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Kurzfassung

Industrieller 3D-Druck findet bereits seit Jahrzehnten Anwendung. Durch 3D-Druck wird
Rapid Prototyping mit niedrigen Kosten ermöglicht. 3D-Drucker für Heimanwendungen
wurden ca. im Jahre 2011 relevant. Dank des massiven Anstiegs der Popularität von
3D-Druckern bei Privatpersonen, werden 3D-Drucker immer leistbarer. In dieser Arbeit
zeigen wir, wie fetaler 3D-Ultraschall so konvertiert werden kann, dass er durch einen 3D-
Drucker gedruckt werden kann. Dazu gehört die Klassifizierung der fetalen Oberfläche, die
Extraktion der Isofläche sowie das Glätten des resultierenden 3D Modells. Unser Ansatz
basiert auf Schwellwertbildung in Kombination mit Connected Component Analysis, um
das Gewebe der Mutter vom Gewebe des Fötus zu unterscheiden. Aus den klassifizierten
Daten extrahieren wir darauf die fetale Oberfläche mittels Marching Tetrahedra. Daraufhin
wird das Mesh geglättet und in ein Format konvertiert, welches sich zum Druck mit
einem 3D-Drucker eignet. Abhängig vom Datensatz, sind wir mit diesem Ansatz fähig
ein Fabrikat des Fötus zu erzeugen, auf welchem das Gesicht und periphere Strukturen
erkennbar sind.
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Abstract

3D printing has been used industrially for decades. It enables rapid prototyping while
maintaining low costs. Personal 3D printing became popular approximately since 2011.
Since the massive arise of public interest, 3D printers are getting more and more affordable.
In this thesis, we show how fetal 3D ultrasound data can be processed to enable 3D
printing. Major steps are classification of the tissues, extraction of the isosurface and
mesh-smoothing. Our approach uses thresholding, in combination with Connected
Component Analysis, to separate the mother tissues from the fetal tissues. From the
labeled data, we extract the fetal surface using Marching Tetrahedra. The mesh is then
smoothed and converted into a data format suitable for 3D printing. Depending on the
quality of the given ultrasound data, we can generate a model with recognizable facial
features and peripheral structures.
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CHAPTER 1
Introduction

In this thesis, we utilize existing 3D printing technology to fabricate models of fetuses
from 3D ultrasound data. As our goal is to fabricate models with recognizable facial
features, our datasets focus on the faces of the fetuses. The resulting models help parents
to see and feel their child before birth. Therefore, our focus is not on exact representation
of the data, but on delivering aesthetic appearance and recognizable models.

3D printing is not a new technology. Industrial prototyping has been successfully used
since decades. The first attempts to create 3D objects using core concepts of 3D printing
technology date back to the 1960s [1]. In the last years, the technology has improved in
a way, that makes consumer-oriented 3D printers affordable. Filament-based additive
3D printers are now widely available for the consumer market. Nascimento et al. state
that „We are witnessing a rise in new Do-It-Yourself (DIY), crafting, manufacturing,
hacking, fabbing, or making paradigms where a mix of tools, communities and spaces
are increasingly enabling more and more people to produce and share knowledge at a
quicker pace, create their own material and symbolic solutions, and define the goals and
outcomes of their technological actions“ [2]. This movement, often referred to as maker
culture, has rapidly evolved around the development of 3D printing.

3D printing technology starts to be used in the medical domain. For example, an atrial
septum has been reconstructed using 3D printing and 3D ultrasound to treat congenital
heart disease [3]. The procedure of the evaluation of the atrial septal defect can be
seen in Figure 1.1. An application in the pharmaceutical field is 3D printing of tablets
containing multiple drugs with defined release profiles [4].

Fetal ultrasound is a routine procedure in prenatal care. It enables the medical specialist
to monitor growth and development of the baby. The progress of the pregnancy can be
better determined. The doctor can find congenital abnormalities, such as malformed or
missing limbs, and determine whether the child is a boy or a girl. In case of problems,
the doctor has more time to diagnose and treat them.
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1. Introduction

(a) Image from 3D
echocardiography

(b) Segmented atrial sep-
tum

(c) 3D model of atrial
septum with visible
atrial septal defect

Figure 1.1: Evaluation of atrial septal defect [3]

Problem
This thesis is concerned with transforming scalar volume data into a mesh, suitable for
3D printing.

