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Abstract: High-aspect-ratio wings improve aerodynamic efficiency but, due to their increased

flexibility, introduce significant aeroelastic challenges, requiring accurate yet efficient mod-

eling. Particularly with flexible, high-aspect-ratio wings, theoretical models can show large

discrepancies in predicted loads and dynamic response compared to experimental results. This

work presents a methodology for updating aeroelastic VLM/DLM models of highly flexible

wings using experimental wing-root loads data acquired from wind-tunnel tests, thereby avoid-

ing the need for detailed pressure measurements or high-fidelity CFD. The methodology uses

an optimization routine to find the distribution of correction factors to alter the lift and moment

distribution so that the error between measured and calculated wing root loads in static cases

is minimized. The correction factors are applied to Nastran and Loads Kernel simulations.

The updated model is validated by comparisons to static test cases and then applied to 1-cos

dynamic wing root angle of attack and dynamic control surface deflection maneuvers. The up-

dated model shows good agreement with the experimental results in both static and dynamic

cases. The correction factors obtained using the methodology were applied to a model of a

whole aircraft, showing a significant influence on static and dynamic behavior.

1 INTRODUCTION

The ambition to reduce the environmental impact of commercial aviation has driven interest

in High Aspect Ratio Wings (HARW) aircraft as a way to increase the aerodynamic efficiency

of aircraft and, therefore, reduce fuel consumption, which decreases both carbon emissions

and operating costs. Maintaining structural weight while increasing the aspect ratio results in

slender, more flexible wings with larger structural deflections and lower structural frequencies,

leading to a growing interaction between structural dynamics, aerodynamics, and flight me-

chanics. Accurate prediction and modeling of these interactions is therefore essential to ensure

flight safety and reliable performance assessments.
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Aeroelastic models based on the finite element method (FEM) for structural dynamics, coupled

with aerodynamic panel methods such as the Vortex Lattice Method (VLM) and Doublet Lat-

tice Method (DLM), are widely used in aeroelastic analysis due to their computational efficiency

and suitability for design iteration. These models inherently rely on simplifying assumptions

like linearized potential flow, and as a result, discrepancies between numerical predictions and

experimentally observed structural and aeroelastic behaviors are unavoidable. Higher-fidelity

approaches, such as computational fluid dynamics (CFD)-based models, provide a more accu-

rate representation of nonlinear aerodynamic effects, viscous phenomena, and flow separation.

However, their significantly higher computational cost makes them impractical for preliminary

design stages, rapid design iteration, or the simulation of a large number of dynamic maneuver

cases. An effective compromise is the systematic updating of lower-cost aerodynamic panel

models to improve their predictive capability while retaining computational efficiency. The

goal of model updating is to reduce the error between numerical predictions and experimen-

tal observations (or higher-fidelity simulations) by calibrating model parameters or introduc-

ing correction terms. Panel methods already capture the dominant aerodynamic mechanisms

governing aeroelastic behavior in the linear regime, and discrepancies that arise can be approxi-

mated through targeted corrections rather than fully resolved simulations. Early efforts in model

updating focused on matching theoretical results with wind tunnel measurements, while later

developments increasingly used CFD data as the reference. An assessment of model updating

procedures was performed by Palacios et al. [1]. Giesing et al. proposed the Correction Factor

Technique (CFT) to correct the results of DLM simulations in 1976 [2], which uses diago-

nal correction matrices to match experimentally measured quantities. The CFT differentiates

between multiplicative pressure corrections and additive downwash corrections. The pressure

correction can be expressed as

∆Cp,exp = Wp ·∆Cp,theo. (1)

with ∆Cp,exp and ∆Cp,theo being the vectors of pressure coefficients from experimental mea-

surements and numerical simulation, respectively, and Wp being the diagonal matrix of cor-

rection factors to correct the theoretical pressure distribution. The model update now consists

of finding an appropriate Wp. Usually, this is an underdetermined system due to the much

smaller number of experimental pressure measurement points compared to the number of aero-

dynamic boxes in the used panel methods. Giesing et al. handled this by using a Lagrange

multiplier approach and least squares minimization, which minimized the difference between

the initial numerical solution and the updated numerical solution while matching the measured

pressures/pressure coefficients. The downwash correction to match the theoretical downwash

wtheo to experimental values wexp was presented initially in a similar form to the pressure cor-

rection however, Giesing et al. found that a downwash correction performed best when applied

additively

wexp = wtheo + δw. (2)

