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Abstract
The geometric assessment of physical demonstrators are an integral part of several research projects conducted at the Chair of 
Aircraft Design at the Technical University of Munich. The projects range from several research UAVs, a sailplane morphing 
wing to propellers. There are different project objectives like the assessment of manufacturing deviations, design and func-
tion validation as well as reverse engineering of aerodynamic surfaces for model adaptation and simulation in the projects. 
Nevertheless, mutual approaches and solutions have been identified. Therefore joint development efforts are undertaken 
using 3D-scanning technology for data collection and evaluation. This technology captures the surface of a given object 
typically as a point cloud with comparably high accuracy. Since a manual evaluation process bears disadvantages in terms 
of reproducibility, custom post-processing software tools are developed. Global geometry data, like wing platform data, as 
well as airfoils can be extracted from a surface point cloud to analyze UAV wings or propellers. Airfoils can be derotated, 
normed and smoothed for aerodynamic analysis with low-fidelity aerodynamic tools, such as XFLR5 or XFOIL. For the 
analysis of morphing airfoil structures, the scanned geometry is aligned with the desired design airfoil shape so they can be 
compared. In this paper, analysis methods and several example results are presented.

Keywords Remotely piloted aircraft system (RPAS) · Unmanned aerial system (UAS) · Unmanned aerial vehicle (UAV) · 
3D-scanning · Geometry extraction · Morphing wing structures · Polynomial smoothing · PCA · Reverse engineering

1 Introduction

With the maturation of 3D-scanning tools for recording sur-
faces and related methods for data evaluation, 3D-scanning 
has proliferated widely, both in terms of fields of application 

as well as in scale of magnitude. While the applications typi-
cally share the initial recording and representation of surface 
data as the first process step, differences arise in the usage 
of data that can be loosely classified in three categories [1]:

– Documentation, e.g. of products for comparing actual 
shapes to desired shapes in the course of quality control.

– Digitization, e.g. of machine components for producing 
spare parts or retrofitting equipment to key interfaces 
such as threads or functional surfaces.

– Reverse engineering, e.g. extracting the characteristics of 
aerodynamic surfaces such as airfoil geometries or taper 
to reconstruct a design methodology.

While extensive and mature tools for documentation and 
digitization are available and applicable for a comparably 
large range of structures, tools for reverse engineering need 
to be tailored to the structure of interest to benefit from 
knowledge of domain-specific methods. In case of aerospace 
structures like wings, considering domain-specific knowl-
edge is necessary to reverse engineer design geometries, 
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such as airfoils, that underlie the resulting geometries of 
wings and propellers. Furthermore, reverse engineering 
tools have to consider the intended usage of results such as 
analyzing aerodynamics, in which case resulting geometries 
have to meet requirements arising from the analysis tools 
employed downstream. In the following, several case stud-
ies are presented that exemplify challenges and aspects to 
consider when applying 3D-scanning for reverse engineering 
tasks to solve problems arising in research projects in the 
field of aerospace.

Several research projects of the Institute of Aircraft 
Design at the Technical University of Munich include the 
reverse engineering and assessment of physical technol-
ogy demonstrators to validate and verify the methodologies 
developed [2]. Examples of such projects are the project 
MILAN—Morphing Wings for Sailplanes which is targeting 
an increase of lift-to-drag ratio and high-speed performance 
by implementing a wing featuring a deformable (morphing) 
forward airfoil section in combination with a hinged trailing 
edge flap [3, 4]. In the projects FLEXOP [5] and FLiPASED 
[6] the technology demonstrator T-FLEX is being utilized 
to demonstrate flutter mitigation and suppression as well 
as drag-reduction technologies in flight. Further projects 
target the prediction of flight dynamics characteristics of 
Unmanned Aerial Vehicles (UAVs) [7] themselves as well 
as the optimisation of propellers for UAVs [8] using physical 
specimen. Even though the aforementioned projects’ nature 
and goals differ, mutual interests have been identified to 
employ 3D-scanning for capturing and assessing the geom-
etry of physical specimen. Typically, 3D-scanning is utilized 
in pursuit of one of the following objectives: 

1. Reverse engineering of design geometries for aerody-
namic simulation purposes such as flight dynamics pre-
diction and propeller assessment and optimization.

2. Assessment of geometric deviations of the physical 
structural part from the design shapes for validation 
of its function (MILAN) and model updates (MILAN, 
FLEXOP, FLiPASED).