The datasets in this thesis consist of volume data with a typical dimension of about
3003. The values are stored as single bytes, i.e., the range is from zero to 255. Volume
data does only implicitly contain information about structure. The structure can be
extracted as an isosurface. Volume data contains the intensities of the ultrasound beam
in discrete locations, inside the volume, as voxels. In 3D printing, we need models with
closed surfaces. Because we need to find a surface that represents the fetus, we define our
surface as the enclosure of all voxels belonging to the fetus. We still have to be aware of
certain ultrasound artifacts, e.g., speckle and shadowing, which are discussed later in
this thesis alongside filtering techniques.

The ultrasound data contains not only the fetal tissues, but also mother tissues and
amniotic fluid. Mother tissues have to be discarded, because they occlude the fetus.
In order to classify the fetal tissues, we inspect the areas where fetal tissues and other
tissues or fluids meet. Ideally, we classify all the fetal tissues correctly and can discard
everything else. By discarding everything except the fetus, we make sure that there are
no occluders. However, we expect minor imperfections in the classification, e.g., there
could be parts of fetal tissues that are not connected to each other due to shadowing [5].
We assume that the largest connected component of classified fetal tissues is the actual
fetus and discard smaller elements due to limitations of 3D printing.

After we have classified the voxels, we extract the surface. The most common algorithm
is Marching Cubes [6], alternatively Marching Tetrahedra [7]. Marching Tetrahedra as
compared to Marching Cubes, has the advantage of not producing holes in the surface
due to ambiguities. The result of either algorithm is a triangular mesh, representing the
surface of the fetus. But due to imperfections in the ultrasound data and inaccuracies in
the surface extraction process, we have to smooth the model before 3D printing. There
are many smoothing options with their respective benefits and disadvantages. Main
aspects like computing time and mesh shrinkage have to be considered.
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CHAPTER 2
State of the art

The two core technologies, this work builds upon, are fetal 3D ultrasound and additive 3D
printing. Ultrasound is a well established modality within the medical field. 3D printing
is becoming more and more important and affordable. Researchers in the medical field
have also discovered the vast applications of 3D printing, such as for implant and tissue
design [8].

2.1 3D Ultrasound

2D ultrasound can be traced back to 1952 in the work of Wild and Reid [9]. Today
medical 2D ultrasound is widely used and is considered as an indispensable imaging
modality. While historically being mostly limited to applications such as cardiology and
gynaecology, it is now also being applied to fields such as image-guided surgery and
therapy [10].
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2. State of the art

Conventional 2D ultrasound suffers from limitations that can be addressed by 3D imaging.
According to Fenster et al. these are the following [10]:

• In order to examine anatomy and pathology, sonographers have to combine several
2D images in their minds to form a 3D impression. This is an error-prone, time-
consuming and subjective process. This makes it more difficult for medical specialists
to give correct diagnosis, planning and delivery of therapy.

• There are issues when trying to gather accurate estimations of organ or tumor vol-
ume. This is because traditional techniques just take measurements of height, width
and length in two orthogonal views, while assuming an idealized (e.g. ellipsoidal)
shape.

• Another limitation is the reproducibility of navigation, e.g., for monitoring therapeu-
tic procedures, because of the complexity of manually positioning the transducer.

• Some viewing directions are not physically possible compared to fully tomographic
methods, such as Computed Tomography (CT), Magnetic Resonance Imaging
(MRI) or Positron Emission Tomography (PET).

In 3D ultrasound imaging, a computer compiles multiple 2D ultrasound images to a 3D
volume. The practitioner is then able to view, interact with, measure and manipulate
the resulting volume. 3D scanning techniques have to be either gated or rapid, in order
to avoid artifacts due to (involuntary internal) motion of the suspect, e.g., breathing.