Many published correction techniques are based on this CFT method, with varying methods of

obtaining the correction factor matrices [3–8]. Certain methods expand the technique to full

matrices, introducing interference between boxes, which allows for the qualitative modification

of the pressure distribution for example to induce a discontinuity at the location of a shock [4].

Modern aerodynamic model updating methods mostly rely on highly resolved CFD-based pres-

sure data to calculate correction factors, making them inapplicable to cases in which CFD data
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is not available or validation against experimental measurements is desired. Particularly, wing

root loads are typically not considered in aerodynamic updating methods or only considered in

the form of integrated pressure data, although Giesing et al. already noted the advantages of

including them in model updating. Accurate experimental pressure data can also be difficult to

obtain for already constructed wings without considerable modifications, which might not be

desirable. Thus, a method of correcting aeroelastic models of flexible aircraft in the absence of

pressure information is necessary.

The Department of Flight Mechanics, Flight Control and Aeroelasticity of TU Berlin, in co-

operation with the German Aerospace Center (DLR) Institute of Aeroelasticity, developed the

TU-Flex flexible flying demonstrator [9,10]. The TU-Flex (shown in Fig. 1) is a flying aeroelas-

tic testbed in a transport aircraft configuration with a modular design, permitting the gathering

of flight mechanical and structural data for wing configurations with different levels of flexi-

bility. The TU-Flex flexible wing (FW) is a high aspect ratio wing designed to exhibit wingtip

deflections of around 10% during flight. The design process of the TU-Flex FW is detailed

in [11]. Table 1 shows the main specifications of the TU-Flex FW.

Figure 1: TU-Flex during operational ground tests.

Table 1: General properties of the TU-Flex FW.

Property TU-Flex FW

Span 1.8 m

Chord (root) 0.30 m

Chord (tip) 0.15 m

Taper ratio 0.5

Aspect ratio 16

Sweep 20◦

Wing area 0.405 m2

Mean chord 0.225 m

Airfoil Eppler 214

Wing mass 2.2 kg
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Static and dynamic wind tunnel tests were carried out with the TU-Flex FW demonstrator

(shown in Fig. 2) at the Crosswind Simulation Facility (SWG) of the DLR Göttingen [12].

The TU-Flex FW provides a comprehensive experimental dataset and represents a relevant test

case for the development of aeroelastic model updating techniques applicable to future flexible

aircraft concepts.

Figure 2: TU-Flex FW in wind tunnel.

The objective of this paper is to describe a generally applicable methodology for obtaining cor-

rection factor matrices from experimentally obtained wing root loads data for use in Nastran

and LoadsKernel [13, 14] static and dynamic aeroelastic simulations, using the TU-Flex FW

as the sample case. Correction factor matrices that minimize the difference between experi-

mentally measured and numerically calculated wing root shear force Fz, bending moment Mx,

and torsion moment My are obtained for static cases at varying airspeeds, considering the wing

root loads during different angles of attack. Since no constraints can be placed on the numeri-

cal pressure distribution due to the unknown experimental pressure distribution, the correction

factors, which are defined per panel, are described by a polynomial approach in the spanwise di-

rection and are subject to smoothness constraints in the chordwise direction to prevent arbitrary,

non-physical numerical pressure distributions after the model update. The correction factors are

then applied to Loads Kernel simulations of dynamic maneuvers to verify their applicability for

dynamic cases.

2 AEROELASTIC MODELING

This section describes the structural finite element model and aerodynamic panel model of the

TU-Flex FW, as well as the formulation of the pressure and downwash corrections as they are

implemented in Nastran and how they are adapted for use in Loads Kernel.

2.1 Finite element model

Figure 3 shows the structural finite element model of the TU-Flex FW. The DLR in-house tool

ModGen [15] was used to generate the FE model.

