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ABSTRACT 

The Cluster of Excellence Integrative Computational Design and Construction for Architecture at the University 
of Stuttgart brings together various disciplines to jointly develop amongst other things a better understanding 
of processes in the manufacturing and construction domain. One of the cluster’s aims is to create new solutions 
for the construction of lightweight fibrous structures using coreless winding of lightweight fiber composite 
systems. For this purpose, a precise geometry and an understanding of the fibers’ behavior during the 
production process are of major importance. The fibers’ production process is monitored by repeatedly scanning 
the fibers during different stages of the process using a terrestrial laser scanner. In order to determine the 
geometry of the fibers’ axes as well as their cross-sections, two different strategies are used. The first strategy 
focuses on the segmentation of several straight lines between two intersection points. For the comparison of 
the individual fabrication steps, the positions of the intersection points are contrasted. For the cross-sectional 
areas of the fibers, orthogonal planes of intersection are then defined and all points within a predefined area 
are projected onto this plane. Then the area is calculated using a convex hull. In the second strategy, the fibers‘ 
main axes are represented by best-fitting B-spline curves. The borders of the cross-sections of interest are also 
approximated by best-fitting B-spline curves, forming the basis for the final determination of the cross-sectional 
areas. In this case study two epochs are analyzed with a deformation of the size of around 1cm. For both epochs 
the cross-sections are calculated in cm steps. 

 
I. INTRODUCTION 

Fiber-reinforced polymers (FRP) have been used for 
structural applications for many years in industries like 
automotive, aeronautics, and ship-building. Their wide 
application in these fields is due to a number of 
impressive properties, which in the case of carbon-fiber 
composites, include their low thermal expansion, high 
corrosion resistance, and their high strength to weight 
ratio (Fitzer, 1985). 

Advances in robotic fabrication processes, such as 
coreless filament winding (CFW), enabled the 
manufacturing of highly differentiated FRP 
components, by relying the creation of a component on 
a designed sequence of fiber-fiber interaction instead 
of prefabricated winding mandrels or expensive 
formwork as commonly used in the industry (Prado et. 
al., 2014). This fabrication technique has been 

developed and improved over the last decade at the 
University of Stuttgart through a series of projects and 
built demonstrators (Menges and Knippers, 2015; 
Prado et al., 2017; Dambrosio et al., 2019; Bodea et al., 
2021). 

Such a fabrication system requires a high level of 
control over the fiber orientation since geometries are 
formed by the systematic sequence of fiber placement 
within a defined boundary condition. Geometrical 
differentiation is achieved through the combination of 
customized parameters, such as boundary geometry, 
winding pin locations, and sequence, also known as 
syntax. Their structural performance is directly 
dependent on good fiber-fiber interaction, that is when 
fibers are pressed against each other, ensuring that the 
system forms a lattice structure with reduced buckling 
length of each fiber segment (Prado et al., 2014).  
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Predicting the interaction between fibers resulting 
from CFW is considered one of the biggest challenges 
during the design phase of such structures. As non-
cured impregnated fibers do not possess any bending 
resistance during fabrication, every new fiber segment 
will deform the previously wound ones (Waimer et al., 
2013). The resulting deformation that induces the 
tension on the existing fibers will also be directly related 
to the final resulting form. This highly dynamic and 
incrementally changing system presents a challenge 
when being translated into a digital domain. A way to 
better inform and improve the simulation of CFW 
structures is by knowing more about what happens 
during the winding process. Understanding how 
different parameters can affect the consecutive 
deformations and final geometry can be helpful for fine-
tuning the simulation method as well as for informing 
future design decisions. 

The challenge from geodetic perspective is, that in 
contrast to conventional deformation analysis, the 
deformations are large compared to the object size 
(Dupuis et al., 2016). For the cross-sections the 
challenge is, that they are very small compared to 
conventional applications like the cross-section of a 
tunnel or tree stem (Wang et al., 2015; Eto et al., 2020). 

The aim of this contribution is to investigate the fiber 
geometry in each epoch. Therefore, the production 
process is monitored by repeatedly scanning different 
stages of the resulting fibers using terrestrial laser 
scanning. The parameters of interest, the position and 
orientation, describing the fibers’ final geometry as well 
as the deformation between different production steps, 
the intersection between fibers and the area of fiber 
cross-sections are afterwards derived using two 
different strategies. 