In the first case, the ideal design geometries such as airfoils 
of aerodynamic surfaces are reconstructed from the 3D-scan 
data. Models using this data to predict the aerodynamic 
properties of the propeller or airframe can then be validated 
against test series that have been carried out. Here, it is pos-
sible to utilize additional knowledge of the design methodol-
ogy to mitigate the influence of inaccurate or noisy 3D-scan 
data. In the second case, the accurate measurement of the 
actual geometry of the physical specimen is of interest, e.g. 
to update aerodynamic models in the project FLEXOP or 
FLiPASED to adjust predictions. Another use case is to 
assess if the actual deformations of the morphing airfoil 
section and wing bending match with the predictions in 

the project MILAN. In terms of data evaluation, the second 
objective poses the additional difficulty to discern manufac-
turing deviation from inaccurate 3D-scan data.

In the assessment of 3D-scan data, the application of 
standard software suites has been found to bear disad-
vantages in terms of repeatability due to high reliance on 
manual user input. Furthermore, the 3D-scan data assess-
ment does not account for possible a-priori knowledge 
in terms of design methodology for aerodynamic airfoils 
and extracted geometries which are typically not suited for 
usage in aerodynamic tools such as XFOIL [9]. Therefore, 
efforts are undertaken to develop a custom evaluation tool 
for 3D-scan data suited to meet the aforementioned objec-
tives. Similar efforts have been undertaken by Gryte et al. 
[10] and Dantsker [11]. In the first publication, a 3D-scan of 
the Skywalker X8 was used to extract needed airfoils and the 
geometry for a reconstruction of the Remotely Piloted Aerial 
System (RPAS) in the low-fidelity simulation tool XFLR5 
[12]. Since the resolution of the scan was found to be insuf-
ficient for the analysis in XFLR5, the airfoils were manually 
smoothed and subsequently compared to the results of wind 
tunnel tests. In the second publication, Dantsker developed 
a custom MATLAB tool to extract airfoils of a 3D-scan. The 
airfoil was compared to the nominal airfoil and the devia-
tions were explained by manufacturing inaccuracies which 
seems likely due to the construction method of the wing. 
The tool greatly reduces the need for manual input, however, 
the quality of the airfoil extraction approach has not been 
assessed in further detail.

Up to date, development efforts have been focused on 
the geometric characterization of aerodynamic surfaces of 
UAVs and propellers [13–15]. The extracted geometric char-
acteristics, such as wing positions, airfoils and aerodynamic 
angles, proved suitable for usage in low-fidelity aerodynamic 
simulation. In the project MILAN, the deformations of the 
morphing airfoil section have been investigated, to assess 
the function of the compliant mechanism that is deform-
ing the airfoil [16]. In the following chapters, the process 
of 3D-scanning and the method of geometry extraction are 
presented. Particular attention is given to the methods of 
data smoothing. The metrics of geometric and aerodynamic 
evaluation of results are introduced and the methodology is 
assessed using case studies on specimen of known geometry.

2  3D‑scanning process and geometry 
extraction

2.1  Overview of the 3D‑scanning process

The 3D-scanning and data extraction approach is com-
posed of consecutive steps that are outlined in Fig. 1. 
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Several steps only apply for certain use cases that are 
described in detail below:

1. Preparation of the research object and the surroundings
2. Capturing of a reference system, using photogrammetry 

(MaxSHOT 3D) in case of large target objects
3. Scanning the relevant surfaces, using a laser 3D-scanner 

(HandySCAN 700) (also defines the reference system if 
photogrammetry is not used)

4. Exporting the scanned data as a point cloud
5. Post-processing using software tools

(a) Extraction of relevant cross-sections
(b) Flap derotation if necessary
(c) Matching of reference markers for morphed airfoils if 

necessary
(d) Normalization and derotation of the airfoil
(e) Airfoil Smoothing, if required
(f) Derivation of aircraft-level/propeller geometric proper-

ties such as dihedral, incidence angle a.o.

2.2  Available hardware

A hand-held laser 3D-scanner of type CREAFORM HandyS-
CAN 700 [17] in combination with an optical coordinate 
measurement system (photogrammetric triangulation) of 
type CREAFORM MaxSHOT 3D [18] is utilized for the col-
lection of surface data. The system utilizes a static coor-
dinate system generated by circular target points that are 
applied either on the rigid object or surrounding surfaces. 
These points are captured by the coordinate measurement 
system with a photo camera from different angles. The 
3D-scanner employs these points to determine its orienta-
tion in space and generates a surface point cloud with the 
help of reflecting laser beams. At least six points have to be 
in the field of view and in range (approx. 300 mm) of the 
3D-scanner at a time for it to be able to orientate itself in 
space.