3D ultrasound also inherits some problems of its 2D counterpart, because 3D ultrasound
volumes are composed of multiple 2D images after all. One of the main considerations
when dealing with ultrasound is unwanted noise, which shows up in multiple variations.
These artifacts generally lead to texture patterns that do not reflect the real tissue.

One major source of ultrasound signal degradation is acoustic speckle [5]. Speckle shows
up as a granular structure, that consists of dark and bright spots. Speckle is the result of
coherent accumulation of random scattering events within the resolution cell, and does
not correspond to the actual tissue microstructure [11]. Burckhard states that „When an
object is scanned twice under the same conditions, one obtains identical speckle patterns.
Although of random appearance, speckle is therefore not random in the same sense as,
e.g., electrical noise. If the same object is, however, scanned under different conditions,
say different transducer aperture, pulse length, or transducer angulation, the speckle
patterns are different.“ [12]. Speckle hides small differences in grey level. Several filters
can reduce speckle noise. Luqman et al. [13] recommend the Wiener filter (2.1d), but
also mention median (2.1b) and average filtering (2.1c).

Another common artifact is reverberation. Reverberation occurs when there are two or
more parallel strong reflectors in the sound path. The ultrasound beam is then reflected
back and forth between the reflectors. Therefore, the waves take longer to return to the
transducer. This leads to reflectors in the resulting image that are not present in the
tissue [5]. Reverberation can be reduced by repositioning the transducer at an angle so
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2.1. 3D Ultrasound

(a) Original image (b) After median filtering

(c) After average filtering (d) After the Wiener Filter

Figure 2.1: Comparison of several filtering techniques on an image of proximal humerus
shaft fracture ultrasound [13]

Figure 2.2: An example of reverber-
ation [14]

Figure 2.3: An example of shadow-
ing [15]

that the beam does not hit a second strong reflector. An example of reverberation can
be seen in Figure 2.2.

Shadowing is mostly caused by solid structures like bones or stones. Such structures
result in high reflection or strong absorption of the ultrasound signal. On the resulting
image, the shadow is a signal void behind the structure [5]. An example of shadowing is
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2. State of the art

shown in Figure 2.3.

2.2 3D Printing
3D printing is enabling rapid prototyping since the late 80’s [16]. In the past, it has
almost exclusively been used in the industry. It gave designers the opportunity to produce
quick prototypes and gather early feedback from customers and stakeholders. Today 3D
printing is widely available, easily affordable and has extensively expanded its target
audience. Gartner says „Worldwide shipments of 3D printers will reach 496,475 units in
2016, up 103 percent from the predicted 244,533 units in 2015“ [17].

There is a variety of different types of 3D printers. This thesis focuses on 3D printers
implementing additive manufacturing processes, in contrast to 3D printers using subtrac-
tive processes. Additive manufacturing processes can be divided into selective binding,
selective solidification, or selective deposition [18].

Selective binding uses a form of powder as printing material. Used materials for the
powder are gypsum, nylon or metal. The fine powder particles are then fused together,
using an adhesive medium or heat. Heat could be applied, e.g., from a laser, like in
selective laser sintering [19]. The powder is fused together layer by layer. The resolution
allows complex and fine prints, because the powder itself acts as supporting medium for
the print. Drawbacks are the handling of the fine powder and the expensive price.

Selective solidification generates a solid object from a liquid material. This is done
by applying energy to solidify the liquid layer by layer. The first layer is usually fused
to a platform that moves down into the liquid. An example of selective solidification is
stereolithography, where a resin is solidified using a laser. As light is used to solidify
the resin, only photosensitive materials can be used [20]. The models often need to be
preserved afterwards, e.g., through hardening with ultraviolet light. Like the powder in
selective binding, the resin can be hard to handle.

Printers implementing selective deposition place the material only there where it is
needed. Standard consumer-faced filament-based printers fall into this category. This is
also the type of printers we are focusing on in this thesis.

Models, that are intended to be printed with this type of printer have to meet certain
requirements. They have to be 2D-manifolds and watertight. On a 2D-manifold surface,
each point is shared by exactly one patch of the surface. Watertight means that the
surface of the mesh does not contain holes.

