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ABSTRACT

In the year 2020 about 121,725 German citizens died due to coronary heart disease
(CHD). Therefore, CHD is the most common single cause of death in Germany. A
narrowing of the coronary vessels causes it. This narrowing will lead to an insufficient
supply of oxygen and nutrients to the heart muscle, causing heart attack, heart failure
or cardiac arrhythmia. A possible treatment for CHD is the implantation of a stent,
which will widen the narrowed vessel. Being a minimally invasive technique, 298.557
stent implantations were performed in Germany in 2020, accounting for about 88 % of
all related interventions. According to the German fee-per-case system, the costs for
a single stent range from €47.17 to €1,319.27. Combining the number of implantations
with the costs per stent, the resulting financial burden on German health services is
imminent. One reason for these high costs is the absence of an automated inspection
and correction system during stent production using a maypole braider. Following this
argumentation, an automated system for detecting and correcting geometry errors
in stents during their production is desirable. To detect errors in a stent during its
production, it is necessary to measure its geometry. If this measurement is done using
images, then the position of the stent in the image has to be known. Since the stent
is braided using a maypole braider, locating the stent is equivalent to locating the
mandrel. This paper proposes a concept to measure the mandrels’ position during
production based on camera images. It differentiates between and handles cylindrical
stents as well as curved ones. The methods based on a cylindrical mandrel are
evaluated, including Canny Edge Detection, the Hough transform, k-means clustering,
and a watershed algorithm. In addition, four convolutional neural networks and two
object detection models were tested. The lowest mean error of 0.16 mm was achieved
by the YoloV10x and a Swin Transformer. The fastest approach with an execution time
of 53.06 ms is based on the Canny operator.
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INTRODUCTION

Of all 985.572 reported deaths in Germany in 2020, coronary heart disease
(CHD) was responsible for 121.725, which is about 13 % (Statistisches
Bundesamt, 2023). Therefore, CHD is Germany’s most common cause of
death (Deutsche Herzstiftung, 2023). It is caused by a blockage of coronary
vessels. This blockage will result in an undersupply of oxygen as well as other
nutrients in the heart muscle causing heart failure, cardiac arrhythmia or
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heart attack. In the case of acute treatment of CHD, a stent is implanted or
a bypass operation will be performed (Schussel et al., 2022). In Germany,
in 88% of all CHD interventions, a stent was implanted (Herzstiftung eV,
2021). In 10% to 30% of those cases, there is a need for a second stent
implantation at the same location (see e.g. (Jiang et al., 2022), (Zotz et al.,
2019) or (Hoffstetter et al., 2009)). Research for reasons for this behaviour
is still ongoing (e.g., Zotz et al., 2019) but risk factors are known. Possible
risk factors are an undersized stent, its local geometry or vascular curvature
caused by the stent (LaDisa et al., 2022). These risk factors can be addressed
using a personalized stent geometry (see e.g. (LaDisa et al., 2022) or (Hachem
et al., 2023)). Automatic stent personalization is currently unavailable due
to two reasons: Firstly, current methods are either faulty (e.g. (Rothkegel,
2024)) or require too many computing resources (e.g. (Kyosev, 2014)
or (Rothkegel, 2024)). Secondly, inspection systems according to ASTM
(American Society for Testing, and Materials, 2013) are error-prone. For
these reasons, personalized stents are being braided by human individuals.
Following this, personalised stents are more than 10 times more expensive
than non-personalized ones'. Therefore, an automatic image-based system
without the mentioned drawbacks for maypole braided stents is desirable
to reduce a stents’ costs and potentially increase the number of personalised
stents. For this reason, this paper proposes an image-based concept to detect a
stent’s position based on a mandrel detection during production representing
the first step of an automated inspection and correction system.

FUNDAMENTALS

The stents considered in this paper are manufactured using a maypole braider
(s. Figure 1). During manufacturing, the braiders’ carriers, which store the
braiding wire, move around the mandrel. The wire’s other end is attached to
the mandrel. During this process, the mandrel moves away from the carrier’s
plane of movement. Its movement speed is called take-up speed. The result is
a mesh tube called a stent.
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Figure 1: Visualization of a maypole braider containing its main components (Haas
et al., 2021).
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RELATED WORK

The authors do not know about any scientific publications measuring a
stents’ geometry or position. In contrast, publications measuring the structure
of a braid or braid-like structure exist. These publications do either not
specify how the structures’ location is inferred or assume it to be constant
(e.g. (Monnot et al.,2017), (Hunt and Carey, 2019), (Vollbrecht et al., 2021),
(Ershov et al., 2022), (Jiyong et al., 2023) or (Zhang et al., 2023)).