The paper is structured as follows: In Section II the 
mathematical basics that are required to derive the 
parameters of interest are provided. Section III presents 
details regarding the monitoring set-up. The two 
strategies used in this contribution to determine 
deformations and the final geometry are developed in 
Section IV. Section V presents, compares and discusses 
the results delivered by the two different strategies. 
Finally, Section VI concludes the paper. 

 

II. MATHEMATICAL BASICS 

In this section, the mathematical basics of both 
algorithms are explained, which are needed to 
determine the position and orientation of the fibers as 
well as the area of the cross sections. 

 
A. Line Estimation 

The definition of a line is given by a direction vector 
as well as a base point. A main direction of a point cloud 
is in general given by the principal component analyses 
according to Pearson (1901). For the estimation of this 
direction the mean value of all points need to be 

calculated firstly. Afterwards the residuals of the point 
cloud are calculated by (Eq. 1): 

 
𝜹𝑿 ൌ 𝑿 െ 𝒊 ⋅ 𝑿௠௘௔௡ (1) 

 
where 𝜹𝑿 = Residuals of the point cloud 
 𝑿 = Points of the point cloud 
 𝒊 = Matrix with ones with the dimension 𝑛 ൈ 3 

 𝑋௠௘௔௡ = Mean value of all points.  
 

Using the residuals ordered as a line vector and the 
number of points the variance-covariance matrix is 
calculated by (Eq. 2):  

 

𝑪 ൌ
𝜹𝑿ᇱ ⋅ 𝜹𝑿

𝑛 െ 1
 

(2) 

 
where 𝑪 = variance-covariance matrix 

 𝜹𝑿 = Residuals of the point cloud 
  𝑛 = Number of points. 
 
A singular value decomposition of the variance-

covariance matrix delivers the main direction of the 
point observations.  

 
B. Convex hull and area of polygon 

The convex hull of a planar data set is the minimum 
area convex polygon including all data points. For the 
estimation of the vertices of the convex hull several 
algorithms are established (Graham, 1972; Jarvis, 
1973). In this investigation, the QuickHull algorithm was 
used (Green and Silvermann, 1979). Here, first the two 
points of the point set are determined with the 
minimum and maximum x coordinates, since these are 
certainly part of the convex hull. Then a line is drawn 
through both points and the set of points is divided into 
two halves by this line. Now the points with the 
maximum distance to the line in each point cloud half 
are searched for and a triangle is formed with it. All 
points within the triangle are not vertices of the convex 
hull. This is repeated with the two new triangle sides 
until all points are either a vertex of the convex hull or 
are within the convex hull. 

With the vertices of the convex hull the area can be 
calculated by the equation calculated for convex 
polygons according to Bronstein et. al. (2001) as (Eq. 3): 

 

𝐴 ൌ
1
2

෍൫𝑥௝𝑦௝ାଵ െ 𝑥௝ାଵ𝑦௝൯  

௞

௝ୀଵ

 (3) 

 
where 𝐴 = Area of the convex hull 

 𝑥, 𝑦 = Coordinates of the points 
 𝑘 = Number of points 
 𝑗 = point index, for 𝑗 ൌ 𝑘:  𝑗 ൅ 1 ൌ 1 
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C. Estimating best-fitting B-spline curves 

A B-spline curve C(u) is defined by Piegl and Tiller 
(1997) (Eq. 4): 

 

𝑪ሺ𝑢ሻ ൌ  ෍ 𝑁௜,௣ሺ𝑢ሻ ∙ 𝑷௜

௡𝑷

௜ୀ଴

. (4) 

 
According to formula (Eq. 4), a three-dimensional 

curve point 𝑪ሺ𝑢ሻ ൌ  ሾ𝐶௫ሺ𝑢ሻ 𝐶௬ሺ𝑢ሻ 𝐶௭ሺ𝑢ሻሿ் is 
computed as the weighted average of the control points 
𝑷௜, with the weights being defined by the B-spline basis 
functions 𝑁௜,௣ሺ𝑢ሻ of degree 𝑝. The basis functions can 

be computed recursively (Cox, 1972; de Boor, 1972) and 
are functions of the curve parameter u, locating a curve 
point on the curve. The corresponding parameter space 
0 ൑ 𝑢 ൑ 1 is subdivided by means of a knot vector 𝑼 ൌ
 ሾ𝑢଴ … 𝑢௥ሿ், providing the B-spline’s property of 
locality: The shifting of a single control point changes 
the curve only locally. 