The most common file format for models designed for consumer 3D printers is STere-
oLithography (STL). STL is a very simple format, that consists of only a list of triangles
and their normals. It does save neither color nor topological information. The STL file
format will be discussed further in Section 3.5.

As the printer generates the model layer by layer, from the bottom to the top, one has to
consider support structure. Let us consider the ease of 3D printing a tree with a branch

6



2.2. 3D Printing

Figure 2.4: A filament-based printer. [18]

(a) A printout of a bear with
rounded back [18]

(b) The printout after removal of
the support structure [18]

Figure 2.5: Printout process of a bear model

horizontal to the ground. The extruder would have to place the layer of filament in the
air. Therefore, support structure is needed. It has to be removed mechanically after
the print. For aesthetically pleasing results, techniques like sanding are often used to
smooth out irregularities on the printout. Often support structure can be avoided by
proper positioning the digital model before 3D printing, so that it is, e.g., printed on its
side. In Figure 2.5a the printout of a bear with a rounded back can be seen. This print
would not be possible without the support structure. Figure 2.5b shows the printout
after the support structure has been removed. The scarring on top shows clearly where
the support structure has been.
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CHAPTER 3
Methodology

We implemented a semi-automatic approach for 3D printing fetal ultrasound data. The
user has to determine a threshold for the classification of the fetal tissue. From there we
automatically determine the largest connected component, extract the isosurface, smooth
the resulting model and convert it to a format suitable for 3D printing. An overview of
our technique can be seen in Figure 3.1.

3.1 Classification of Fetal Tissue
Considering the nature of the datasets, segmentation of the fetal tissues from the mother
tissue and amniotic fluid is needed to get a printable representation of the fetus. We
combine two techniques. Initially, the user chooses a threshold value. Values that are
below this threshold are considered as not belonging to the fetus. This step requires user
interaction, because the data contains noise and the threshold values differ from patient
to patient.

In our datasets, even manually-tuned thresholds lead to multiple components, because
the value ranges of mother tissues and the fetal tissues overlap.

3.2 Segmentation Post-processing
Connected Component Analysis (CCA) allows us to find and label connected components
in a graph [21]. By representing the segmentation mask as a graph, we can identify and
remove all connected components except the fetus. Each voxel is considered as a vertex,
between two neighbouring voxels we define an edge.

The algorithm traverses the voxels. Each unlabeled matching voxel is labeled with a new
unique label. Its neighbors that match the criterion, i.e. the chosen threshold, are added
to a queue. The process is repeated until the queue is empty.

9



3. Methodology

Figure 3.1: Pipeline of our technique

Pseudo-code of CCA can be examined in Algorithm 3.1.

The result of CCA is a segmentation mask, where all connected components are labeled
with unique numbers. For the next steps, all connected components, but the largest, are
discarded because we consider the largest connected component as the fetus.

3.3 Isosurface Extraction

Marching Tetrahedra is an algorithm we use to extract an isosurface within a 3D volume
[22]. Among other applications, the Marching Tetrahedra algorithm is used in medical
image processing. Modalities such as CT, MRI and 3D ultrasound produce 3D grids of
voxels.

Given a scalar field sampled on a regular 3D grid and an isovalue, the algorithm marches
through each grid cell, which is divided into six tetrahedra as shown in Figure 3.2. For
each tetrahedron in each cell the algorithm then determines how the isosurface intersects
it. To do so, Marching Tetrahedra assigns a one if a tetrahedron’s vertex exceeds or
equals a given isovalue, and a zero otherwise. Vertices with the value one are considered
to be inside the surface, if the value is zero it is considered outside. If there is at least
one vertex inside and one vertex outside, the tetrahedron is considered intersected by the
isosurface. The algorithm determines the exact intersection points at the edges of the
tetrahedron using a lookup table of intersection configurations.

