers the capability to calculate the mass of
the wing for a given flight or jig shape in a more sophisticated
manner than is available with conventional handbook meth-
ods. Furthermore, calculations can be performed, e.g., for a
single baseline wing under different loading conditions, such
as different lift coefficients or in cases with variable camber
applications. The computation time varies depending on the
specific case but is typically on the magnitude of seconds.
Since wing mass estimation is an integrated part of a more
extensive iterative aircraft design process, it is essential to
maintain reasonable computation times without excessive
delays for single tools in the overall design chain.

3. APPLICATION

This chapter presents several application studies using the
new capabilities of MICADO. In Sec. 3.1, the short-medium
range reference aircraft is briefly described. Afterwards, the
following specific questions are answered:
• Sec. 3.2: How does a sophisticated flight shape consid-

eration impact the overall aircraft design results?
• Sec. 3.3: How does integrating the variable camber

technology influence the design process when the corre-
sponding wing deformations are correctly mapped?

• Sec. 3.4: How significantly do different lift distributions in-
fluence the aircraft design?

3.1. Reference design

For the reference aircraft, a CS-25 short-medium range ref-
erence aircraft is used. This aircraft is a derivative from the
CeRAS3 short-range reference aircraft, representing an air-
craft similar to an Airbus A320neo. It was designed with the
MICADO process from Fig. 1. Note that the new wing mass
estimation module was used with, in this case, a given FS.
Hence, the JS was determined iteratively using the process
chain highlighted in green in Fig. 2.
Figure 3 shows the segmented wing planform of the refer-
ence aircraft, which has a span of roughly 36m and a refer-
ence area of 127m2. In addition, the control device setup,
relevant for the study case with integrated variable camber
(VC) technology in Sec. 3.3, is illustrated.
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FIG 3. Wing planform with control device layout of the refer-
ence aircraft

3The "Central Reference Aircaft data System" database provides refer-
ence aircraft data for public access and enables communication within the
research community [16,17].

For the converged reference aircraft, Figure 4 shows the
mission altitude profile with one step climb and the asso-
ciated sawtooth-like contour of the global lift coefficient CL.

0

100

200

300

400

0 500 1000 1500 2000 2500 3000

0.3

0.4

0.5

0.6

0.7

A
lti

tu
de

, [
F

L,
 1

00
 ft

]

A
irc

ra
ft 

lif
t c

oe
ffi

ci
en

t C
L,

 [-
]

Altitude
CL

CL cruise range

Range, [NM]

FIG 4. Altitude and lift coefficient profiles for the reference air-
craft

The resulting 3D aircraft geometry is illustrated in Fig. 5;
relevant input and output design parameters are listed in
Tab. 1.

FIG 5. 3D aircraft geometry of reference aircraft

TAB 1. Key parameters of short-medium range reference air-
craft

Parameter Unit Value
Initial cruise altitude ft 33 000
Cruise Mach number - 0.78
Maximum take-off mass (MTOM) t 79.0
Operating empty mass (OEM) t 45.0
Wing mass (mwing) t 8.9
Tripfuel design mission (TF2943NM) t 14.5
Opt. lift-to-drag ratio ((L/D)opt) - 17.7

3.2. Analysis of different flight shapes per lift coeffi-
cient

This study aims to identify the impact of a more sophisticated
flight shape consideration on overall aircraft design results.
Therefore, instead of using only the design flight shape, wing
shape permutations are calculated for every lift coefficient
during trimmed steady cruise flight; these are highlighted
in blue in Fig. 4. Applying a sufficient safety margin, flight
shapes are calculated for 0.45 ≤ CL ≤ 0.6 with a step width
of ∆CL = 0.025. The resulting deformations for the mini-
mum and maximum lift coefficient in steady cruise flight are
shown in Fig. 6. Additionally, the calculation approach, i.e.,
the different modes of the new wing mass estimation mod-
ule, is depicted in the upper box using the same color coding
as in Fig. 2.
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FIG 6. Calculated wing deformations in cruise flight range

