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Abstract 
The Institute of Aeroelasticity of the German Aerospace Center (DLR) in Göttingen has analysed means 
to passively minimise gust load encounters within the DLR project ALLEGRA. One goal was to develop 
and test a highly flexible forward-swept wind tunnel model which is aeroelastically optimised for 
maximum tip deflection while constraining the tip twist. Stiffness optimisation tools offer the possibility 
to design wings with very specific aeroelastic constraints. From the optimised stiffness distribution a 
feasible stacking sequence needs to be derived to reach the full potential of the stiffness optimisation 
process. After manufacturing, the wind tunnel model needs to be validated thoroughly. Here, a two-step 
validation process will be shown. First, static tests obtaining deflection and strain measurements are 
utilised to adjust the finite element model by a computational model updating (CMU) approach [1-3]. 
Second, experimental eigenfrequencies and strain shapes are used to check the validity of the updated 
model  

 
Figure 1: long exposure photo for angle of attack variation during wind tunnel testing 

1 Introduction 

The main objective of this work is to integrate new measurement technique in the model validation 
process. Composite structures offer the possibility to vary the stiffness properties of a wing fluently in 
span direction. Abrupt stiffness changes result in strain discontinuities under static and dynamic loading, 
which can hardly be identified from conventional measurements like displacement, velocity or 
acceleration signals. 
Most commonly acceleration measurements are employed to determine mode shapes from modal 
identification for validation purposes. There are two simple reasons for this: an acceleration sensor is easy 
to apply and deflection mode shapes can directly be estimated from acceleration signals by experimental 
or operational modal analysis techniques. In the past strain gauges have played a minor role in modal 
identification because they were of single use and more difficult to apply. Another drawback is that strain 

1403



modes do not represent deflections and are not easy to interpret. They need to be converted into deflection 
modes [4]. Recent progress in strain measurement technology with fibre-optical strain sensors offering 
spatially near-continuous measurements at sampling rates of 250Hz raise the interest especially for 
aeroelastic applications [5]. 
Within DLR’s internal project ALLEGRA, passive load alleviation techniques have been studied 
thoroughly. A special task within this project was to validate the design of an aeroelastic tailored 
composite wing structure optimized with the in-house tool chain. Therefore new measurement techniques 
have been explored. For this reason a fibre-optical strain sensor was installed during the manufacturing 
process to analyze the strain distribution along the span during static, dynamic and wind tunnel testing. 
The strain sensor offers a spatial resolution of 2.5mm for a total length of 2m at a sampling rate of 250Hz.  
The benefits of these measurements for model validation of composite structures will be highlighted in 
this work. The wing model used in this study is a forward-swept aeroelastically tailored composite wing 
[6]. The wing was designed for maximum flexibility using an in-house aeroelastic tailoring framework. 
Wind-tunnel tests demonstrated a maximum deflection of ~20% of the wing semi-span. The wing was 
fabricated with an optical strain measurement fibre, embedded in the lower skin. Static and dynamic tests 
were performed outside the wind-tunnel while deformations and strains were measured for the purpose of 
model-updating. 
In the present paper, finite element model updating is performed using experimental data from different 
tests. The updated model is validated with measurements that have not been integrated in the updating 
process. 

2 Design and manufacturing of an aeroelastically tailored wing 

2.1 Model design 

The wing model used in this experimental study is a forward-swept wing with a sweep angle of 15°, a 
wing half-span of 1.6m, root and tip chord of 0.36m and 0.12m respectively, a full wing aspect ratio of 
13.33 and a custom unsymmetrical airfoil. In order to tap the stiffness-tailoring potential of composites, 
the entire wing was designed having five design fields each in the upper and lower skin. Each design field 
is defined as a region having constant stiffness properties, effectively constant laminate stacking sequence. 
Laminate blending rules are followed in order to ensure ply continuity while manufacturing and improve 
structural integrity between the regions with varying laminates. The geometry of the wing and the 
distribution of the design fields are shown in Figure 2. 