The model consists of 3160 grid points. The wing skin, fuselage section, and spars are modeled

using a total of 2140 CQUAD4 quadrilateral shell elements. The foam core of the wing is

modeled using 2016 CHEXA solid elements. Servo motors and inertial measurement units

(IMUs) are modeled as CONM2 point mass elements connected to the structure with RBE3

elements. The glass fiber laminate used in the wing is modeled by assigning PCOMP properties
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Figure 3: Finite element model of the TU-Flex FW.

to the shell elements, with the individual plies defined using MAT8 orthotropic material cards.

The foam core is modeled using MAT1 isotropic material cards. The model is constrained near

the wing root by being attached via CBUSH spring elements with a very high stiffness to a

node that is clamped in all six degrees of freedom. This node coincides with the load-balance

location from the wind tunnel tests. A MONPNT3 monitoring station is defined at this node

and gathers the loads, which allows a direct comparison of the loads from simulations and wind

tunnel tests.

The structural model of the wing was adjusted using experimental data obtained from static

displacement measurements and ground vibration tests to match static deflections, as well as

eigenfrequencies and mode shapes [16].

2.2 Aerodynamic panel model

Figure 4 shows the aerodynamic VLM/DLM model of TU-Flex FW. The aerodynamic model

contains a total of 708 aerodynamic boxes, of which 672 represent the wing and 36 represent

the fairing.

Figure 4: Aerodynamic VLM/DLM model of the TU-Flex FW with boxes making up control surfaces highlighted.

The wing is discretized into 56 spanwise strips and 12 chordwise strips. The spanwise dis-

cretization was chosen to correspond to the dimensions of the wing so that the edges of the

control surfaces align with box borders. The chordwise discretization of the boxes was chosen

so that the aspect ratio of each box is less than three and each box satisfies the condition

∆x < 0.08V/f (3)

with ∆x being the chord length of an individual panel, V being the minimum airspeed, and f the
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maximum frequency of interest [17,18]. The minimum airspeed of the wind tunnel tests was 18

m/s; the maximum frequency of excitation due to maneuvers was 10 Hz during aileron chirps.

A maximum frequency of 50 Hz, corresponding roughly to the fourth structural frequency of

the wing, was chosen.

2.3 Pressure and downwash correction

Pressure and downwash correction can be implemented in Nastran by using Direct Matrix Input

(DMI), i.e., they are explicitly provided by the user. In Nastran, the aerodynamic loads, i.e., the

force and moment per box, are calculated as

Pk = Skjfj (4)

with Pk being the vector of aerodynamic loads, consisting of alternating entries of box lift and

moment, Skj being the diagonal integration matrix that has alternating entries of the area of

the box and area times the lever arm between the box midpoint and the box control point on

the main diagonal, and fj being the vector of box pressures, which are calculated from the box

downwashes as

fj = qA−1

jj wj (5)

via the aerodynamic influence coefficient (AIC) matrix Ajj and the reference dynamic pressure

q. The downwash on a box is calculated as

wj = [D1

jk + ikD2

jk]uk + wg
j (6)

with D1

jk and D2

jk being the real and imaginary parts of a differentiation matrix that relates

the heave and pitch of a box midpoint in the vector uk to the resulting downwash wj at the

corresponding box control point. The equation also includes the term wg
j , which is the additive

downwash correction introduced by Giesing et al., and can be interpreted as a vector of user-

defined downwashes to account for geometric effects, for example, twist or camber of the airfoil.