As highlighted in the upper box, the calculation starts with
iteratively determining the jig shape, i.e., both vertical z po-
sition and twist angle deflection, from the given flight shape
at the average lift coefficient in cruise. Afterward, the lift-
dependent flight shapes are calculated using the previously
derived jig shape and the respective structural wing box di-
mensions.
Compared to the reference case with a single rigid flight
shape (solid black lines), the mission-variable flight shapes
yield slightly higher twist values (and less vertical deflection)
at the tip for lower lift coefficients (dark grey lines). The
effects for higher lift coefficients are vice versa (light grey
lines). The different shapes are then used to derive a flexi-
ble wing polar by analyzing the aerodynamics and merging
the lift-to-drag polars for every lift coefficient. The lift polars
for CL,min and CL,max are also used for the range below or
above the addressed CL range; note that this is mainly for
visualization, as the corresponding values are irrelevant dur-
ing cruise flight. The resulting lift-to-drag polars are shown
in Fig. 7.
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FIG 7. L/D polars for both the aircraft with a rigid and a flexible
wing

It can be seen that considering different wing shapes per lift
coefficient leads to deviations in the L/D, with the largest dif-
ferences at the boundaries of the considered CL range. The
deviations are due to altered lift distributions and the corre-

sponding changes in drag coefficients. However, the devi-
ations are comparably minor for the lift coefficients relevant
for steady cruise flight. Replacing the aerodynamics from
the reference aircraft with the flexible wing polar, the analy-
sis of the design mission leads to a difference in required trip
fuel of ∆TF2943NM < 5 kg. This negligible difference can be
traced back to the small aerodynamic differences within the
CL cruise range, again highlighted in blue in Fig. 7.
To summarize, for the aircraft type at hand, the increased
effort to create the different flight shapes and the respec-
tive flexible wing polar is not recommended since almost no
impact is detected on the overall aircraft design level; the
change in mission fuel consumption is negligible.

3.3. Influence of different flight shapes for VC applica-
tion

Based on the findings of the previous section, this study
aims to investigate the potential influence of a more ad-
vanced wing shape calculation method in the context of a
variable camber (VC) application. Specifically, both high-lift
flaps shown in Fig. 3 are allowed to be deflected between
−3◦ and 4◦ during cruise flight while using the spoiler to
close the opening gap for performance optimization.
This investigation focuses on comparing the VC polar de-
rived from a rigid flight shape with one derived from a flex-
ible flight shape. The methodology for VC studies is intro-
duced by Peter [4] and was subsequently applied, e.g., in
Refs. [6,7]. It consists of the aerodynamic computation of all
possible flap setting permutations. Subsequently, the L/D
polars of all wing permutations are merged into one VC po-
lar; this is done based on the best lift-to-drag ratio for every
polar point.
For the rigid wing, each permutation is based on the same
flight shape. In contrast, for the flexible wing, a new flight
shape is calculated for each flap setting permutation. Both
variants share a similar jig shape. The resulting wing
shapes are visualized in Fig. 8 for the average lift coefficient
CL = 0.51 and the specific flap setting 1◦ on the inboard
flap and 4◦ on the outboard flap.
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ible wing in the VC setting 1◦ inboard and 4◦ outboard

Although the changes in dihedral and twist are small, they
are noticeable. The flexible wing has a slightly lower dihe-
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dral but a higher twist, especially towards the outboard re-
gion.
The modified wing geometries produce different aerody-
namic results as illustrated in the L/D polar in the upper
part of Fig. 9; in the middle and lower parts of the figure,
the deflections of the inboard and output flap, respectively,
are shown.
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FIG 9. L/D polars with a VC application for both the aircraft with
a rigid and a flexible wing

Over the range of cruise lift coefficients, the flexible wing
shape results in a slight increase in L/D. Since the flap
deflections remain almost the same throughout the mission,
the qualitative effects are unchanged.
However, these effects are considered negligible in the
context of the conceptual aircraft design. The considera-
tions result in only a small change in trip fuel consumption
of ∆TF2943NM < 2 kg, which is way below the set conver-
gence criterion of ϵ ≤ 10−4 in MICADO.
In summary, the flexible wing effects are observed in an il-
lustrative VC application but do not affect the results suffi-
ciently to justify the additional effort in future applications. In
addition, neglecting the effects ignores the slight increases
in L/D and, thus, provides a conservative estimate.