 
Figure 2: Wing planform showing distribution of the design fields in the skins (shown within brackets are 

design field numbers in lower skin) 

1404 PROCEEDINGS OF ISMA2018 AND USD2018



The wing was tailored for maximum flexibility, while ensuring that the resulting twist-deformation at the 
tip was zero. The requirement on the twist was placed in the optimization, since forward-swept wings tend 
to produce a nose-up twist when bending upwards, which then aggravates toward static aeroelastic 
instability in the form wing divergence. Figure 3 shows the polar distribution of the 𝐴𝐴11 term in the ABD 
composite stiffness matrix of the upper skin. This distribution highlights the main direction of stiffness in 
the upper skin of the wing. In this case, it is a distribution characteristic of bend-twist coupling that aims 
to produce a nose-down twist when experiencing an upward-bending deflection. Details of the wing 
design and the DLR in-house aeroelastic tailoring framework is presented in [6]. 
 

Field    1         |          2            |             3            |           4           |            5          | 

Figure 3: Design stiffness distribution in upper skin 
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Table 1: Optimized ply layup of design fields in 

lower skin  

2.2 Manufacturing 

With wing flexibility being the design objective of the wing, a uni-directional glass fibre material (E-
glass/epoxy) was used in the design. A load-carrying skin concept was applied in order to keep the 
modelling and manufacturing simple, while a foam core (Styrodur 3035CS) filled between the upper and 
lower skin ensured structural stability. The wing was manufactured using a hand layup and vacuum-
bagging technique.  
The optic strain measurement fibre was placed along the 25%-chord line at the interface between the 
lower skin and the foam core. Near the root of the wing, the chord-wise position was adapted in order to 
allow a safe transition while exiting the wing. From this root segment until the adapter outside, the entire 
fibre is enclosed within protective tubing in order to prevent any possible damage whilst manufacturing 
and handling during tests. 

2.3 Sensor instrumentation 

The aeroelastically tailored wing can be characterized by a very complex stiffness distribution along the 
wing span which is realized by stiffness variations that can only be made with composite material. The 
manufacturer gets a ply book with the composite layer setup. Angles and number of plies must exactly 
match the ply book which itself must match the stiffness distributions. This process describes that the 
stiffness properties from the manufacturing are much more uncertain. 
To identify errors in the stiffness properties of the manufactured wing experimental tests are needed to 
compare with results from finite element method (FEM). Stiffness variations from ply drops result in 
discontinuities of strain. Therefore a measurement technique was chosen which yields continuously strain 
information along a 2m fibre. The strain fibre was installed in the lower skin of the wing. In contrast to the 
technology of fibre Bragg grating for measuring strain at a maximum of ~30 locations the fibre used can 
measure a very high spatial resolution with up to 800 locations. Additionally to static measurements the 
system can acquire data at a sampling rate of 250Hz. The technology behind is the optical frequency 
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domain reflectometry (OFDR) described in [7]. OFDR is already available since late 90’s. Applications to 
structural health monitoring in the field of aerospace have been demonstrated in [8, 9]. Since the 
technology is still improving it now gets interesting for dynamical measurements and therefore also modal 
identification. 
The sensor itself is easy to install and just needs to be bonded with superglue to the skin of the monitored 
structure. 

 
 a) Fibre installation b) Fibre position in structure 

Figure 4: Strain fibre sensor 

3 Experimental characterization of the composite structure 

The experimental characterization was done in three steps using (i) an ultimate load test, (ii) a static test 
and (iii) a vibration test. While the ultimate load test was to validate the design and manufacturing process 
for maximum stress and to ensure wind tunnel testing safety the two other tests should gain data for model 
validation. 

3.1 Limit load testing 

Prior to testing the wing in a wind-tunnel, a limit load test was performed with the forward swept wing 
structure. The limit loads for which the wing was sized were applied during static testing. This was done 
to ensure validity of the assumed allowable for the material and the modelling process. Equivalent loads 
were introduced at four sections using load-scissors, such that the resulting displacements were as close as 
possible to the actual distributed aeroelastic loads. Figure 5 shows the setup and the deflection of the wing 
in the limit load test together with force and pressure cp-distribution from the NASTRAN aeroelastic 
analysis using the Doublet Lattice Method (DLM). 

 
a) Limit load test with equivalent aerodynamic loading b) DLM forces and cp for angle of attack α=10° and v = 50m/s 

Figure 5: Calculation of aerodynamic forces and application to limit load test 
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3.2 Static testing 