The volumetric accuracy of the coordinate measurement 
system CREAFORM MaxSHOT 3D is dependent on the 
size of the scanned object and is stated with 0.025 mm/m 
while the average deviation is 0.008 mm/m. The volumet-
ric accuracy of the 3D-scanner CREAFORM HandySCAN 
3D is 0.020 mm + 0.060 mm/m alone and 0.020 mm + 
0.025 mm/m in combination with the coordinate measur-
ing system CREAFORM MaxSHOT 3D with a resolution 
of 0.050 mm.

The coordinate measurement system CREAFORM Max-
SHOT 3D is used for larger objects like UAVs or sailplane 
wing segments (MILAN: 500 mm chord length) to reduce 
the average deviation and increase the volumetric accuracy 
of the 3D-scanner.

2.3  Scan preparation

The scan process poses different challenges depending on 
the size and complexity of the scanned objects. In case of 
larger objects, target points can be applied on the aircraft 
surfaces, together with some targets outside the surfaces that 
are visible from multiple viewpoints as seen in Fig. 2. On 

Fig. 1  3D-scanning toolchain

Fig. 2  Scan environment for large objects using the MaxSHOT 3D to 
capture the reference system [15]
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the other hand, placing enough targets on smaller objects 
like propellers proves difficult, which is why these objects 
require the construction of a suitable scanning environment 
or a background as shown in Fig. 3. This background must 
be sufficiently close to the object for the scanner to recog-
nize the targets while ensuring accessibility to the scanned 
object from all sides. Ideally this background features tar-
gets visible from multiple viewpoints for the scanner to 
correctly align itself when scanning the sides of an object. 
Additionally, the surface of the object has to be matt to avoid 
unwanted reflections of the laser beams. However, matting 
spray hinders the proper application of target points when 
placed on the object itself.

2.4  3D‑scanning process

The scanning process starts with the creation of a reference 
system where the targets are registered separately. The global 
reference targets are photographed using the MaxSHOT 3D 
for big objects as a first step. Standard scanning targets are 
captured directly by the HandySCAN 700. A specific part of 
the object is chosen as the origin of the coordinate system 
and the scan aligns accordingly. The scanning of the object 
can be started by scanning in a star-like fashion from the 
center to the outer edges of the object after the coordinate 
measurement system is resolved successfully. Challenges 
arise for the transition from the upper to the lower surface 
of thin surfaces such as wings or propellers via the lead-
ing or trailing edge. The placement of small tetrahedrons 

fitted with scanning targets on the upper side of a wing helps 
this transition. The scanner provides the ability to merge 
multiple scan partitions from the same object if sufficient 
overlay of targets or surface geometry is present. This will, 
however introduce a further source of error as the merg-
ing process will lead to uncertainties at the edges. On sharp 
trailing edges, the system reaches its limits of resolution 
and accuracy. This problem arises not only on small scales, 
like propellers, but also in the scanning of the wing or tail 
of a UAV. This requires extra care and time when scanning 
these sharp edges and furthermore the extensive framework 
for post-processing that is described below. Scanning of a 
UAV in its entirety can lead to big amounts of data, there-
fore approaches for data reduction using lower resolutions 
are investigated. As a primary approach, a resolution of 0.5 
mm [13] was used, which requires a high computational 
power. To reduce the number of points and reduce the time 
of computation, the resolution is reduced to 1 mm [15, 16] 
for objects with dimensions up to 6 m. Table 1 shows exem-
plary the number of data points in a point cloud depending 
on the size of the scanned object.

A further application of the scanning process is the 
assessment of global wing deformations (bending, twist) 
measured on discrete points under load. This is achieved by 
defining specific recognizable reference points on the struc-
ture, and then scanning the object. Afterwards a predefined 
load is applied and the structure scanned again. The defor-
mation can be evaluated by comparing the location of the 
reference points.

2.5  Post‑processing and geometry extraction

The cleaning of the data and the removal of outliers is 
accomplished using the CREAFORM VXmodel tool. Also 
the merging of different scans is done in this environment. 
The data is exported as a point cloud consisting of 3D coor-
dinates of the vertices on the scanned surface. These are then 
imported in the implemented tool. The geometry extraction 

Fig. 3  Exemplary scan environment for a propeller with a diameter 
of 0.66m 

Table 1  List of scanned object dimensions and corresponding point 
cloud sizes

Scanned object Object size [mm/”] Total number of point 
cloud points [Million]

Lizard Jet Wingspan: 1380
Length: 1550

6.60

DG-800 S Wingspan: 6000
Length: 2350

10.05

IMPULLS Wingspan: 4993
Length: 2997

9.81

Morphing wing
Demonstrator

Spanwise Length: 500
Profile Depth: 550

0.35

Tiger Propeller Dimensions: 27 × 8.8 0.6
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from the exported data is then accomplished in five general 
steps. 

