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Abstract

In the field of individualized medical implants for bone replacement, additive manufacturing offers far-
reaching advantages for bridging bone defects and supporting the production of natural form and function.
The article uses the example of a large, customized cranial implant to show the challenges of manufacturing
with osteoinductive bone cements. The process is shown, starting with planning and design, through to
functional integration using adapted manufacturing strategies to create defined porosity.
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1. Introduction

Additive manufacturing processes allow the production of complex and filigree components with
simultaneous functional integration (Du Plessis et al., 2019). Particularly in the field of individual
medical implants for bone replacement, additive manufacturing offers significant advantages in this
respect in order to bridge bone defects and support the recreation of natural form and function (Haleem
et al., 2020). The targeted integration of lattice structures or cellular structures with different porosities
(Muallah et al., 2021; Hendrikson et al., 2017) can be used to stimulate bone growth in a targeted
manner. Until now, the integration of these osteoconductive properties is only possible with additive
manufacturing processes. Furthermore, the use of bioactive materials can stimulate bone resorption and
thus enable the complete formation of new bone in defect areas that vary in shape and size.

Calcium phosphate cement (CPC) is an established material with these osteoinductive properties
(Lindner et al., 2014). This synthetic material imitates the inorganic part of human bone. Material
properties such as paste-like consistency, biocompatibility and the biodegradability make CPC
structures ideal substrates for various cells. Since CPC also has an osteoconductive effect, i.e. it acts as
a kind of guide rail for cells, it is ideal for use in the field of bone regeneration (Xu et al., 2017; Kinne
et al., 2021). CPC is currently used for the cemented anchoring of implants, whereby the material is
applied in a paste-like state and then hardens. There are also a few manufacturers who produce CPC in
prefabricated blocks of different sizes using additive manufacturing (Heinemann et al., 2013). The
individual implant shape is only realized intraoperatively by adapting it to the defect site.

In general, the goal should be to create bone replacement structures tailored to each patient prior to
implantation, thereby minimizing surgical time. Besides precise planning and modeling an accurate
additive manufacturing is essential for achieving this goal. However, due to the pasty nature of CPC
material during processing, specific requirements must be considered, especially concerning pre-
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processing and support structure design. This is particularly important when printing non-planar
individual shapes with varying porosities to facilitate targeted bone ingrowth.

This paper presents a pre-processing procedure for additive manufacturing of customized bone
replacement structures from pasty CPC material. It demonstrates the necessary interfaces with planning
and design and showcases the usability of the procedure through a case study on the production of large-
scale customized cranial implants.

2. Fundamentals

2.1. CPC and current additive processing

The CPC material used (Figure 1) is provided by the company INNOTERE GmbH (Radebeul,
Germany). The CPC consists of cement powder components (calcium hydrogen phosphate (o-
Ca3(P0O4)2), calcium carbonate (CaCO3), precipitated hydroxyapatite (Cal0(PO4)6(OH)2)) and finely
ground potassium hydrogen phosphate (K2HPO4). The components are mixed and achieve a paste-like
consistency through the addition of a carrier liquid. (Reitmaier et al., 2018; Ahlfeld et al., 2017)

>

Figure 1. CPC paste and blocks and 3D printing of planar CPC structures (company INNOTERE)

Due to its paste-like consistency, CPC can be processed using extrusion-based, additive manufacturing
processes, known as direct writing (ISO/ASTM 52900). Scaffolds made of CPC are usually additively
manufactured in layers with orthogonally alternating orientation at 0° and 90° or at -45° and 45°
(Muallah et al., 2021; Korn et al., 2020). The CPC is in a viscous state and is printed by means of air
pressure from a material cartridge directed vertically downwards through a defined extrusion needle
onto a base or a shaping negative (Reitmaier et al., 2018). Currently, flat glass plates are often used as
a base or pastes as a support structure in the form of a sacrificial ink material (Korn et al., 2020; Ahlfeld
et al., 2018). The disadvantage of previous methods is that either no individual non-planar shape can
be reproduced or that 3D printers with several cartridges are required to process different materials,
whereby the sacrificial ink material must also be washed out afterwards. Studies have shown that cell
settlement is favored by greater path spacing and thus greater porosity (approx. 60% to 70%) (Muallah
et al., 2021). The material remains pasty during printing and hardens over several days at high
humidity.

The applications of CPC for customized implants are manifold. For example, CPC has been used for
the production of patient-specific hybrid cranial implants, bone replacement structures in the jaw area
and osteochondral bone replacement structures in combination with hydrogels as cartilage
replacements (Muallah et al., 2021; Kilian et al., 2021). This shows the increasing medical need for
additively manufactured individual implants made from bioresorbable, bioactive materials such as
CPC.