Static tests were conducted on the wing structure with the LUNA ODiSi-B measurement system designed 
to read and process the optical strain data from strain fibre embedded inside the wing. The objective of the 
measurements was to obtain model validation data and concurrently demonstrate the utility of optical 
strain fibres for such measurements. In the Figure 6b, instant data visualization through the LUNA system 
is depicted along with the wing in loaded condition. The live data monitoring enabled a quick check of the 
structural response and therefore, ensured that the deflection did not exceed allowable limits. The strain 
variation was measured along the full length of the strain fibre at a high spatial resolution. 
Measurements using the Polytec Laser Doppler Vibrometer were also taken in tandem with the strain 
measurements as a check for wing deflection under bending loading. Here, the geometry laser was used to 
measure the deflections along different sections of the wing span. Since the deflection cannot directly be 
measured the difference between the actual laser point position under load and the zero position was 
calculated. The measurement points can be identified by the reflector marks in Figure 6a. 
A single point force was introduced into the structure near the tip at approximately 1.5 m from the base of 
the wing. The applied load was introduced using a clamp for uniform load distribution across the cross-
section. The loading was done using physical weights and a measure of the applied load was taken using 
load cells attached at the point of load introduction which is depicted in Figure 6c. 

   
 a) Reflector marks for deflection scan b) Setup with optical strain fibre system c) Static deflection 

Figure 6: Measurement setup for static tests 

3.3 Vibration testing 

A ground vibration test (GVT) was performed on the forward swept wing using to identify the structural 
dynamic properties. To excite the structure an electrodynamic shaker was used. The responses were 
measured (i) with a Polytec PSV-400 Laser Doppler Vibrometer (LDV) using a high spatial resolution of 
measurement points and (ii) with the LUNA ODiSi-B system using the continuous fibre optic sensor with 
a spatial resolution of 2.5mm and a sampling frequency of 250Hz. 
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The structure was excited with an electrodynamic shaker using a random signal in the frequency range 
from 10 to 1200 Hz. The shaker was connected to the structure by superglue. A force cell between 
structure and stinger provided the input force signal. The shaker was supported by ropes as depicted in 
Figure 7a and b. This type of suspension decouples the excitation from the supporting structure. In the 
higher frequency range > 100 Hz each supporting structure will show its own resonance frequencies, 
which can interfere with the test object. Additionally the test was carried out on DLR’s seismic block that 
can also be decoupled from the building by air cushions. The fixation of the structure was the same than 
for the static test. 

3.3.1 LDV and accelerometer measurements 

Before setting up the test the structure was treated with a reflector spray to enhance the signal quality of 
the laser. Random excitation with signal duration of 125 seconds was applied for each scan point. The 
random signal was generated before and played as user defined signal for each scan point again to 
guarantee high repeatability. A sampling frequency of 2.56 kHz was used. The complete structure was 
scanned at 343 measurement points across the wing surface and 16 points on the clamp at the wing root. 
Additionally 10 accelerometers used for in-plane vibration measurement have been installed on the 
leading edge of the wing. LDV measurements have been carried out with a Polytec Scanning Vibrometer 
PSV-400 while the accelerometers have been acquired with an LMS Scadas III measurement system. On 
both systems time data signals of the input force and the structural responses were stored together with the 
time data from reference an accelerometer at the driving point. Modal testing was carried over three 
consecutive days due to the high scan density of the measurement grid. 

    
 a) Wing with shaker b) Close up of shaker attachment c) Valid scan points on structure 

Figure 7: Experimental setup and scan points of LDV measurements 

The recorded time data signals shown in Figure 8a have been processed into velocity frequency response 
functions (FRF) by referencing on the input force measured by the force cell in order to estimate mode 
shapes within the framework of experimental modal analysis. As depicted by missing points in Figure 7c 
some of the time data signals were corrupted and needed to be eliminated for further modal analysis. A 
good indicator for corrupt measurement signals from random excitation is to look at the skewness or 
kurtosis which describe the 3rd and 4th statistical moment of the time data signals. These values indicate 
bad measurement signals and need to be eliminated before further analysis. 
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 a) Time data from random excitation b) Velocity frequency response functions 

Figure 8: Data acquisition and signal processing of LDV measurements 

Transfer functions have been obtained using the H1 estimator by applying Welch’s modified periodogram 
[10] with an overlapping Hanning window. The signal processing has been performed using DLR’s 
object-oriented modal analysis MATLAB toolbox. The FRFs obtained from flap-wise excitation are 
presented in Figure 8b. The transfer functions in log-scale show very clear resonance peaks up to the 
maximum excitation frequency of ~1200Hz. 