1. Orientation of the point cloud
2. Sectioning at predefined positions
3. Derotating of the deflected flaps, derotation of airfoils
4. Smoothing the airfoil shape, normalization of the airfoil 

geometry
5. Exporting airfoil and geometric characteristics

Some of these steps like the derotation of the flaps or the 
smoothing process of the airfoil are optional and have been 
implemented to deal with inaccuracies in the scan such as 
small defects due to false reflections. On the other hand, 
the orientation step is obligatory for all sections to define a 
conclusive, body-fixed coordinate frame.

Orientation For the orientation of the point cloud data 
different methodologies are used depending on the scanned 
object. The choice of method is taken by the user: If the 
scan object can present a reference axis (e.g. the attachment 
holes of a propeller) this axis can be used to determine the 
orientation of the point cloud in the CREAFORM VXmodel 
software. In case the object to be scanned does not provide 
a reference geometry (e.g. the scan of a complete aircraft) 
principal component analysis is used, in combination with 
assumptions about the aircraft investigated such as symme-
try of the left and right side and minimal expansion in the 
z-axis. The main axes of the point cloud are determined by 
calculating the eigenvalues of the covariance matrix and the 
point cloud is oriented according to these calculated main 
axes. The direction of the largest dimension is aligned with 
the x-axis (typically spanwise), the second largest dimen-
sion aligned with the y-axis (typically in direction of the 
fuselage). The z-axis is finally aligned perpendicular to the 
x- and y-axes. It is important to mention, that this approach 
does not determine the final orientation of the point cloud, 
it will rather turn it in the right direction. It is possible that 
the point cloud of one 3D-scan is upside down while another 
scan is not. This depends on the exported coordinate system 
of the 3D-scan data and is solved in the implementation in 
the subsequent post-processing of the airfoil. An exemplary 
oriented bounding box can be seen in Fig. 4.

Sectioning The sectioning routine was introduced in [13] 
and further improved in [15]. The locations of the sections 
can be chosen in two different manners: Selection with a 
GUI via cursor click on the depicted parts of the object or 
with an input file to improve the accuracy. The first method 
uses a minimization of the thickness of the airfoil to deter-
mine the sectioning plane orthogonal to the wing. Firstly, 
a projection of all points within a defined, perpendicular 
distance d from the sectioning distance is conducted onto a 
plane. The sectioning distance is defined as a distance paral-
lel to the x-axis of the coordinate frame. As the wings are 

typically not parallel to the x-axis due to dihedral, the initial 
sectioning plane is not perpendicular to the wing. To find 
the section perpendicular to the wing and thus the airfoil, 
the plane is rotated until the minimum airfoil thickness is 
observed. This computation is achieved by a generic global 
optimization algorithm. The main working principle of the 
projection method algorithm is visualized in Fig. 5.

The second approach for the sectioning process of the 
wing and tail is based on the normal vectors of the point 
cloud surface. These normal vectors are computed before-
hand with a Moving Least Square algorithm. The algorithm 
reconstructs a surface within a defined radius of a point and 
stores both, the normal vector and the point, in a new point 
cloud. This method is then executed for all points of the 
cloud. The normal vectors are prone to computational errors 
in addition to the defects of the 3D-scanning process. There-
fore, all normal vectors at the chosen sectioning distance are 
averaged to gain a more accurate surface normal vector. The 
cutting plane can then be constructed using the computed 
surface normal vector and the unit vector in y-direction. 
With this method, it can be guaranteed that the lifting sur-
face is sectioned orthogonal to the wing without multiple 
sectioning procedures at the same position. The airfoil is 
again generated via the projection of the nearest points onto 
the constructed plane as shown above in Fig 5.