The pressure corrections are introduced by expanding equation 4 to

Pk = WkkSkjfj + qSkj(
f e
j

q
). (7)

The added terms Wkk and qSkj(f
e
j /q) are multiplicative and additive correction factors to adjust

the loads on the aerodynamic boxes. Wkk is described as ”a matrix of empirical correction

factors to adjust each theoretical aerodynamic box lift and moment to agree with experimental

data for incidence changes” [17]. The Wkk correction factors act as multipliers on the pressure

of the aerodynamic boxes and, per integration using the Skj matrix on the force and moment,

i.e., they change the slope of the lift/moment polar of a box.

f e
j /q is described as a ”vector of experimental pressure coefficients at some reference incidence

(for example, zero angle of attack) for each aerodynamic element” [17]. The values of this

vector are an offset of the pressure coefficient per box, which turns into a force/moment offset

via integration. The user provides the values of Wkk and f e
j /q via Nastran DMI bulk data entries

using the reserved keywords WKK and FA2J. The initial values for an untuned model are ones

for Wkk and zeros for f e
j /q.
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3 AEROELASTIC MODEL UPDATING PROCEDURE

In this section, the aeroelastic model updating process is presented. A flow chart of the aeroe-

lastic model updating process is shown below in Fig. 5.

Aeroelastic model:
Structural FE model and

VLM/DLM aerodynamic model

Wind tunnel experiment

Wing root balance measurement data

SOL  144

Wing root loads from MONPNT3

TU-Flex FW

Initial correction
factors:

WKK = 1, FA2J = 0

Objective function:
Sum of RMSE of wing

root loads

Update correction
factors by polynomial

evaluation

Converged?

Yes

No

Optimal distribution of
correction factors

Initial optimization
variable vector x_0

Polynomial evaluation

Update optimization variables
using interior point algorithm

Gradient calculation w.r.t. optimization
variables using finite difference estimation

via parallel SOL 144 simulations

Figure 5: Flow chart of the model updating process.

The optimization routine finds the set of correction factors that minimize the differences in wing

root loads acquired from wind tunnel experiments and numerical simulations Fz, Mx, and My.
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The experimental values were acquired via a load balance; a description of the experimental

procedures can be found in [12]. The numerical values for the wing root loads are obtained

from a Nastran SOL 144 analysis via a MONPNT3 monitoring station. The objective function

to be minimized is defined as the sum of the root mean square errors (RMSE) between simulated

and experimental wing root loads at angles of attack of -4, -2, 0, 2, and 4◦ for a constant airspeed

F =

√

√

√

√

1

5

5
∑

i=1

(F i
z,sim − F i

z,exp)
2 +

√

√

√

√

1

5

5
∑

i=1

(M i
x,sim −M i

x,exp)
2 +

√

√

√

√

1

5

5
∑

i=1

(M i
y,sim −M i

y,exp)
2.

(8)

In the absence of information about the experimental pressure distribution across the wing,

correction factors cannot be determined directly from pressure values. Instead, to ensure a

smooth modification of the numerical pressure distribution, the correction factors are assumed

to vary spanwise according to a quartic polynomial distribution in each chordwise strip (an

illustration is shown in Fig. 6) and are defined as

CF (box) = a4 · ynorm(box)
4 + a3 · ynorm(box)

3 + a2 · ynorm(box)
2 + a1 · ynorm(box) + a0 (9)

with a0 through a4 being the polynomial factors of the correction factor distribution in a single

strip, y being the span location of the boxes, and ynorm := y

1.8m
.

Figure 6: The first strip of aero boxes marked in orange.

To prevent large jumps in the values of chordwise adjacent correction factors, the absolute dif-

ference between them is constrained. Three kinds of correction factors are considered: The

multiplicative correction factors Wkk, which can be conceptually split into a force correction

Wkk,force and a moment correction Wkk,moment, and the additive pressure coefficient correction

factors f e
j /q. The three kinds of correction factors are assumed to be independent of each other.

A constant additive downwash correction wg
j as per equation 6 is defined a priori and corre-

sponds to the camber and twist of the wing.

The optimization routine now consists of finding the combination of values of Wkk,force, Wkk,moment

and f e
j /q that minimizes the objective function F . The initial value for all multiplicative correc-

tion factors Wkk is set to 1; the initial polynomial coefficients are a4 = a3 = a2 = a1 = 0 and

a0 = 1. The initial value for the additive correction factors f e
j is set to 0, and the initial polyno-

mial coefficients are a4 = a3 = a2 = a1 = a0 = 0. The vector of optimization variables x is
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the concatenated row vector of all polynomial factors. With 3*5=15 polynomial coefficients per

strip and twelve chordwise strips, this leads to a vector of optimization variables x of size 1x180

per airspeed. The correction factors are calculated from the optimization variables according to

equation 9 and are saved in a 12x56 matrix array, which mirrors the arrangement of the aero

boxes. For application in the Nastran simulation, the correction factors are then rearranged into

a column vector, with the columns of the 12x56 matrix being stacked on top of each other to

follow the convention of numbering the boxes in ascending order in the chordwise direction.