When using B-spline curves to approximate point 
clouds, the data points 𝑪ሺ𝑢ሻ are the observations 
within a Gauss-Markov-Model (Bureick et al., 2016) 
(Eq. 5): 

 

𝑪෡ሺ𝑢ሻ ൌ  𝑪ሺ𝑢ሻ ൅  𝜺 ൌ 𝑓ሺ𝑷௜ሻ, (5) 

 
where 𝜺 = residuals 

 
Allowing for the estimation of the B-spline control 

points’ positions. In order to obtain a linear estimation 
model, the remaining parameter groups (degree of the 
basis functions, knots, number of control points, curve 
parameters) are usually excluded from the estimation 
procedure and are determined in a different way. 
Choosing the optimal number of control points can be 
interpreted to be a model selection problem 
(Harmening and Neuner, 2016) and can be for example 
solved by classical model selection strategies e. g. BIC 
(Bayesian Information Criterion) or by means of 
structural risk minimization. If the latter strategy is 
used, the choice of the optimal degree of the basis 
functions can be included in the model selection task 
(Harmening, 2020). Sophisticated strategies for 
estimating the knot positions can be e. g. found in 
Bureick et al. (2019), whereas Piegl and Tiller (1997) 
propose a more simple, but also less computational 
complex method. For ordered data points standard 
strategies exist to allocate appropriate curve 
parameters to the observations (cf. e. g. Piegl and Tiller, 
1997). 

 

III. MONITORING SET-UP 

For the test, a robotic fabrication setup was designed 
and implemented (cf. Figure 1). It was comprised of a 6-
axis robotic arm coupled with a custom end-effector as 
well as a two-axis positioner and a reconfigurable 
frame. The material used was in the form of towpregs, 

which are pre-impregnated carbon fiber bundles pre-
wound on spools. The spools were placed on the end-
effector and the fiber was guided through rollers, 
eyelets, and a tube in order to be hooked around the 
anchors. 

 

 
Figure 1. Robotic setup for coreless filament winding 

comprised of a 6-axis robotic arm coupled with an end-
effector containing the spool of pre-impregnated carbon 

fibers, a two-axis positioner supporting the reconfigurable 
frame, and the laser scanning equipment. 

 

All samples were fabricated with carbon fiber rovings 
pre-impregnated with epoxy resin. The fiber bundle was 
formed by two untwisted rovings with filament counts 
of 48 k and a 50-50 fiber/resin ratio. After being 
impregnated, the spools were stored in a cooling 
compartment in order to avoid the curing process to 
start. Before the beginning of fabrication, spools 
needed around 40 minutes to defrost. After reaching 
room temperature, the curing process starts, directly 
affecting the resin’s viscosity. Even though fabrication 
time was kept to a minimum, it was still possible to 
observe different material behaviors related to the time 
the material was exposed to room temperature. 

Considering the goal to understand how every new 
wound fiber could affect the whole system, the test 
required the scanning of the full fiber geometry after 
every new intersection was created. 

In this study, measurements were taken with a 
Trimble X7 laser scanner. The measurements were 
carried out with a resolution of 5 mm at a distance of 
10 m and a 3D point accuracy of 2.4 mm at 10 m 
(Trimble Inc., 2020). The elements have a height of 
approximately 40 cm and a width of 20 cm (cf. Figure 2) 
and a diameter of the fibers of 1 cm. The required 
accuracy for the measurements is in the range of 
several millimeters. 