Fig. 4  Alignment of the UAV using a bounding box [15]

Fig. 5  Sectioning process of the point cloud using a sectioning 
plane S at defined location by projecting the points within the perpen-
dicular distance d [13]
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Derotation of the Flaps and the Airfoil During the scan-
ning process it is possible that the control surfaces of the 
wing are not fixed at their exact neutral positions, which 
leads to inaccuracies in the airfoil continuity. Since it is dif-
ficult to determine the neutral position of flaps, i.e. the posi-
tion in which the flaps align with the design airfoil, before 
scanning, the flaps are scanned in a deflected position and 
subsequently derotated numerically. It is important for this 
method to work, that the flaps are deflected in the direction 
of the hinge line. So, if the hinge line is on the upper side 
of the airfoil, the flaps have to be deflected upwards, on the 
lower side downwards. Since this method is only relevant 
for lifting surfaces containing a control surface, this routine 
is skipped when no flap is detected. The computation also 
utilizes the normal vectors of the sectioned airfoil. The algo-
rithm searches for a discontinuity on the upper or lower half 
of the airfoil beginning at the trailing edge. The side of the 
airfoil which is chosen, is determined by deflection of the 
flaps and the position of the hinge line, respectively. If the 
flap is deflected upwards, the routine iterates the points on 
the upper surface of the airfoil and vice versa. The angles 
between the normal vectors of two adjacent points are com-
puted. If the angle is greater than an appointed value, the 
point is stored as a candidate for the hinge line including 
the associated angle � . The foremost candidate is chosen as 
the hinge line. The stored angle is assigned as the derota-
tion angle of the flap. The detection method is visualized 
in Fig. 6. For the derotation of the flap, the airfoil is split at 
the hinge line, the rear part of the airfoil is rotated by � and 
reassembled afterwards.

As soon as the continuous airfoil shape is reconstructed, 
the airfoil as a whole is derotated. For this, the rearmost 
and foremost points of the airfoil or rather the points with 
the maximum and minimum y-distance are selected. A vec-
tor between both points is computed and the airfoil is then 
rotated about the angle between the vector and the XY-plane 
which represents the incidence angle Θ of the wing (see 
Fig. 7).

Smoothing After the derotation, the airfoil is smoothed, 
ordered and normalized. The main goal is to smooth out the 
errors, that arise during the scanning process. It may also be 
possible to smooth out the defects of the manufacturing pro-
cess of the wing itself, but this was not investigated further. 
Without this additional smoothing operation, it is possible 
to compare the design airfoil to the scanned geometry. How-
ever, it is not possible to determine if the occurring devia-
tions originated from the scanning or from the manufactur-
ing process. The effect of different smoothing approaches 
have been examined in [15] and are presented in the result 
chapter. All post-processing steps could also be performed 
manually (see [10]), but have been automated to improve 
usability. The automated process follows these steps: 

1. Computing the skeleton line of the airfoil
2. Splitting the airfoil in lower and upper side along the 

skeleton line
3. Ascendant ordering of the points in the upper/lower 

sides
4. Rearranging and up-sampling the points in a half using 

a spline
5. Smoothing using a polynomial interpolation
6. Down-sampling and concatenating both halves
7. Mirroring the airfoil at the x-/y-axis if needed
8. Normalizing, ordering and exporting

After the approximation of the skeleton line, the points 
of the airfoil are separated in points above and below the 
skeleton line. These points are still non-ordered, so they are 
arranged in an ascending manner of the x-values to form a 
valid spline input. Since cubic splines tend to oscillate if the 
points are not spaced equally, a Steffen spline [19] is used for 
the fitting. The points of the airfoil are upsampled and rear-
ranged in a Chebyshev node distribution [20] to guarantee a 
stable polynomial fit. Equation 1 shows the distribution rule 
defined by Chebyshev.

Then, the polynomial can be used for the smoothing process 
of the curve. The influence of different polynomial degrees 
were examined in [15]. There, two different polynomial 
degrees were chosen depending on the maximum distance 
from the skeleton line of the curves. Therefore, the maxi-
mum and minimum y-values of the curves are compared. For 
curves with a small thickness, a polynomial of order 10 is 
fitted onto the curve and for curves with a greater thickness 
a polynomial of order 16 is used. Then, the upper and lower 
curves are reassembled afterwards. The last step before the 
normalization is to check the correct orientation of the air-
foil. It is then mirrored at the y- or x-axis if necessary. The 
former is indicated by the curvature of the skeleton line. For 

(1)x
k
= cos

(

2k − 1

2n
�

)

, k = 1, 2, ..., n

Fig. 6  Hinge line detection method [15]

Fig. 7  Derotation of the airfoil about the incidence angle Θ [15]
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the latter, the vertical distance between two points on top 
and bottom surface near the trailing and the leading edge 
are computed and compared: The greater distance indicates 
the leading edge. Before the export in form of a DAT-file 
of data points, the airfoil is normalized and ordered coun-
terclockwise from trailing edge to leading edge and back to 
trailing edge.