2.2. Entire process for producing individual implants

The work in this paper is based on a process consisting primarily of six steps, which has been established
for the development of customized medical implants (Pendzik et al., 2021; Schulz et al., 2023). The
process chain primarily takes into account data acquisition, data preparation, planning, design, pre-
processing and manufacturing (Figure 2).
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The digital process begins with the acquisition and determination of patient-specific data (e.g. using CT)
during data collection. In the subsequent data processing, this CT data is segmented and discrete 3D
models of the tissue area being considered are extracted. In the planning phase, the design of the implant
is then developed in close cooperation with the attending physician depending on the position, the
patient-specific conditions and other boundary conditions. In the modeling phase, the implant is
designed virtually with all its functions and properties. The models are then prepared in pre-processing
according to the material used, the manufacturing process and the requirements for the defect site, e.g.
using slicing processes in additive manufacturing, and the manufacturing parameters are defined.
Finally, the implant is manufactured, which includes the production of the implant body itself and
corresponding post-processing steps (e.g. removal of support material, polishing of contact surfaces).
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Figure 2. Process chain for the manufacture of customized medical implants
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3. Pre-processing methods for printing individual implants from CPC

3.1. Challenges and research question

In the additive manufacturing of individual bone implants from CPC, several challenges arise. Firstly,
there's the material behavior during printing, which necessitates meticulous pre-processing involving
defined production strategies and optimal production parameters. Additionally, ensuring that the
individual bone implant precisely matches the shape of the area to be replaced and maintains true-to-
shape contact surfaces with the remaining bone presents another hurdle. To achieve this, efficient
support mechanisms like support plates must be developed to accurately replicate the individual shape.
Moreover, achieving targeted bone ingrowth requires realizing several density phases through adjustable
porosity in the bone replacement structure (Figure 3). This serves to mimic natural bone composition,
with densely printed areas featuring low porosity resembling the solid, load-bearing cortical layer, and
less dense areas imitating the spongy, cancellous regions. Adjusting these porosity levels is crucial for
facilitating optimum bone growth.

Phase 1: dense

&

Figure 3. Left: CT cross-section (blue - border between bone types, yellow - replacing area);
right: two density phases and individual outer implant shape (yellow) (Sembdner et al., 2023)
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In this respect the following research question arises: How can pre-processing procedures for additive
manufacturing of customized bone replacement structures from pasty CPC material be optimized to
address the challenges associated with material behavior, shape accuracy and porosity control,
ultimately enhancing bone ingrowth and implant performance? The research question is answered taking
into account the process chain described in chapter 2.2. by presenting pre-processing methods and their
dependence on planning and design information (shown in blue in Figure 2).

3.2. Data provision from planning and design

The interface between planning, implant design and pre-processing is particularly relevant for the
realization of optimal biomechanical and functional properties of the individual implant. The CTinA
(CT in Application) method for processing imaging data and providing planning as well as design
information (Hofmann et al., 2018), which was developed at the Chair of Virtual Product Development
(TU Dresden), is used in this work for data provision. The method allows efficient visualization of the
imaging data. The methodology is based on approaches from reverse engineering. The core of the
procedure are methods for the problem-specific representation and processing of discrete volume data.
Relevant information for product development is extracted and automatically converted into a form of
representation suitable for further steps in the product development process. For example, during
development, reference geometries can be used to retrieve information on local image information.
Additionally, image processing methods are employed to automatically extract information through
techniques such as edge detection, among others.

With this method, all data and information relevant for production can be transferred to pre-processing.
On the one hand, this includes the implant's external geometry based on the patient's individual bone
situation. The CTinA process makes the assisted design of the implant possible using all available
information from imaging data. Furthermore, functional elements such as drill holes, handle pockets,
etc. can be integrated. These are necessary for pre-processing to map the exact geometry. On the other
hand, design restrictions such as the maximum possible angle or bevels must be taken into account to
prevent a collision of the needle, for example. In a next step, medically relevant areas, contact surfaces
to soft tissue, osseointegrative layers, etc., which must have a specific porosity, have also be defined in
planning and design process. This is possible using separate geometry elements, so-called masks.

As a result, the respective geometry elements of the envelope geometry and areas with the same porosity
as well as the corresponding meta information (e.g. porosity to be achieved from imaging data) are
available for subsequent production. The final geometric mapping of the porosity is carried out in pre-
processing. The geometries are transferred in the form of a discrete, surface-describing triangular mesh
(*.stl; *.3mf; *.0bj) or in the form of open CAD formats (*.stp).

3.3. Development of printing strategies and associated parameters including a
support structure

Production is carried out using the already established direct writing process (ISO/ASTM 52900). The
basis for this is the extrusion of the CPC via a defined needle, which is attached to the lower part of
the material cartridge (Figure 1 right). The usual diameters are 250 um, 330 um and 410 um. There
are other sizes, but these do not play a role in the intended application. It should be noted, however,
that needle blockages often occur at a needle diameter of 250 um, which is why smaller diameters can
be ruled out. The diameter of the needle, the speed of the extruder and the extrusion pressure applied
to the cartridge determine the size of the extruded strand. Based on previous work (Muallah et al.,
2021), these parameters can be limited to 330 um and 410 pm needle diameter, approx. 3 - 5 bar
extrusion pressure and 250 to 500 mm/min, whereby the result is also influenced by the ambient and
storage conditions of the paste. The strand diameter to be achieved determines the geometric resolution
of the printed body. Elements that are smaller than the strand diameter, e.g. very thin wall sections, are
not mapped. As a result, even standard pores cannot be printed if they have been directly modeled in
the geometry transferred from the design (see classic metal implants with a cellular structure in Figure
4 left). As a result, pores can only be achieved through the spatial structure of the deposited strand
(Figure 4 right).
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Implant in TI6AI4V Bone-Scaffold in CPC