3.3.2 Strain fibre measurements 

The strain fibre measurements make use of the OFDR technique as explained in [7]. T vibration 
measurements have first been carried out in the same boundary and shaker conditions as for the LDV 
measurements. Unfortunately the sampling frequency was only set to 10 Hz which was recognized after 
the test was disassembled. Nevertheless data from shaker testing before wind tunnel entry was available 
for analysis with a maximum sampling rate of 250 Hz. Though the structural dynamic characteristics 
between fixation on seismic block and wind tunnel wall do slightly differ the results are similar and the 
capabilities of such a fibre can be discussed in this paper. 
The model mounted to the wind wall was also excited with an electrodynamic shaker using random 
excitation. The length of the excitation was this 180 seconds. The data was stored in a raw data format on 
the computer attached to the LUNA ODiSi-B system. One drawback of the current system is that no 
external analogue signal can be measured as reference signal and therefore the input force is not available. 
Also time synchronization is not available for the ODiSi-B system, but seems to be implemented in the 
current system. 

  
 a) Time data before correction b) Time data after correction 

Figure 9: Data acquisition and signal processing of strain sensor 
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The recorded time data signals shown in Figure 9 have been processed into strain cross power spectral 
density functions (CPSD) by referencing on a stain sensor location itself in order to estimate mode shapes 
within the framework of operational modal analysis. As depicted in Figure 9a many time data signals were 
corrupted and needed to be purified for further modal analysis. Missing data points needed to be 
interpolated using common splining functions within MATLAB. After purifying the data nice random 
signals could be obtained. 

 
Figure 10: cross power spectral density functions of strain fibre 

From 819 time data signals cross power spectral densities (CPSDs) were calculated in the same manner as 
described for the LDV data. The reference sensor was chosen according to strain mode amplitudes after 
first modal identification results had been processed. It is important to reference on a sensor location with 
a significant strain mode contribution. The CPSDs already indicate some resonance frequencies (see 
Figure 10). 

4 Results 

4.1 Static data 

The load application was done in a sequence of 11 steps up to the estimated maximum allowable load. 
Strain and displacement measurements were stored for each of these 11 load steps. Due to frictional forces 
acting along the load application path, the actual bending loads measured at the force cell were smaller 
than the applied load. The strain and displacement results are depicted in Figure 11. In the strain vs length 
diagram, strain discontinuities are clearly visible at distinct positions within the structure. These indicate 
the change in the composite layup within different sections of the wing. The applied load steps varied 
from 0.7 to 16.3 N for maximum tip deflection. The increase in load is clearly implied in Figure 11a 
through the superimposed strain plots for the different load steps. 

 
 a) Strain variation along the length of the fibre b) Displacement increment with load  

Figure 11:  Strain and displacement response from the static tests 
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In Figure 11b, displacements at 9 different measurement locations along the span with increasing load 
magnitudes are shown. The deflection curves, as expected, are found to have a linear variation with load 
increments. The peak deflection near the tip was observed at 32 cm for an applied load of 16.3 N which is 
20% of the wing span. 

4.2 Modal identification 

4.2.1 Identification of displacement modes 

Figure 12a shows the stabilization diagram of the FRF modal analysis including a summation of 
experimental (red) and fitted (blue) FRF amplitudes. The eigenvalues and eigenvectors are estimated using 
the well-known least-squares complex frequency method (LSCF) [11], from which the stabilization 
diagram is constructed using the DLR’s Modal Analysis MATLAB toolbox. 

  
 a) Stabilization diagram and curve fit of sum of absolute values of FRFs d) MAC matrix for identified modes 

Figure 12: modal identification results from LDV and accelerometers 

 
a) 1st wing bending 10.5Hz b) 1st wing torsion 139 Hz c) 4th wing bending 146 Hz d) higher torsion mode782 Hz 

Figure 13: some bending and torsions modes from LDV measurements 

The Auto-MAC matrix in Figure 12b shows a number ~30 modes that are well separated from each other. 
A selection of identified modes is presented in Figure 13. The identification of modes was possible even 
above 1200 