In addition to the airfoils, the dihedral and the incidence 
angle, the chord and the offset of the wing are computed 
and saved. The former is the difference between leading 
and trailing edge before the normalization and the latter 
is stored, using the y-value of the leading edge of each 
section.

Morphing Wing Another test-case where the 3D-scan-
ning was utilized is the analysis of morphing wing geom-
etries. For the analysis of demonstrator wing segments 
with a morphing forward section, a procedure has been 
developed. It has been implemented and tested by Kloiber 
[16]. In this case, neither the leading edge, nor the trailing 
edge is available as a geometric reference. The leading 
edge is moved due to elastic morphing and the hinged 
trailing edge flap is either deflected or left out to reduce 
the number of parts. Therefore two reference markings that 
are visible in the 3D-scan are applied on the rigid lower 
side of the wing. In the future those markings shall be 
created by CNC-milled recesses in the mold of the lower 
wing shell, so their positions are known exactly. The edges 
of those markings are identified in the scanned raw data 
of the airfoil cross-section via the step in the derivative of 
a function that is defined through the points. From these 
positions the scanned coordinates are moved, derotated 
and normalized with respect to the reference, design air-
foil. The coordinate transformation method is sketched in 
Fig. 8.

If the trailing edge flap is missing, the coordinates in 
this area are taken from the reference airfoil. Also the 
coordinates of the two markings and those of the structural 
overlap are removed. Finally the completed and normal-
ized airfoils can be analyzed geometrically and aerody-
namically with XFOIL 6.99 [9] to compare their perfor-
mance with the designed airfoils.

3  Results

3.1  Results of the tools

Sectioning of wings As an initial case study for the geometry 
extraction for reverse-engineering of the ideal design (i.e. 
objective 1 in Sect. 1), the wing of the UAV Garfield was 
chosen for its known airfoil data and the availability of a 
simple, rectangular relatively large wing section [13]. The 
UAV was sectioned with the minimization method and nei-
ther was the flap rotated nor the airfoil smoothed afterwards. 
A comparison of an extracted airfoil with the design airfoil 
are shown in Fig. 9.

It becomes apparent that the largest deviations between 
both airfoils can be found at the hinge line and the sealing. 
These two peaks show exemplary problems regarding the 
handling of the flaps and are the reason for the development 
of the flap derotation algorithm. The remaining deviations 
are comparable to the deviations stated by Selig et al. [21]. 
However, some peaks in the deviations is still present. All 
in all, wind tunnel accuracy as defined in [22, 23] could not 
be achieved and the origins for the deviations in general 
are mostly unclear. Possible candidates are manufacturing 
tolerances of the present rectangular wing section, toler-
ances of the 3D-scanner or errors within the sectioning tool. 
Subsequent work therefore focused on the reconstruction of 
airfoils featuring deflected flaps and the smoothing of the 
sectioned airfoil. An example of such a post-processed air-
foil can be seen in Fig. 10. It was obtained from the research 
aircraft IMPULLS. In this plot, the largest deviation is still 
present at the hinge line. However, the airfoil now has a con-
tinuous surface which improves the results and convergence 
of further aerodynamic computations significantly.

Sectioning of small objects The smoothing algorithm is 
then tested on small-scale scanned data using the propeller 
“Madrono1”, again with the intention of reverse-engineering 
the ideal design (i.e. objective 1 in section 1). The propel-
ler has been scanned, the airfoils extracted and smoothed. 

Fig. 8  Coordinate transformation of scanned morphing airfoil with 
respect to reference airfoil [16]

Fig. 9  UAV Garfield: Total airfoil difference between the extracted 
airfoil (dashed line) at 170mm and the original airfoil (solid line) [13]
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The propeller has a diameter of 63 cm and features a custom 
designed airfoil that is constant over the whole span. The 
extracted exemplary section has been chosen in the middle 
of the propeller at a radial position of 16.8 cm . The com-
parison of chord-wise, geometric error between the origi-
nal airfoil and the smoothed algorithm output is depicted 
in Fig. 11.

The smoothing algorithm is able to produce a recon-
structed airfoil that closely matches the original airfoil in the 
center part of the airfoil. However, the leading and trailing 
edge show increased deviations due to the geometric limits 
of the 3D-scan. The sharp leading and trailing edges of the 
propeller can not be represented accurately enough for the 
smoothing algorithm to receive adequate input data.