The Wkk correction factors for force and moment are written to a shared column vector in an

alternating fashion. The column vectors are then padded with ones for the Wkk and zeros for

the f e
j correction factors, respectively, to accommodate the panels of the fairing near the wing

root, which are not included in the optimization.

The correction factors are applied to a SOL 144 simulation by writing the column vectors of

correction factors to Nastran .bdf files that contain DMI cards with the reserved keywords WKK

and FA2J. Loads Kernel processes box loads using six degrees of freedom per box instead of

two like in Nastran. Thus, the correction factors have to be rearranged for use in Loads Kernel

simulations by saving them to the appropriate entries depending on the surface normal of the

panel.

The optimization procedure of finding the combination of polynomial factors that leads to a

distribution of correction factors that minimizes the objective function is performed using the

fmincon function from the MATLAB Optimization Toolbox. fmincon is given the initial values

of the optimization variables x0, the objective function, and the constraints on the differences

between chordwise adjacent correction factors formulated in terms of polynomial evaluations of

the optimization variables. The objective function is defined as a MATLAB function that gathers

the current values of the optimization variables x, calculates the correction factors, writes these

to Nastran .bdf files, and runs a Nastran SOL 144 simulation using the correction factors. The

wing root loads are gathered from the MONPNT3 output of this simulation, and the value of the

objective function is calculated according to equation 8. The objective function is then checked

for convergence. If convergence hasn’t been reached, the gradient of the objective function with

respect to the optimization variables is calculated by performing a finite-difference gradient es-

timation, in which the current optimization variables are slightly perturbed one at a time, and

the resulting change in the objective function is evaluated to approximate the partial derivatives.

For 180 optimization variables, this procedure requires 180 SOL 144 simulations per optimiza-

tion iteration. To increase the speed of the gradient calculation, the ’UseParallel’ option is used,

which allows multiple finite-difference evaluations to be performed simultaneously.

The correction factors are found independently for five airspeeds of 18, 22, 30, 34, and 40 m/s.

For each airspeed, five static load cases of -4, -2, 0, 2, and 4◦ angle of attack are considered in

the optimization.

4 RESULTS

In this section, the resulting correction factors and their impact on the wing root loads for both

static and dynamic cases are presented. Figure 7 shows the correction factor distributions that

minimized the objective function for all five airspeeds. The force correction factors Wkk,force

follow a similar distribution for all five airspeeds, with values greater than one near the wing

root, peak values of ∼1.2-1.3 at the wing root leading edge, and reducing to a value of ∼1 at the

wing root trailing edge. For all chord locations, Wkk,force reduces along the span to values of

∼0.35-0.5 at the wing tip, which remain fairly constant over the chord. The distributions for 22
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through 40 m/s are very similar to one another, while the distribution for 18 m/s is less smooth

across the chord. Wkk,moment shows similar behavior for 18 and 22 m/s, starting at a chordwise

almost constant value of 0.7 and reducing smoothly along the span to chordwise almost constant

values of ∼0.2 and ∼0.45 at the wing tip, respectively. For the airspeed cases of 30 m/s and

above, Wkk,moment becomes almost uniform across the wing with values close to 1. f e
j for 18

m/s has a peak of ∼0.6 near the wing root leading edge, decreasing to ∼0.25 at the wing root

trailing edge. The chordwise distribution remains similar across the span, with a leading edge

value of ∼0.15 and a trailing edge value of ∼-0.2 at the wing tip. For increasing airspeed, the

distribution flattens, becoming almost negligible for an airspeed of 40 m/s, with values close to

zero across the whole wing.
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Figure 7: Correction factor distributions for all airspeeds.