REQUIREMENTS

Due to the context of this work requirements regarding the measurement
error and the execution time arise. Specifically, the image-based geometry
measurement of the complete stent should take a maximum of 100 ms (Haas
et al., 2021). Due to the mandrel detection being only one part of the
measurement pipeline, it has to have an execution time much smaller than
100 ms. In addition, the measurement error regarding the stents’ geometry
has to be smaller than 0.05 mm (Haas et al., 2022). Even though the mandrel
detection does not directly influence the geometry measurement, the specified
acceptance value is used due to the lack of a more specific one. In Addition,
it is assumed, that the images’ middle falls onto the mandrel (s. Equ. (1)).

i idth
images'middle := (x, y) lx = %,y € {0, 1,...,image height — 1}

DEFINITIONS

Due to the assumption that the mandrel falls onto the images’ middle, the
image can be divided into two sub-images. The one containing only x-values

smaller than M is called left half. The one containing x-values greater

than 798¢ width i called right half. Following this, each image half contains

one mandrel border. This border can be differently shaped. Therefore, in this
paper, three different types of border definitions are used to describe its shape:

Omne-point border (OPB): The OPB assumes that the mandrels’ border is
parallel to the y-axis of the image. Therefore, only one value, namely the
x-coordinate of the border, is needed to describe it.

Two-point border (TPB): The TPB allows the mandrel to be skewed.
Following, movements in the x-plane and rotations around the z-axis are
allowed as long as Equ. (1) is not violated. Consequently, a border of this
type is described by two two-dimensional points.

Multi-point border (MPB): Lastly, the MPB describes a single border using
multiple (at least two) two-dimensional points. These points can be used to
fit a spline or some other kind of line. Following, the MPB can describe a
curved border.

CONCEPT

Using these definitions, locating the stent is equivalent to measuring one
mandrel border per image half or two borders per image. In addition, the
mandrels’ border can be assumed to be a line. This is valid due to the



Image-Based Mandrel Detection During Stent Production in an Industrial Environment 411

background and the mandrel being differently coloured homogenous areas.
Therefore, the concept has to solve a visual inspection task. The procedure
to solve such tasks can in general be divided into three steps (Stiller et al.,
2024):

1. Image pre-processing: Problem-specific processing and noise reduction
2. Feature extraction: Extraction of prior defined features like lines
3. Information extraction: Extraction of the desired information

Common image pre-processing methods include blurring (e.g., to reduce
noise) or sharpening (e.g., to extract edges) the image or enhancing its
contrast. The use of a specific pre-processing method as well as its
hyperparameters cannot be computed beforehand - it has to be evaluated.

After the pre-processing, the feature extraction will be applied. The
methods considered in this paper can be divided into four groups:

1) Segmented/binary image: The result of the methods of this group is an
image which is divided into at least two segments.

2)  Mathematical description: The mandrels’ borders are described using
some kind of mathematical description like lines.

3) Set of points: The result of methods acquainted with this group is a set
of points which describe the mandrels’ borders.

4) bounding boxes: The position of the mandrel is described using a
bounding box.

In the last step, the information extraction, multiple approaches to extract
the desired information (s. Figure 2) are analysed. These approaches are:

Histogram-based: In the first step, this method computes the column-wise
histogram. Then, starting from the left and right sides of the histogram, it
searches for a significant change in its value. The index of this change is
used as an OPB. The significance of a change can be computed using a to-be-
evaluated threshold. In the case of a TPB or MPB, the image is split along the
y-axis into multiple sub-images and the method is applied to each one.

Line-based: In this case, the nearest pixel representing a line is searched
for each row from both sides of the image. If an OTB should be extracted,
then for each image half, the x-coordinate with the minimal distance to the
images’ middle is used. In the case of a TPB, the coordinates of the pixel with
the smallest and biggest distance to the images’ middle are used. Finally, for
MPBs, the curve’s defining points can be sampled, for instance, on a regular
grid.

Mathematical analysis: The first step of the mathematical analysis is to
filter the lines. Every line which crosses the images’ middle (s. Equ. (1))
cannot be a border and therefore can be neglected. Optionally, the angle
to the x-axis can be used to perform additional filtering. It has to be noted,
that this restricts the skewness of the mandrel. Lastly, the length of the lines
can be used for filtering. Due to the fact, that the mandrels’ border will be
represented as a long line, all lines can be filtered using a to-be-evaluated
threshold value regarding their length. The second step consists of a search
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for the line with the minimal distance to the images’ border. The border is
then extracted from the (mathematical description of the) selected lines.