3.4. Analysis of the impact of different lift distributions

This final study presents the impact of different lift distribu-
tions on the overall aircraft design. Before, such a study
could only predict the influence on the aerodynamics. Due
to the capabilities introduced with the new wing mass esti-
mation module, the influence on the wing structures can now
be considered. In addition to the reference aircraft, two other
aircraft are designed for this study. Using another MICADO
module for automatically adjusting the twist distribution [18],
an elliptical and a bell-shaped lift distribution are targeted
during the design loop. The resulting lift distributions for a
wing lift coefficient of CL,wing = 0.5 are shown in Fig. 10.
Each wing with its adjusted twist is considered a separate,
known flight shape to analyze the impact of the different
lift distributions on the wing dimensioning process. Hence,
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FIG 10. Predefined lift distributions of case study aircraft

contrary to the previous studies, three different target flight
shapes are used as a starting point for the process chain
highlighted in green from Fig. 2. The changes in local lift and
the associated shift of the center of pressure are tracked in
the process and lead to unique jig shapes and dimensioned
wing boxes for each case; the calculated masses are subse-
quently fed back to the MICADO design loop. The resulting
jig shapes of the different aircraft (AC) alongside their re-
spective target flight shapes are illustrated in Fig. 11.
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Note that all three study aircraft share the same z deflec-
tion in flight shape (solid lines in the upper part) but come
with different twist distributions not only in jig (lower part)
but also in flight shape (middle part). This twist difference in
flight shape reflects the automatically applied adjustments to
meet the target lift distributions from Fig. 10. For example,
the flight shape twist of the study aircraft with the bell-shaped
lift distribution (solid light grey line in the middle part) is de-
creased in the outboard region to reach the locally required
low lift values.
To analyze the impact of the different lift distributions and
their influence on the wing dimensioning process on the
overall aircraft design level, Fig. 12 shows changes in key
parameters for each converged aircraft compared to the
reference aircraft.
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For the elliptical lift distribution, a strong outboard loading
and the resulting increased root bending moment leads to
an increase in wing mass of ∆mwing ≈ 4.5%; combined
with the snowball effect captured in MICADO, this results in
an increase of the operating empty mass of ∆OEM ≈ 1.0%.
However, the improved aerodynamics outbalance these
detrimental mass effects, resulting in a decreased trip fuel
consumption of ∆TF2943NM ≈ −2.0% while keeping the
maximum take-off mass almost constant.
The strong inboard loading and the associated decreased
root bending moment of the bell-shaped lift distribu-
tion leads to a significant decrease in wing mass of
∆mwing ≈ −12.3%. Even though this is partly transferred
to the MTOM, the detrimental effects on the aerodynamics
(∆(L/D)opt ≈ −3.3%) result in an increase in trip fuel of
∆TF2943NM ≈ 0.7%.
Without going into an extensive analysis of the occurring
aerodynamic and structural effects, this study demonstrated
that—contrary to semi-empirical handbook methods—the
more detailed wing mass estimation correctly maps the
significant impact of different lift distributions on the overall
aircraft design parameters. Thereby, it enhances the capa-
bilities of MICADO since such sensitivity studies no longer
neglect aerostructural effects.

4. CONCLUSION AND OUTLOOK

This work presents a new MICADO tool developed based
on existing methods from the literature. It enables a more
detailed wing mass estimation in MICADO and allows for
mapping aerostructural interactions. Whereas the analysis

of the impact of different lift distributions demonstrates the
new capabilities within MICADO, the results from the first ap-
plication study suggest that—for the reference aircraft used
in this work—a more detailed consideration of different flight
shapes during a mission is not necessary for the concep-
tual design context. Another study shows that an aircraft
with a VC application has slight variations in flight shape
with deployed flaps compared to a rigid wing configuration.
However, these differences are negligible from both aerody-
namic and mission perspectives. In future studies, the con-
ducted analyses will be repeated for different aircraft range
types. The suggested design guidelines can be assessed
and eventually generalized from these studies. For larger
aircraft, however, using a simplified linear FEM is not rec-
ommended; implementing non-linear FEM methods is part
of current work at ILR.
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