10



3.4. Mesh Post-processing

Algorithm 3.1: Connected Component Analysis
1 Input: V - Array - Volume
2 T - Threshold
3 Output: L - Array - Labels
4 Q - queue of voxels
5 P - Array - Flags for already processed voxels, initialised with false
6 currentLabel ← 0;
7 foreach voxel v ∈ V do
8 if !P[v] and v >= T then
9 P[v] ← true;

10 Q.enqueue(v);
11 while !Q.isEmpty() do
12 currentElement ← Q.dequeue();
13 L[currentElement] ← currentLabel;
14 foreach voxel b ∈ neighbourOf(currentElement) do
15 if !P[b] and b >= T then
16 Q.enqueue(b);
17 P[b] ← true;
18 end
19 end
20 currentLabel++;
21 end
22 end
23 end

There are only 16 possible configurations of how a tetrahedron can be intersected by a
surface. Since we labeled each vertex, we use a lookup table to find the right configuration.
The lookup table can be examined in Figure 3.3. The exact intersection points of the
surface are then found by interpolation.

Marching Tetrahedra is similar to its predecessor Marching Cubes. Marching Tetrahedra
solves ambiguity issues that may lead to holes in the resulting mesh, that the Marching
Cubes algorithm has. For further information on Marching Cubes, we refer the reader to
Lorensen et al. 1987 [6].

3.4 Mesh Post-processing

Laplacian smoothing is one of the most common algorithms for mesh smoothing. The
algorithm computes the neighbours vj for each vertex vi. The new position of a vertex v̂i

is then computed as the average of all its neighbours. The algorithm runs iteratively and
after a few iterations unwanted mesh shrinkage can be observed [23].

11



3. Methodology

Figure 3.2: Cube split into tetrahedra [22]

Figure 3.3: Configurations for Marching Tetrahedra [22]
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3.5. STereoLithography

(a) The recon-
structed surface of
the fetus without
smoothing

(b) After Laplacian
smoothing with 40
iterations

(c) After Taubin
smoothing with λ=
0.5, µ= -0.53 and
50 iterations

Figure 3.4: Smoothing of the fetus surface

Laplacian smoothing is formally described as

v̂i = 1
N

N∑
j=1

vj (3.1)

where N is the number of neighbouring vertices vj .

In order to avoid surface shrinking, we implemented Taubin smoothing [24]. But as
shown in Figure 3.4c it produces unwanted ridges. We switched to Laplacian smoothing,
which can bee seen in Figure 3.4b. The surface shrinkage after 40 iterations is acceptable.

3.5 STereoLithography
The STereoLithography file format, commonly referred to as STL, is used for 3D printing,
rapid prototyping and computer-aided manufacturing. It describes the geometric surface
as a list of triangles and their normals. Each triangle is described with three vertices.
Each vertex and normal is described through a set of X,Y, and Z coordinates. STL files
exist in two variations: Binary and ASCII. The exact structure can be seen in Figure
3.5. The first is encoded as ASCII, and the second is binary. The ASCII format is larger
in file size, but can be read directly by humans. STL is the de-facto standard for rapid
prototyping, but it has some disadvantages. For example, it is not indexed, which means
that it carries redundancies [25].

13



3. Methodology

facet normal ni nj nk
outer loop

vertex v1x v1y v1z
vertex v2x v2y v2z
vertex v3x v3y v3z

endloop
endfacet

(a) ASCII representation.

UINT8[80] – Header
UINT32 – Number of triangles

foreach triangle
REAL32[3] – Normal vector
REAL32[3] – Vertex 1
REAL32[3] – Vertex 2
REAL32[3] – Vertex 3
UINT16 – Attribute byte count
end

(b) Binary representation.

Figure 3.5: ASCII and binary STL format
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CHAPTER 4
Implementation

The software for this thesis was implemented using C++. For the user interface, we used
the QT Framework. We allow the user to traverse through the slices of the ultrasound
data on the three major axes. The interface for slice traversal can be seen in Figure
4.1a. Slice traversal is important for finding the appropriate threshold value. In the slice
views, we display everything below the choosen threshold with blue color. The process is
illustrated in Figure 4.1b. For the real-time rendering of the slices, we use OpenGL.

Besides the controls for the slice views, there are controls to load the volume data, a
control to choose the threshold, a progress bar and a button to extract, process and save
the STL model. The volume is provided as raw data with a separate header file.

To extract the isosurface, we use the Marching Tetrahedra algorithm. By doing so, we
do not have to deal with ambiguities.