Derive from points: If the border is derived from a set of points, then for an
OPB, the x-coordinate of the point with the minimal distance to the images’
half, for each image half, is used. In the case of a TPB two points are extracted
per border: The one with the smallest and the one with the biggest distance
to the images’ middle. In the case of a MPB, all points are used. All points
located in the left half are used to describe the left border. The ones on the
right side are assigned to the right border.

Derive from the bounding box: When dealing with bounding boxes, the
boundaries extracted using any of the three boundary types will be identical.
This is due to the fact, that the bounding box is an axis-parallel rectangle.
The OPB uses the x-coordinate of the vertical edges of the box as a border.
The TPB and MPB use the corners of said vertical edges to extract a line
representing the border. If multiple boxes are present, then the biggest box
which crosses the images” middle should be chosen. As the mandrel represents
the largest structure within the image, selecting the largest box is valid. In
addition, by definition, the images’ middle falls on the mandrel (see Equ.
(1)), which is why this must also apply to the bounding box.

In addition, some of the representations can be converted to another one
(s. Figure 2). For example, one could extract lines (mathematical description)
shown in a binary image (Segmented/binary image).

Creation of a 0 i
pisogram-based Il Linebasea )l matematcal [§ TR AE TR0 O
description g 5
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analysis
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Mandrel detection
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Figure 2: Tree structure describing the connection between the different groups used
for feature extraction and the information extraction methods.

EVALUATION

In the next step, the concept is evaluated using an OPB as the target value.
The used dataset contained 8,347 images with a size of 2064 x 3088
pixel. 70% of those images were used for training, while 15% were allocated
for validation and testing. The images show two different mandrels with a
diameter of 20 mm and 34.3 mm. They were taken using a Basler acA3088-
57 uc with an Edmund Optics Lens CFFL F1.65 f35mm 2/3. The distance
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between the camera and the mandrel was approximately 258 mm resp.
251 mm.

The evaluated methods can be differentiated into Al-based and classic
methods.

The Al-based ones contained two different object detectors (YoloV10n and
YoloV10x (Wang et al., 2024)) as well as five different CNNs (EfficientNetV2
(Tan and Lee, 2021), ResNeXt (Xie et al., 2017), SwinTransformer (Liu et al.,
2022), VGG19 (Simonyan and Zisserman, 2014), and Vision Transformer
(ViT) (Dosovitskiy, 2020)). The object detectors were trained to detect the
mandrel (bounding boxes approach), from which the OPB is then extracted.
The CNNs regressed the x-coordinate of both borders. Following this, they
created a set of points. The borders were then derived from these points.

The classic approach contained four steps:

1. Pre-processing: In the first step the image is pre-processed. Possible
pre-processing methods are blurring (median blur), edge enhancement
(Sobel filter (Kanopoulos et al., 1988)), contrast enhancement (histogram
equalization ((Hummel, 1977) resp. (Pizer, 1983)) or CLAHE ((Ketcham
et al., 1974) resp. (Hummel, 1977))), and binarization (using Otsu (Otsu,
1979), mean value or gaussian-weighted sum of the local neighbourhood as
threshold) of the image.

2. Feature Extraction: Afterwards image features like lines are
extracted. This is done using the Canny algorithm (Canny, 1986), Hough
transformation (Duda and Hart, 1972), k-means, or a watershed algorithm.

3. Post-processing: Then, an optional post-processing using morphological
operations (open and/or close) is performed.

4. Information Extraction: Lastly, the desired index is derived using a
mathematical analysis, histogram-based or line-based approach.

The mentioned methods were evaluated using a computer with a Rocky
Linux 8 operating system, an NVIDIA RTX A6000, an Intel® Xeon® W-2145
CPU and 128 GB RAM. Due to computational restrictions, the evaluation of
the Al-based and classical-based methods was performed separately.

In the case of the CNNs, the only parameter being evaluated was the
image scaling. Possible scaling targets were 256, 512, 1024, and 2048 pixels.
The CNNs were trained using PyTorch (Ansel et al., 2024). The training
process was scheduled by an Adam optimizer (Kingma, 2014) with a batch
size of 4 and early stopping with a patience of 15. The object detectors were
implemented using the Ultralytics framework (Wang et al., 2024). Since the
framework mandates image scaling to 512 pixels, image scaling was not
evaluated.