As part of the data pre-processing, a target based 
registration, as well as some filtering using the 
Statistical Outlier Removal (SOR) filter in CloudCompare 
was performed to detect and remove isolated points. 
For further data processing, the frame was also cut out 
and only the individual fibers were investigated. For the 
following investigations two measurement epochs 

253



5th Joint International Symposium on Deformation Monitoring (JISDM), 20-22 June 2022, Valencia, Spain 
 

2022, Editorial Universitat Politècnica de València    

were considered. The measured epochs are visualized 
in Figure 3. 

 

 
Figure 2. Monitoring set-up with the element in Epoch 1. 

 

 
Figure 3. Measured Epochs. Left: first epoch with two 

separated fibers. Right: second epoch with one additionally 
crossed fiber. 

 

The aim of this investigation is to determine the fiber 
geometry in each epoch. Here, the position and 
orientation of the fibers as well as the shape, namely 
the cross-sections, are taken into account. 

 

IV. DETERMINING THE SHAPE OF LIGHTWEIGHT FIBROUS 

STRUCTURES 

For the determination of the shape of the fiber two 
approaches were used. They are similar in their general 
procedure but differ in the specific calculation methods 
that are used. Figure 4 shows the workflow of both 
algorithms. The exact procedure is afterwards 
explained in the sections A and B. 

 

 
Figure 4. Workflow of the two approaches for shape 

detection of lightweight fibrous structures. 

A. Fiber approximation and area calculation using line 
segmentation and a convex hull 

In this approach, represented by the left side of 
Figure 4, the individual line segments are firstly 
segmented manually. A line estimation is then 
performed for the individual line segments. For this 
purpose, the direction of the straight line is determined 
by using a principal component analysis. In addition, the 
beginning and end of the segments are determined. 

If the line parameter and the start and end point of all 
segments are available, the intersection points can be 
calculated. Therefore, all possible combinations 
between two segments are formed and the point of the 
minimal distance between the segments is calculated. 
To check whether the calculated point is an intersection 
point or not, firstly it is checked whether the point is 
within the volume of the point cloud. The second 
criteria for the decision is the distance to the segments. 
Here a limit of 5 mm has proven to be suitable in 
empirical tests. If all intersection points are found a 
clustering of these points needs to be done to find 
identical intersection points. 

For this purpose, one of the selected intersection 
points is chosen randomly and the distances to all other 
points are calculated. All points with a distance less 
than 5 mm are combined into one intersection point. 
This value was chosen due to the fact, that in this case 
a distance between 5 mm between two intersections 
can be guaranteed. Among all assigned lines a common 
intersection point is determined. Since not all lines 
usually intersect at a single point, the sum of the 
distances of all lines to a common intersection point is 
minimized. This process is carried out iteratively until all 
intersection points are assigned. 

In order to determine the deformation of the 
individual fibers between two epochs, the 
corresponding intersection point in the previous epoch 
must be determined. However, in the data set 
considered in this study, the intersection points in the 
first epoch do not yet exist. Therefore, to calculate the 
deformation, the minimum distance from the 
intersection point to all lines in the previous epoch is 
determined. The line with the minimum distance to the 
new intersection point is specified as the corresponding 
line. In addition, the perpendicular base point on this 
line is determined and the deformation can be 
calculated as the Euclidean distance between base 
point and intersection point. 

In addition to the line parameters and intersections 
points, the cross-sectional areas of the individual line 
segments are also of importance. For this purpose, the 
line is firstly divided into 1 cm segments as shown in 
Figure 5. 

The calculation of the cross-sectional areas takes 
place at these predefined positions. To calculate the 
area of a segment, a plane with the direction vector of 
the associated line is defined by the starting point of the 
segment on the line. Then a cylinder is created with the 
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direction vector of the estimated straight line as the axis 
of rotation with a radius of 15 mm around the segment. 
This limit was chosen, because it is larger than the 
actual radius of the fiber, but still small enough that no 
other fiber will be in the cylinder. Afterwards, all points 
that lie within the cylinder are determined and 
projected onto the previously created plane. For the 
calculation of the cross-sectional area, the convex hull 
is now formed around all projected points and then 
their surface area is calculated according to 
Equation (4). 

 

 
Figure 5. Point cloud of Epoch 1 (black) with one 

exemplary 1 cm segment (red). 
 