10



IFASD-2026-0243

4.1 Static cases

Figure 8 compares the wing root loads Fz, Mx, and My of the initial and updated model to

experimental measurements for angles of attack from -4◦ to 4◦ and airspeeds of 18, 22, 30, 34,

and 40 m/s. In the initial model, the lift force Fz and bending moment Mx are close to matching

the slope for all airspeeds; however, there is a large offset in the 18 and 22 m/s cases, which is

eliminated by the correction. For the cases from 30 to 40 m/s, the initial model results already

match the experimental measurements quite well in Fz and Mx, but not in My. The updated

models match the experimental values well for lift, bending moment, and torsion moment. It

can be seen that Nastran and Loads Kernel deliver consistent results.
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Figure 8: Nastran and Loads Kernel static wing root loads of initial and updated model compared to experimental

measurements from -4◦ to 4◦ angle of attack.

11



IFASD-2026-0243

4.2 Dynamic cases

After validating that the VLM/DLM formulations in Nastran and the Loads Kernel provide con-

sistent results in the static case, dynamic simulations using the correction factors are performed

with the Loads Kernel software. In this section, a few sample cases are presented, and the initial

and updated models are compared.

4.2.1 Angle of attack variation

Figures 9 through 11 show the wing root loads during dynamic angle-of-attack excitations of

different frequencies at a constant airspeed of 30 m/s. The three maneuvers start at initial angles

of attack of ∼1.3◦ and increase to ∼5◦ in a 1-cosine shape, with frequencies of 0.5, 2, and 4

Hz relative to the on-flow velocity. These correspond to reduced frequencies of k = 0.0118,

0.0471, and 0.0943, respectively. In the updated model, all three loads are matched in the initial

condition for all three cases. The amplitude is slightly underestimated in the updated model

compared to the experimental measurements in the 0.5 Hz case, still showing an improvement

over the initial model, particularly for the torsion moment. In the 2 Hz case, the amplitude

is matched well for all three loads. In the 4 Hz case, the amplitude is matched well for lift

and bending moment. The torsion moment measurement shows a higher frequency response

and does not follow the angle of attack signal. This can most likely be attributed to an inertial

influence of the wind tunnel joiner that connects the wing to the load balance and has significant

mass and moments of inertia, which are rotated along with the rest of the wing. The structural

model of the wing did not include this wind tunnel joiner and thus cannot account for the

associated effects. In the 2 Hz and 4 Hz cases, the loads show an overshoot after the angle of

attack returns to its initial value, which is present but not as pronounced in the measurements.

Overall, the updated model represents the changes in loads during the dynamic angle of attack

variation well. For higher frequencies with significant angle of attack accelerations α̈ the inertia

effects of the wind tunnel assembly become relevant, leading to moment responses that are not

captured by the model.
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Figure 9: Wing root loads during a dynamic angle of attack variation with a frequency of 0.5 Hz with respect to

the on-flow velocity.
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Figure 10: Wing root loads during a dynamic angle of attack variation with a frequency of 2 Hz with respect to the

on-flow velocity.
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Figure 11: Wing root loads during a dynamic angle of attack variation with a frequency of 4 Hz with respect to the

on-flow velocity.

4.2.2 Control surface cases

Doublet maneuvers. Doublet maneuvers are used to validate control surface modeling. Fig-

ures 12 through 14 show the wing root loads of the initial and updated models during represen-

tative doublet maneuvers of the inner aileron at an airspeed of 30 m/s and an angle of attack of

1.3◦ for three deflection angles of 5, 15, or 25◦ compared to experimental measurements.

The updated model matches the experiment well in the loads at the initial trim condition, and

the change in loads is modeled well for the 5◦ deflection case. For 15 and 25◦ of deflection

angle, the model shows larger changes in the loads than those measured in the experiment.