As for classical methods, each feature extraction method was evaluated
separately (10.000 trials for Canny and Hough, 1,000 for Watershed
and 600 for k-means). The pre- and post-processing steps were marked
optional. Following, the usage of every step as well as its hyperparameters
was evaluated. The methods were implemented using OpenCV (Bradski,
2000) and NumPy (Harris et al., 2020). The evaluated hyperparameter
configurations were suggested by Optuna (Akiba et al., 2019) offering a
structured hyperparameter optimization.
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In both cases, Al-based and classical methods, the error is computed using
the sum of the (absolute) deviation of the measured border from the labelled.

TEST RESULT

After the evaluation, a test was performed. The results can be seen in Table 1
and Table 2. The tables contain the test error and the mean execution time
needed to process one image.

Table 1. Test results of the Canny algorithm, Hough-transformation, k-means and
Watershed. The execution time is in ms, while the test error is provided in

mm.
Method Canny Hough K-Means Watershed
Test error [mm] 0.97 0.33 1.11 0.43
Mean exec. time [ms] 53.06 1,376.86 90.33 55.28

Table 2. Test results of EfficientNet (1), ResNeXt (2), Swin (3), VGG19 (4), ViT (5),
YoloV10n (6) and YoloV10x (7). The error is in mm, while the mean execution
time is in ms.

Method 1 2 3 4 5 6 7

Test error [mm] 2.77 4.73 0.16 2.36 0.38 0.21 0.16
Mean exec. Time [ms] 158.21 160.87 207.6 121.66 313.14 109.45 112.57

DISCUSSION

Analysing the border types, one could notice that the OPB is prone to
be faulty. This is the case if the camera is not perfectly aligned with the
mandrel. Even if the images’ discretization error is incorporated, it is highly
likely, that the OPB will be biased. Nonetheless, it is being used due to the
reduced labelling and programming effort compared to the other two types.
In Addition, deviations regarding the z-axis are allowed. This enforces an
image-wise self-calibration to map the error from pixel to mm. One possible
way to implement such a calibration is to use the mandrels’ diameter as well
as the labels to formulate a mapping function.

Regarding the evaluation results, Swin and YoloV10n achieved the lowest
test error, while YoloV10x got the lower execution time (s. Figure 3). In
Addition, Swin shows a standard deviation of 0.12 mm and a maximal error
of 1.29 mm while YoloV10x achieved 0.11 mm and 0.6 mm respectively.
Using the sum of the deviation of both limits, generates an easy-to-interpret
and comparable value, which, however, represents an upper limit for
the measurement error of a single border. If instead the average absolute
deviation across the individual borders is calculated, YoloV10x and Swin
continue to show the smallest error (both 0.08 mm), which does not fulfil
the requirement.
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Figure 3: Bar diagram of the mean execution time and the error in mm of the evaluated
methods on the test data. In addition, the minimal execution time, measurement error
as well as the time and error requirements are marked using horizontal lines.

Concerning the real-time constraint, only three approaches (Canny,
Watershed and k-Means) demonstrate an execution time below 100 ms. As
mandrel detection represents a single stage within a multi-stage measurement
process, which at least involves the task of stent geometry assessment, the
current average execution time is considered too lengthy.

SUMMARY AND OUTLOOK

In summary, an image-based concept to measure the position of a mandrel
during stent manufacturing is proposed. The concept differentiates between
three different shape-dependant mandrel types. In Addition, methods to
perform a feature extraction using segmented/binary images, a mathematical
description, a set of points and bounding boxes are described. Also, five
different approaches (histogram-based, line-based, mathematical analysis,
derived from points and derived from bounding boxes) to extract the
mandrels’ borders from the extracted features are defined. Besides, the
proposed concept was implemented using Al-based and classical methods.
The lowest measurement error of 0.16 mm was achieved by a YoloV10x
(object detector) and a Swin Transformer (CNN). On the downside, both
methods have an average runtime greater than 100 ms and therefore do not
fulfil the set requirement.

Future work would be to build a complete inspection system containing
mandrel detection as well as pitch measurement and to evaluate it. It is
already foreseeable that the requirement regarding the execution time will
not be met. Therefore, methods to decrease the systems’ execution time could
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be explored. This can include a GPU-based execution or an implementation
in C++ rather than Python. Alternatively, the requirement could be re-
evaluated or the braiding process restricted to soften it. In Addition, reducing
the measurement error could be future work. One possible approach could
be to improve the spatial resolution. Increasing the spatial resolution would
increase the amount of data to be processed resulting in an increased resource
consumption and/or a higher execution time.

Lastly, the measurement system could be combined with a correction
system like proposed by (Haas and Sax, 2024).
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