B. Fiber approximation and area calculation using B-
spline curves 

The second strategy, represented by the right side of 
Figure 4, uses best-fitting B-spline curves to determine 
the shape of the fibers. For this purpose, point clouds 
representing a fiber are approximated by means of best 
fitting B-spline curves as described in Section II C. For all 
fibers cubic curves are chosen, with the optimal number 
of control points being determined by means of the 
Bayesian information criterion (Schwarz, 1978). The 
knot vectors are determined as proposed by Piegl and 
Tiller (1997) and the centripetal parameterization (cf. 
Piegl and Tiller, 1997) is chosen to allocate curve 
parameters to the observations. This strategy results in 
two B-spline curves for epoch 1 and three curves for 
epoch 2. 

In analogy to approach A, the deformation of the 
fibers is represented by means of the behavior of two 
characteristic points. For this purpose, the intersection 
points of the fibers of the second epoch are 
determined: Therefore, the best-fitting B-spline curves 
are sampled with a very high resolution. Afterwards, for 
the curve representing the crossing fiber (cf. Figure 3), 
the nearest neighbors of the curve points representing 
the other two curves are determined. The results are 
two point pairs with minimal distance (for each pair, 
one point lies on the crossing fiber, the other point lies 
on one of the other two fibers). The final intersection 
points are then determined as the average of these 
point pairs. The correspondences of these points in the 
first measurement epoch are then defined by the 

nearest neighbors of these intersection points on the B-
spline curves representing the fibers of the first 
measurement epoch. 

The two characteristic points are complemented by 
means of the cross-sectional areas, completing the 
shape description of the fibers. To keep the determined 
cross-sectional areas comparable with the 
corresponding results delivered by strategy A, the same 
1 cm-segments of the point clouds are used for the 
computations (see Figure 5). 

In order to determine the cross-sectional areas, all 
points of the respective segment are initially projected 
in a plane by means of a principal component analysis. 
Afterwards, the boundary points of the projected 
segment are determined by means of the variant of the 
Douglas-Peucker-algorithm proposed in Harmening 
(2013). The detected boundary points provide the basis 
for the estimation of a closed B-spline curve, 
representing the segment’s boundary. In principle, 
there exist three possibilities to obtain closed B-spline 
curves: The use of rational B-spline curves also allows 
for the representation of conic boundaries. However, in 
this application the number of observations is usually 
too small to jointly estimate control points and the 
corresponding weights. The second possibility is to stay 
with the non-rational B-splines and to close them by 
wrapping either the knots or the control points by 
means of constraints. This strategy also does not lead 
to satisfactory results due to the very few observations 
available. For this reason, the third and simplest 
approach is chosen: By selecting one of the boundary 
points as both the start and end points of the curve, a 
closed curve results. 

Finally, the area surrounded by the B-spline curve is 
determined by interpreting the curve points of the 
sampled curve as a very fine polygon and by computing 
the area enclosed by this polygon. 

 

V. RESULTS 

A. Determination of the fibers’ geometry and their 
deformation 

In the first part of the investigations, the fiber 
segments’ geometry is determined by a segment-based 
line estimation as well as by means of a B-spline 
approximation. Both approximations of the point 
clouds are then used to determine characteristic points 
and to compute the deformation of these points. 

Figure 6 graphically presents the results of the fibers’ 
approximation by means of approach A (line 
approximation) in terms of the best fitting lines and the 
computed intersection points. 

The results of approach B (B-spline fitting) are 
presented in Figure 7. Unlike approach A, in this 
approach the fibers are modeled as a whole and do not 
need to be further subdivided. 

Finally, Table 1 contrasts the coordinates of the 
determined characteristic intersection points as well as 
the subsequently derived displacements of both 
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approaches. As can be seen, both the coordinates of the 
characteristic points as well as the deformation in terms 
of the absolute distance between these characteristic 
points are identical. 

 

 
Figure 6. Results of line estimation and calculation of line 

intersection points. 
 

 
Figure 7. Results of the B-spline estimation and calculation 

of the respective intersection points. 
 