(a) Before user chooses threshold

(b) After user chooses threshold

Figure 4.1: Slice views of the data

15



4. Implementation

It is important to note, that we did not use the original volume data for this step, but
the binary mask produced by the CCA algorithm instead. As isovalue we chose 0.5. The
reason behind this, is to remove numerous small fragments unrelated to the fetus. Doing
so we can quickly skip these components while marching the data. Using the real values
would not guarantee a smoother result, because small differences may create sharp edges,
that we would smooth out anyway. Considering the Laplacian smoothing, the gained
additional accuracy within the tetrahedra cells would be negligible.

In Figure 3.4a we show the reconstructed surface after Marching Tetrahedra. The fetus
is not occluded by mother tissue and consists of one piece without holes in the surface.

For performance reasons, we implemented the algorithm on the GPU using OpenGL.
The algorithm is implemented as vertex shader. After completion, a binary STL file is
placed in the same directory as the program.

16



CHAPTER 5
Results

We show our method with three datasets from actual 3D ultrasound examinations. Each
dataset is visualized with a slice view, a DVR image from MeVisLab, mesh view from
MeshLab and a photo of the actual printout. Dataset #1 has been printed with a lower
resolution than the other two datasets. 3D Printing at a higher resolution seems to cause
small ridges, as seen in Figure 5.2 and Figure 5.3. We consider the cause of this to be
related to the printing process itself. The faces are recognisable on all three printouts.
The DVR images in MeVisLab look quite similar to the final printouts, which indicates
that the presented process in this thesis produces models that represent the input data
satisfyingly.

5.0.1 Dataset #1

The printout from Dataset #1, as can be seen in Figure 5.1, offers the most recognizable
face of all three datasets, despite being printed with a lower resolution than the other
two datasets. This is due the superior quality of the input data and the state of applied
support structure. There is no scarring from the support structure on the face itself.
Scarring can be seen on the inner forearm as shown in Figure 5.1b. One can observe that
eyes, nose, mouth and part of the arm are visible. If we compare Figure 5.1a and Figure
5.1b, we can see that the left eye has been partially occluded due to support structure.

5.0.2 Dataset #2

Dataset #2 shows mouth, nose, part of the arm and part of the eyes, as can bee seen in
Figure 5.2b. The right eye seems to have been occluded during the examination. One
can observe that the nose is skewed. This seems to be a result of movement during the
examination.

17



5. Results

5.0.3 Dataset #3

Dataset #3 depicts only half of the face, as can be seen in Figure5.3b. This is a result
of shadowing artifacts during the examination. The basic facial structures, one eye and
part of the mouth and nose are still visible.

18



(a) The model in meshlab (b) The printout

(c) The volume rendered in MeVisLab (d) Sliceview in MeVisLab

Figure 5.1: Dataset #1

19



5. Results

(a) The model in meshlab (b) The printout

(c) The volume rendered in MeVisLab (d) Sliceview in MeVisLab

Figure 5.2: Dataset #2
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(a) The model in meshlab (b) The printout

(c) The volume rendered in MeVisLab (d) Sliceview in MeVisLab

Figure 5.3: Dataset #3
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CHAPTER 6
Conclusion

We show that it is possible to fabricate 3D fetal ultrasound data while preserving major
facial features, nose, mouth and eyes. The printouts are quite close to the DVR images
produced in MeVisLab. during the course of this thesis we created software that covers
the entire pipeline from medical volume data, to a printable mesh.

Certain aspects still can be improved. The Marching Tetrahedra step has low performance.
It can be improved, e.g., by implementing it on the GPU. A further improvement would
be to support the user better during data inspection, e.g., with a preview window that
shows the approximate outcome of the mesh and offers interaction.

As expected, the details of the results are not highly medical relevant. Printouts that are
medically accurate could be used to inspect anomalies for example. The accuracy of the
printouts could be improved by taking tolerances of 3D printing into account in order to
perform medically exact measurements. The post-processing step could be optimized to
avoid mesh shrinkage.

The fabricates that our approach yields can be used, e.g., to allow a parent that is blind
or otherwise visually impaired feel and experience their unborn child like other parents
do with ultrasound images.
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