4.2.2 Identification of strain modes 

Strain gauge modal analysis can be applied on strain transfer functions in the same way as on transfer 
functions calculated from acceleration, velocity or displacement signals. Figure 14a shows the 
stabilization diagram of the strain modal analysis including a summation of experimental (red) and fitted 
(blue) SCPSD amplitudes. The eigenvalues and eigenvectors are also estimated using the well-known 
least-squares complex frequency method (LSCF) [11], from which the stabilization diagram is constructed 
using the DLR’s Modal Analysis MATLAB toolbox. 
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Within the frequency range up 125 Hz six stable poles can be detected see Figure 14a. The curve fit in the 
same figure shows a good representation of the SCPSDs. The MAC matrix in Figure 14b shows  

 
 a) Stabilization diagram and curve fit of sum of absolute values of SCPSD’s d) MAC matrix for identified modes 

Figure 14: modal identification results from strain sensor 

 
Figure 15: strain modes 

The identified strain modes are depicted in Figure 15. Though six modes could be identified, two of them 
are spurious modes which do exist neither in finite element model nor in results from LDV modal 
identification. The spurious modes are already indicated by the low mode indicator function value (MIF), 
which is plotted into the text field of each graph. Mode 1, 2 and 5 represent flap bending modes while 
mode 3 is an edge bending mode.  
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5 Model updating and validation 

Differences between the idealized simulations models used in a structural design and the actual behavior 
observed in experiments are inevitable and can arise from several sources. In the present case, the design 
of the wing with the aeroelastic tailoring process uses GFEM/dynamic type of FE models that are well-
suited for structural dynamic and aeroelastic applications. For the model generation, the parametric model 
generator ModGen [12] at the DLR – Institute of Aeroelasticity is used. Such a model typically includes 
an approximate representation of the non-structural masses for instance, glue, additional resin and paint. 
The mass in the FE model is then adapted to the measured wing mass and the center of gravity. A second 
important source of difference results from deviations arising out of material scatter and manufacturing 
discrepancies, observable only after the structure is manufactured.  
In order to update the simulation FE models such that they represent the actual manufactured structure, 
information from static or vibration tests can be used to update the FE models.  

 
Figure 16: Wing FE model showing tuning beams (in red) connected to inner structure of wing 

 
Figure 17: Tip-displacement for Model-1 – initial FE model, FE model after CMU, experimental results 

(for three different load magnitudes) 

In this case, the static tests explained in the previous section were used to update the FE model with a 
CMU approach. The FE model shown in Figure 16 contains dummy ribs that are used for the aero-
structure splining. ‘Tuning-beams’ are added between two ribs totaling 16 such beams in this case. The 
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properties of the beams are grouped such that 5 unique beams exist. Using the bending-stiffness term of 
these tuning beams as design variables, an optimization problem is setup within NASTRAN’s 
optimization framework – the SOL 200. The objective of the optimization is to minimize the difference 
between the displacements at defined points in the measured test results and the FE model. The drawback 
of using such a tuning-beam is that the update is a purely mathematical adaptation of the model without 
necessarily providing any metric of the physical parameters changed. However, as a first quick approach 
at model-updating, it is effective on account of its simplicity.  
The results from the CMU step are shown in Figure 17. The displacement from the experiments 
corresponding to the largest load (shown in green) is used as the target displacement in the optimization. 
The updated model (denoted as Model-1) agrees well with the experimental measurements for other 
measurement points as well, thus showing the consistency of the update over the different load sets. 

 
a) Model-1 

 
b) Model-2 

Figure 18: Span-wise strain distribution along the strain-fibre and in the FE model (dashed lines represent 
the boundaries of the design regions in the lower skin) 