Table 1. Intersection points and determined deformations 

Intersection Point 
 

Coordinates  
[m] 

Deformation 
[m] 

 X Y Z  
Point 1 (Line) 1.315 1.946 -0.051 0.010 
Point 1 (B-Spline) 1.316 1.947 -0.051 0.010 
Point 2 (Line) 1.498 2.030 0.152 0.012 
Point 2 (B-Spline) 1.498 2.030 0.151 0.012 

 
B. Determination of the cross-sectional areas 

The results of the determination of the cross-
sectional areas are summarized by means of Figure 8 as 
well as Table 2. 

In Figure 8 the cross-sectional areas determined with 
the two described approaches are graphically opposed 
for the first measurement epoch as an example. 
Obviously, for most of the segments the B-spline-based 
approach determines the cross-sectional areas smaller 
than the approach based on the convex hull. 

This result is supported by Table 2, summarizing the 
differences (Eq. 6) 

 

𝑑 ൌ ห|𝐴஻ െ 𝐴஼|ห, (6) 

 

where 𝐴஻ = Cross-sectional areas delivered by the 
B- spline based approach 

 𝐴஼ = Cross-sectional areas delivered by the 
convex hull based approach 

 
Of the determined cross-sectional areas by means of 

three parameters (mean value as well as minimum and 
maximum value).  
 

 
Figure 8. Cross-sectional areas of the first measurement 

epoch. 
 

Table 2. Differences of the determined cross-sectional 
areas 

 
 

Epoch 1 Epoch 2 

Mean(d) [mm2] -16.21 -3.79 
Min(d) [mm2] -56.82 -70.80 
Max(d) [mm2] 7.36 39.66 

 
As can be seen, the mean values of the differences 

are negative in both epochs, underlining the fact that - 
on average - the B-spline-based approach delivers 
smaller cross-sectional areas than the approach based 
on the convex hull. However, this does not apply to all 
segments, as indicated by the maximum values of the 
differences, which are positive for both epochs. Hence, 
there do exist segments, for which approach A delivers 
smaller areas then approach B. 

As furthermore indicated by the range of the 
differences, the magnitude of the differences varies 
strongly over the segments. 

In order to investigate the causes of these deviations 
in more detail, the results of selected and 
representative individual segments are regarded. 
Figures 9 - 12 presents the results of four segments, 
which demonstrate the advantages and disadvantages 
of both approaches and, hence, allow for the 
explanation of the results in Figure 8 and Table 2. In all 
four figures the blue points represent the projected 
point cloud of the segment. The purple triangles are 
those points of the point cloud which define the convex 
hull (plotted in green), whereas the red crosses are the 
points detected to be boundary points that provide the 
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basis for the estimation of the surrounding B-spline 
curve (plotted in yellow). 

 

 
Figure 9. In detail investigation of the segments: Swinging 

out of the B-spline curve. 
 

 
Figure 10. In detail investigation of the segments: Crossing 

over of the B-spline curve. 
 

 
Figure 11. In detail investigation of the segments: Sensivity 

of the convex hull with respect to outliers. 
 

 
Figure 12. In detail investigation of the segments: 

Overestimation of the areas using the convex hull in case of 
complex and concave shaped boundaries. 

In Figure 9 one of the rare situations, in which the B-
spline-based approach results in a larger cross-sectional 
area than the convex hull-based approach, is presented. 
As can be seen, it is a segment with only few data points 
and, consequently, only few (six in this case) boundary 
points can be detected. With these six observations it is 
only possible to estimate a very simple B-spline curve, 
the shape of which is determined by less than six 
control points in order to maintain redundancy within 
the estimation problem (in the case presented four 
control points have been chosen). This simple B-spline 
curves swings off and does not any longer follow the 
actual boundary of the segment. 

Figure 10 presents another weakness of the B-spline-
based approach when only few boundary points can be 
detected. Due to the large gaps between the boundary 
points, the entire course of the curve is inadequately 
defined, allowing for the curve to cross over, a situation 
which is not desirable. 

However, Figure 11 and Figure 12 present two 
situations in which the B-spline-based approach 
outperforms the convex-hull-based approach, pointing 
out the disadvantages of the latter as well the strengths 
of the former. 