The deflection of the control surface induces a linear change in downwash and thus a linear

change in the loads. This approximation works well for small deflection angles, but for higher

deflection angles, the change in loads gets overestimated. By calculating the ratio of change

in loads from the initial trim point between the model and the experiment, an angle correction

can be calculated. Figure 15 shows the deflection angles necessary to match the change in

loads compared to the input deflection angle for all three ailerons at the four airspeed cases for

which experimental data are available. The curves have a sigmoid shape, initially matching

the linear reference for a deflection angle of 5◦ and then departing from the linear reference

with increasing deflection angle. This illustrates the nonlinear behavior of the change in loads

due to aileron deflection. To include this effect in the aerodynamic model, the input signal for
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the aileron deflection is modified by premultiplying it with a correction function, which can be

calculated from the ratios of the equivalent deflection angle and the input deflection angle. This

function is dependent on the airspeed, as the necessary corrections aren’t constant for constant

aileron deflections at different airspeeds.

δa = Kδa(δainp, V ) · δainp. (10)

This deflection angle correction function is shown in Fig. 16. For the inner and middle aileron,

the correction function follows an approximately parabolic trend, remaining close to 1 for small

deflection angles and decreasing with increasing deflection. The outer aileron shows a different

behavior. Instead of decreasing from values near one for small angles of deflection, the correc-

tion factor initially increases sharply, as the necessary deflection angle in the model is higher

than the 5◦ from the experiment. At higher deflection angles, the correction factor decreases.

This behavior suggests that the outer aileron correction could be represented by a higher-order

polynomial, such as a quartic function. In this work, the corrections are linearly interpolated

between the known values. Shown in Fig. 12 through 14 are the results of the aileron doublet

maneuver with the modified input signal.
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Figure 12: Wing root loads during a 5◦ doublet maneuver of the inner aileron at an airspeed of 30 m/s.
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Figure 13: Wing root loads during a 15◦ doublet maneuver of the inner aileron at an airspeed of 30 m/s.
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Figure 14: Wing root loads during a 25◦ doublet maneuver of the inner aileron at an airspeed of 30 m/s.
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Figure 15: Deflection angles necessary to match the change in loads compared to the input deflection angle for all

three ailerons at the four airspeed cases.
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Figure 16: Deflection angle correction functions.

Chirp maneuvers. A series of aileron chirp maneuvers spanning a frequency range of 0 to 10

Hz over a time period of 30 seconds and commanded deflection amplitudes of 2 and 5◦ were

performed for all three ailerons at airspeeds of 18, 22, 30, and 34 m/s. Figure 17 and 18 show

the measurements and numerical results of a representative inner aileron chirp maneuver with

a commanded amplitude of 5◦, at an airspeed of 30 m/s, along with the input signal correction

for ±5◦ developed in the previous section. The updated model matched the experimental mea-

surements well in the initial trim condition as well as in the amplitude of the loads. In both

the experimental measurements and the model, a noticeable increase in the amplitudes of the

loads can be observed near the middle of the time window, coinciding with the chirp frequency

approaching the frequency of the first wing bending mode of the wing.
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Figure 17: Wing root loads during a 0 to 10 Hz, 5◦ inner aileron chirp.
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Figure 18: Wing root loads during a 0 to 10 Hz, 5◦ inner aileron chirp, view focused around resonance with first

wing bending.
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5 APPLICATION TO FULL AIRCRAFT MODEL & PREVIEW ON FUTURE FLIGHT

TESTS

In this section, the correction factors are applied to a model of the full TU-Flex aircraft. The

steps for adjusting the correction factors to the full model are explained, and a comparison is

made for two static cases and two dynamic maneuver cases simulated using LoadsKernel.

5.1 Modification of correction factor results

Figure 19 shows the aerodynamic model of the full TU-Flex demonstrator. The aerodynamic

model consists of a total of 1831 boxes: 1344 of these model the two wings, the vertical sta-

bilizer consists of 135 boxes, and the horizontal stabilizers are modeled by 192 boxes. The

fuselage is modeled using a cruciform arrangement of 160 boxes. To apply the correction fac-

Figure 19: Aerodynamic panel model of the TU-Flex. Control surfaces highlighted.

tors to the whole aircraft model, their spanwise distribution is mirrored to fit the left wing, and

the entries are rearranged accordingly. The mirrored correction factor vectors are appended

to the original vectors, and the arrays are then padded with ones and zeros, respectively, to

accommodate the boxes of the fuselage and tail assembly, for which no correction factors are

set.