The strains measured using the optic fibre are compared with the updated Model-1 in Figure 18a. The 
trends observed are comparable and of particular interest are the sharp jumps in strain observed at the 
interfaces between two design regions, between which plies are dropped. A noticeable discrepancy 
between the experimental results and strains in Model-1 occurs at the first ply-drop junction between 
design regions 1 and 2 (at span location 0.20m). The FE model predicts a sharp increase in strain, which 
can be expected given the sudden drop in thickness. This drop is observable in the experimental results 
shifted slightly outward (at a span location of ~0.40m).  
A possible explanation could be a simple manufacturing defect wherein the ply in consideration was 
dropped at a false location further outboard than had been initially planned. Such a manufacturing 
oversight is quite difficult to detect once the wing has been assembled and closed. 
In order to further investigate on this, the FE model was re-generated with the possibly shifted ply-drop 
location, a CMU was performed similar to Model-1 using the experimental displacements as objective and 
the strains were recalculated. For the sake of convenience, this model is denoted as Model-2 henceforth. A 
strain comparison between the FE model and the experiment for Model-2 is shown in Figure 18b. Even 
though the comparison for the strains in the mid-span section is slightly deteriorated, the strains near the 
root and tip seem to have a much better correlation with the FE model. This manufacturing defect could in 
fact be present in the actual wing and the complete set of measured data will be next processed in order to 
confirm this. 
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An observable artefact in the measured strain data are the gaps in measured strains. This arises due to the 
sharp gradient in the experimental strains along the span, mostly at the ply-drop locations, which is 
beyond the specification limits of the used optic-fibre.  
For comparisons with strain mode shapes measured using the fibre, strain modal data was extracted using 
a SOL103 analysis in Nastran. First, the FEM elements were correlated to the previously measured strain 
fibre location in the wing and an element set was created for strain computation. The strains in Nastran 
were computed in the material coordinate system, of which the x-axis aligns approximately with the 
direction of strain fibre and therefore, strain transformation along the direction of the strain fibre was not 
necessary. The comparisons for the static analysis and mode shapes have been done with a direct 
utilization of local x-strain for each element extracted from the SOL103. 

 
a) 1st wing bending strain mode 

 
b) 2nd wing bending strain mode 

 
c) 3rd wing bending strain mode 

Figure 19: comparison of strain modes from experimental fibre (solid line) and numerical results (square) 
The analytical and measured strain modes are compared for all flap bending modes in Figure 19a-c. The 
figure shows analytical (squares) vs. experimental strain (solid line). The color code and vertical position 
gives the strain mode values while in gray the finite element deflection mode shape of the wing is 
overlaid. The plot shows quite nicely that the strain curves match quite well. Mode 1 and 2 indicate still a 
slight discrepancy in position for the last ply drop. Also turning points of mode shape bending can be 
detected as points of zero strain. 
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6 Conclusions and Outlook 

An aeroelastically tailored forward swept wing has been designed for high flexibility and zero tip twist. To 
realize maximum flexibility a glass fibre – epoxy based material was chosen in the design. The 
manufacturing of the wing was done using hand layup and vacuum bagging technique. The OFDR 
measurement technique was employed using a strain fibre for continuous static and dynamic strain 
information along the span of the forward swept wing. The sensor was embedded within the wing during 
the manufacturing. The wing was then subjected to a sequence of experimental tests to determine its 
characteristics. An initial limit load test was conducted to validate the assumed design allowable in the 
FEM structural model. A static test was then conducted with simultaneous strain measurement using the 
optical strain fibre and relative displacement measurement using geometry laser of an LDV. The strain 
variation plotted along fibre length was found to be a good indicator of the composite layup in different 
sections of the manufactured wing. The displacement data at several points on the wing obtained using the 
LDV was then utilized for a computational model update of the FEM model. A comparison of the 
experimental displacement measurements with the updated model shows a good agreement. Furthermore, 
a comparison of the element strain along the fibre location in the FEM model with the strain data obtained 
from the strain sensor gives a reasonably good correlation. This, to some extent, gives a good validation of 
the experimental measurement using strain fibre. 
Vibration tests with a classical GVT were also conducted for the wing to obtain a dynamic 
characterization of the wing. A good prediction of the mode shapes and modal frequencies of the wing 
was obtained using measurements from the LDV and the in-house DLR tool for data analysis. The 
sampling rate of 250 Hz for the strain fibre of 2 m length provided time response for >800 sensor 
locations. It was possible to extract all four strain modes of the structure within the frequency range up to 
100 Hz. After update the match between analytical and experimental strain modes was fairly good. 
Such strain fibres provide detailed data about the stiffness distribution of a composite structure. It is much 
more sensitive than other measurement techniques like displacements and accelerations. Since now even 
modal identification is possible the value of this technique has risen significantly. In the future the strain 
modes will be integrated in the CMU process. Furthermore the strain sensor information should be used to 
do real time monitoring during wind tunnel testing. 
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