In both figures situations can be seen in which the 
cross-sectional areas determined by means of approach 
B are clearly smaller than those delivered by approach 
A. The reason for this becomes obvious when observing 
the point clouds: Apparently, some of the segments 
have concave boundaries, which cannot be 
approximated sufficiently well by means of a convex 
hull, resulting in overestimated cross-sectional areas. 

Another reason for the convex-hull-based approach 
to overestimate the cross-sectional areas is its 
sensitivity with respect to outliers: The two upper 
purple triangles in Figure 11 do not seem to be part of 
the actual cross-section, rather it looks like they are 
outliers. However, being the boundary points of the 
segment, they define the convex-hull and, thus, the 
cross-section. These two points are also detected as 
boundary points within the B-spline-based approach. 
However, due to the redundancy within the estimation 
of the best-fitting B-spline curves, their influence on the 
curve’s shape and, thus, on the cross-sectional area, is 
considerably smaller. As a consequence, the cross-
sectional area delivered by approach B seems to be 
more realistic than the area resulting from approach A. 

Finally, Figure 12 highlights another strength of the B-
spline-based approach compared to the convex-hull-
based approach: As indicated by the data points’ 
distribution, some of the segments have very complex 
shapes. The flexibility of B-spline curves allows for the 
accurate modelling of these complex boundaries, 
whereas the use of the convex-hull does not. 

Thus, the in detail investigation of the individual 
segments allows for the conclusion that approach A is 
the more appropriate method when the segments 
consist of only few data points and when the boundary 
is indeed convex. By contrast, the B-spline-based 

257



5th Joint International Symposium on Deformation Monitoring (JISDM), 20-22 June 2022, Valencia, Spain 
 

2022, Editorial Universitat Politècnica de València    

approach delivers more satisfactory results when the 
boundaries are complex and/or concave shaped as well 
as when outliers exist. 

 

VI. CONCLUSION 

Within the framework of this project, the possibilities 
of two approaches were investigated in order to be able 
to realize a monitoring of the production process in the 
field of CFW and thus to be able to provide information 
about the interactions of the individual fibers during the 
production process. In addition, the shape of the fibers 
themselves, especially their cross-sectional area, was 
analyzed. In this study, point clouds from two 
measurement epochs were used to compare the two 
evaluation approaches. In the first approach a line 
estimation with subsequent calculation of the 
intersection points was carried out. In the second, the 
individual fibers were approximated by means of B-
splines. In addition, the point cloud was separated in 
smaller segments with the size of 1 cm and the cross-
section area was calculated with both approaches. Here 
approach one uses a convex hull and in approach two 
the area was calculated by the B-spline approach. 

The comparison of the two approaches shows that 
both methods have their advantages as well as 
weaknesses and finally both methods achieve good 
results. For the calculation of the intersection points 
and thus also the path of the segments, both methods 
provide identical results and can therefore be 
considered equivalent. The calculation of the cross-
sectional areas shows that the results of both methods 
strongly depend on the number and distribution of the 
measured points. The two methods were tested in this 
work on the basis of the same data, so that the 
uncertainties from the measurement process could be 
neglected for the comparison. An idea for the future is 
also to include some kind of outlier detection for the 
convex hull approach to improve the quality of the 
estimated area. A future improvement of the B-spline-
based approach can be achieved by introducing 
constraints that prevent possible crossings of the curve. 
Furthermore, future research will include stochastic 
quantities to compare the results achieved by means of 
the two approaches. A necessary step for this are 
investigations regarding the stochastic properties of 
convex hulls. 

However, in order to be able to make reliable 
statements about the geometry and shape of the fibers 
in the future, the quality of the used data set must be 
improved. Therefore, the material properties must also 
be taken into account. In addition to the specific 
properties of the resin, the fibers are moist during 
production and continue to dry over time. The 
investigation of these influences is therefore the focus 
of future work. This investigation is necessary as surface 
related uncertainties are of crucial importance for the 
final result (Chaudry, 2021). On idea for this is also the 
the use of a multi-color laser. 

Another point that should be considered in future 
work is the possibility of automated segmentation of 
line segments, especially for larger and more complex 
elements. Also, the measurement configuration 
becomes more important, since the problem of 
covering individual fibers increases with the complexity. 
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