Investigation of MILAN Morphing Wing Demonstrators 
For the project MILAN, two small wing segment demon-
strators with morphing forward sections have been built 
for the purpose of actual geometry assessment after defor-
mation of the leading and trailing edge using 3D-scanning 
and the developed toolchain (i.e. objective 2 in Sect. 1). 
The wing sections both have a span-wise dimension of 
500 mm and a chord length of 550 mm. The two demon-
strators feature two different morphing shell structures. 

One employs a monolithic composite shell, the other one 
utilizes a shell of type CellSkin [4]. The objective is to 
analyze the resulting surface geometries both in fast-flight 
(nose and flap up) and slow-flight (nose and flap down) 
configuration and to compare the aerodynamic perfor-
mances with the target airfoil shape performance. The 
pressure distribution of the design airfoil in slow-flight 
configuration at c

l
= 0.9 is shown in Fig. 12

In Fig.  13 the pressure distribution of the scanned 
geometry of one cross section in the monolithic demon-
strator at c

l
= 0.9 is shown. Compared to the design airfoil 

in Fig. 12, the pressure distribution for the same lift coef-
ficient shows a slightly different shape in the forward area, 
while the drag coefficient is kept almost the same. The 
inviscid pressure distribution shows a jagged shape, which 
is suspected to be caused by the point cloud processing. 
However, this has no significant effect on the position of 
the laminar-turbulent transition and the viscous drag in 

Fig. 10  UAV IMPULLS: Total airfoil difference between the 
extracted airfoil (dashed line) at 220mm and the original airfoil (solid 
line) [15]

Fig. 11  Madrono1 propeller: Comparison of extracted airfoil (dashed 
line) and design airfoil (solid line) in terms of geometric deviation

Fig. 12  Pressure distribution of design airfoil in slow-flight configu-
ration at c

l
= 0.9

Fig. 13  Pressure distribution of scanned geometry in slow-flight con-
figuration at c

l
= 0.9 (monolithic shell demonstrator)
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this case. The effects of noisy scan data on aerodynamic 
simulation results have to be investigated further.

3.2  Validation of the tools

The toolchain has to be validated in the light of the existing 
results. The smoothing effect is visualized in Fig. 14 which 
shows the oscillations on the surface of the smoothed airfoil 
being reduced significantly. This is apparent in the lower 
graph of Fig. 14 where the error between the smoothed and 
the original airfoil is visible as a continuous line without 
unsteady spikes.

For the computation of the polars XFLR5 v6.47 [12] was 
chosen (see Fig. 15). The lift coefficient of the smoothed 
airfoil matches the coefficient of the design airfoil rather 
well, while the original scan shows higher deviations. The 

estimated c
l max

 as well as the stall angle �
max

 of the origi-
nal scan is overestimated by  10% . The drag coefficient 
c
d
 is slightly overestimated for both the scanned and the 

smoothed airfoil for higher angles of attack, while the c
d
 

of the smoothed airfoil matches the reference airfoil more 
closely for lower AoA.

As shown above, the smoothing process in general rep-
resents a good option to improve the results of the tool-
chain. To choose the best smoothing method, three different 
approaches were evaluated and compared to the design air-
foil [15]. The airfoils are examined in terms of total geo-
metrical difference to the design airfoil and by their polars. 
The different approaches cover the chosen polynomial 
fitting, a spline interpolation and a hybrid of polynomial 
and spline. This hybrid is also called “mixture” in Figs. 16 
and 17 and is based on the assumption that the scan profile 

Fig. 14  Smoothing of defects and spikes by the smoothing algorithm 
on the propeller airfoil

Fig. 15  Exemplary polars of the 
3D-scan, the smoothed airfoil 
and the original airfoil of the 
“Madrono1” propeller

Fig. 16  Total airfoil difference between the extracted airfoil (hybrid 
and scan data) and the original profile [15]
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approximates the original airfoil best but has a discontinuous 
surface which has to be smoothed first. The total difference 
of the airfoils compared to the design airfoil is shown in 
Figs. 16 and 17.

The largest total difference over all approaches is 
located at the hinge line. This can be explained by a non-
complete derotation of the flap during the sectioning pro-
cess. The average geometric difference of the airfoil on the 
other hand has been decreased with all of the approaches. 
While the scan features an average error of 4.61 ⋅ 10−3 , the 
hybrid shows only 3.97 ⋅ 10−3 of average error, the spline 
3.99 ⋅ 10−3 and the polynomial even 2.66 ⋅ 10−3 which cor-
responds to two thirds of the scan difference. Additionally, 
every approach is able to smooth out the defects of the scan-
ning process. This improves the convergence of the polar 
calculation significantly.