5.2 Static maneuvers

Two static maneuvers corresponding to corner points of the TU-Flex flight envelope were sim-

ulated for both the initial and updated models. These maneuvers, labeled 1 and 2 in Fig. 20,

consist of a pull-up maneuver at a pitch rate of 45.56 ◦/s at an airspeed of 37 m/s, corresponding

to a load factor of +4, and a push-down maneuver at a pitch rate of -42.16 ◦/s and an airspeed of

42 m/s, corresponding to a load factor of -2. For both maneuvers, the correction factors for the

airspeed of 40 m/s were used. Figure 21 shows the resulting deformations during these maneu-

vers for the initial and updated models. In the updated model, the deflections of the wing during

the maneuvers reduce significantly. In the pull-up maneuver, the wing tip deflection reduces

from over 0.6 m to ∼0.43 m. In the push-down maneuver, the deformation reduces from ∼0.3

m downward deflection to ∼0.2 m.
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Figure 20: Flight envelope of TU-Flex at sea level with labeled maneuver points.
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Figure 21: Deformations during pull-up and pitch-down maneuvers of the initial and updated model.

5.3 Dynamic maneuvers

Two representative flight test maneuvers were simulated to compare the initial and updated

aircraft models. The first maneuver consists of an asymmetric outer aileron chirp sweeping from

2 to 13 Hz over 8 seconds with an amplitude of ±5◦. The second maneuver is an outer-aileron

doublet at a frequency of 5 Hz and an amplitude of ±10◦. Figures 22 and 23 show the results

of the simulations, comparing the angle of attack as well as the vertical deflection, acceleration,

and angular rates of a node near the right wing tip, which corresponds to the location of an IMU

in the wing. The results are qualitatively very similar between the initial and updated models;

however, the magnitudes differ. The updated model has an initial trim angle of attack of ∼1.87◦

compared to ∼2.28◦ in the initial model. Wingtip deformation is reduced in the updated model.

During the aileron chirp, both models show an increase in deflection amplitude in the later

parts of the chirp, where the chirp frequency approaches the frequency of the second flexible

mode. The same behavior can be observed in the accelerations and angular rates of the IMU

node. The doublet maneuver shows similar trends. The acceleration and angular-rate responses

remain qualitatively consistent between the models; however, their amplitudes are significantly

reduced in the updated model
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Figure 22: Comparison of initial and updated full aircraft model during an aileron chirp.
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Figure 23: Comparison of initial and updated full aircraft model during an aileron doublet.

6 CONCLUSION & OUTLOOK

This work introduces a methodology for updating aeroelastic VLM/DLM models of wind tun-

nel models using experimentally measured wing root loads, enabling model calibration without

requiring detailed pressure data. Correction factors that minimize the difference between mea-

sured and calculated wing root loads are found using an optimization routine and are applied to

static and dynamic cases. The updated model demonstrates significantly improved agreement

with experimental results for static load cases, as well as good performance in dynamic simula-

tions. Dynamic angle of attack maneuvers are replicated well, with discrepancies likely arising

from inertial effects not represented in the structural model. Nonlinear control surface behavior

can be incorporated via empirically derived correction functions, which, when applied, lead to

a good match with experimental measurements of dynamic control surface maneuvers. The

application of the model update results to a model of a full aircraft is demonstrated, and a sig-

nificant impact on the model results in both static and dynamic cases can be observed, showing

the importance of accurate aerodynamic representation for highly flexible configurations.

The proposed method can be expanded by the inclusion of additional measurement data, such as
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displacement measurements, and by extending the methodology to include frequency-dependent

or unsteady aerodynamic corrections to enhance its applicability to higher-frequency dynamic

phenomena. The effects of the model update on full aircraft behavior must be further validated,

and the approach refined using flight test data.

Overall, the presented method provides a practical framework for aeroelastic model updating

using limited experimental data, making it suitable for experimental validation scenarios where

detailed pressure measurements or high-fidelity CFD data are unavailable.
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