The results of the aerodynamic comparison resemble the 
observed geometric differences. The polars of the hybrid and 
the original scan data reach the lowest lift coefficient from 
all fitting methods (see Fig. 18). The computed coefficients 
of the spline and the polynomial approximate the original 
airfoil significantly better. The highest c

l
-value was com-

puted by the airfoil fitted to the spline. However, this value 
is above the maximum value of the original foil. In addition, 
the maximum of the c

l�
 curve of the spline is shifted about 

several degrees of the AoA. In contrast to this, the maximum 
of the polynomial fit is almost at the same AoA as the one 
of the original airfoil. Overall, it should also be mentioned 
that the polar at low Reynolds numbers is represented very 
well with each smoothing method and without. (see Figs. 18 
and 19).

Since the largest difference of the airfoil in comparison to 
the original airfoil occurs at the hinge line, no matter which 
post processing approach was chosen, a comparison between 
an airfoil with derotated flap and one without any flap is 
shown in Fig. 20. Both were smoothed with the presented 
polynomial fitting. The average error is even less than the 
one of the derotated flap and amounts to 1.71 ⋅ 103 . The bot-
tom surface only has a small deviation of the original airfoil 
but displays minor oscillations. This is the result of a non-
optimal polynomial order of the smoothing process. Future 
work could improve this problem by adding a greater variety 
of fitting degrees. Also, the top surface has a lower maxi-
mum deviation than the one with derotated flap. However, in 
the front part of the airfoil, the difference of the top surface 
of the airfoil with derotated flap is even less than the one 

Fig. 17  Total airfoil difference between the extracted airfoil (spline 
and polynomial data) and the original profile [15]

Fig. 18  Comparison of the 
computed polars of the mixture 
and the scan data to the original 
airfoil
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without. This difference was not evaluated further, but it is 
possible that it originates from the location of the second air-
foil at the wingtip in combination with a large resolution of 
the 3D-scan which was chosen to reduce the amount of data 
present in the point cloud. This can also be the reason that 
the computed polars of the second airfoil were significantly 
worse than the one with the derotated flap. The resolution 
defect was examined by Busch [14] with respect to small 
propeller geometries.

4  Summary

The presented toolchain is capable of extracting and exam-
ining lifting surfaces of various aerospace applications and 
their characteristics. In this context, it is very important to 

differentiate between geometrical and aerodynamic dif-
ferences since not every geometrical difference implies a 
similar aerodynamic effect and vice versa. There is also a 
significant difference between Reverse Engineering and geo-
metrical assessment. In the former, the reconstruction of the 
design intention is the main objective. This is mostly part 
of the propeller research. In contrast, the project MILAN is 
concentrating on the latter to obtain information of how the 
method of construction affects the aerodynamic behavior. 
All in all, 3D-scan is a powerful and useful tool to gain sur-
face information. It is possible to obtain plausible results, but 
this can be a long way to go. Weaknesses are for example 
defects in the scanning process or the interaction between 
the point cloud and the implemented tools.

5  Outlook

Future work will primarily focus on assessing the geometric 
deviations between CAD-data and manufactured geometries 
in order to identify the origin of aforementioned geometric 
deviations, the characteristics of different smoothing algo-
rithms and their actual impact on the results of aerodynamic 
simulations: To gain a deeper understanding of differentiat-
ing between deviations introduced by manufacturing errors, 
deviations introduced by the 3D-scanning process and devia-
tions introduced by smoothing algorithms, a follow up pro-
ject will use point clouds of an UAV obtained using differ-
ent models of 3D-scanners. Furthermore, the point clouds 
will be used for comparing the suitability of the presented 

Fig. 19  Comparison of the com-
puted polars of the spline and 
the polynomial to the original 
airfoil

Fig. 20  Difference between an airfoil with a derotated flap and one 
without any flap compared to the design airfoil
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smoothing approach of fitting an ordinary polynomial with 
an approach of fitting a Bernstein polynomial, which offers 
more parameters for optimization and promises to describe 
especially the nose section of the profile more closely, thus 
improving the results obtained from aerodynamic simula-
tions. Lastly, the effect of the geometrical deviations as 
well as smoothing algorithms on the results of aerodynamic 
simulations in terms of pressure distribution, laminar-tur-
bulent transition and resulting aerodynamic coefficients 
will be investigated on the morphing wing demonstrator. 
For applications in Reverse Engineering, future work will 
focus on integrating available a priori knowledge, such as 
design guidelines, into the Airfoil Extraction step described 
to improve results. In this regard, work has to commence 
with researching relevant design heuristics and suitable ways 
of introducing it into the Airfoil Extraction step.
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