Figure 4. Different representation of the porous structure due to different materials and
manufacturing processes

After transferring the data from the design process, the print direction is defined. This should preferably
be selected in such a way that there are as few overhang areas as possible. Furthermore, application-
related criteria as well as the material itself play an important role in the orientation of the component.
As already described, the material remains pasty during printing and therefore tends to slip due to
gravity. As a result, the implants should be positioned appropriately flat to reduce the built-up weight.
It may also be necessary to produce individual surfaces to a particularly high quality. Here it has been
shown that the surface in contact with the printing platform are reproduced more accurately (Figure 5).

Top-Side Bottom-Side

Figure 5. Additive manufactured CPC scaffold; left: clearly wavy surface in printing direction;
right: true-to-shape surface on the side of the printing platform

After aligning the component in the printing direction, the slicing and subsequent calculation of the
contour paths and the filling pattern takes place. The layer spacing can be calculated as a function of the
needle diameter, whereby values of approx. 75 % of the diameter are particularly suitable. Established
strategies based on the meandering structure within a layer have established themselves as filling
strategies. An orientation and a defined path spacing are specified. The path spacing is essential for the
achievable porosities. Usable parameters (path spacing 950 pum needle @ 410 um) have already been
identified for the ingrowth of cells (Muallah et al., 2021; Holtzhausen et al., 2020). In the process
presented here, the mask objects (see section 3.2), which are also cut at the appropriate height, are also
taken into account when calculating the filling pattern. These contours are offset against the cutting
contour of the implant using boolean operations (Figure 6). As the mask geometries define areas that
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are to be printed without porosity, a path distance of 550 um (needle @ 410 um) has been established
here.

implant-geometry dense mask target-geometry combined fill-strategy

Figure 6. Implant-geometry, dense mask and target geometry for calculation of manufacturing
pathes in combined fill-strategy

Usually, free-form objects need to be supported during printing. Processes from the plastics or metal
sector calculate these support structures based on the model geometry and manufacture them from the
same material. These structures are then removed in a post-process step. Due to the pasty consistency
of the material, this process cannot be used with CPC. Separately manufactured support structures made
of biocompatible plastic are used here (Figure 7). Referencing in the building space is carried out using
geometric landmark geometries (planes, body edges), which allow the coordinate transformation of the
support structure and the manufacturing coordinate system (Holtzhausen et al., 2019).

implant

support support-structure with references

Figure 7. Calculated support plate made of biocompatible plastic using 3D printing

Figure 8 shows the individual steps of the pre-processing-phase described above. All information
regarding geometry, including the defined porosity, as well as all information on the dispensing needle
used from the previous process steps (Figure 2) Design and Planning are available as input. An extension
of the manufacturing process presented is the deformation of the printed paths in such a way that they
follow the shape of the support structure. The starting point for this is the support geometry that has
already been created. Instead of calculating planar cutting planes, an offset geometry is calculated
iteratively from the support structure. To make the process robust, signed distance fields (Berentzen
and Aanes, 2002) are used instead of surface-describing triangular meshes. Based on the underlying
voxel description, which stores the signed distances to the object surface, offset surfaces can be
calculated by simple addition operations within the field. This is followed by the calculation of the
spatial intersection curve with the implant geometry. To calculate the paths, this spatial curve is
projected into the building plane, where the meandering paths are calculated as described above, and
then projected back onto the offset surface. As a result, the manufacturing paths are not in the usual
layered, planar form, but in a form that follows the support structure. As a result of the pre-processing,
manufacturing paths are available in *.gcode or *.nc format, which are readable for the manufacturing
system. The support structures geometries are also available in the form of *.stl files and can be
additively manufactured from a biocompatible plastic.
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Figure 8. Calculation of the shape-following and two-phase path geometries based on the
implant geometry and the calculated support structure

4. Case study for the application of the pre-processing method

The previous chapter 3 described the possibilities for influencing the configuration and layout of a
customized implant in the process steps of planning, design and pre-processing. In the following, the
development process will be examined on the basis of a case study, taking into account the newly
developed pre-processing step. The aim is to comprehensively test the process from data preparation to
manufacturing and to verify whether the type of pre-processing presented fits into the established
development process. A large-scale skull defect serves as a case study. Using the example of a large
skull defect, the following section shows how a customized implant can be designed using the
aforementioned options and taking into account the material and defect-specific boundary conditions.
The added value of the skull defect as a case study example is based on the fact that this defect is very
complex due to its size, its curvature as well as the different widths of the marginal contour and the
varying thickness of the bone. Furthermore, the design of large-area implants made of CPC is
particularly difficult due to the fragile material behavior. Initial approaches to solving this problem
demonstrate the realization of hybrid implant designs with a correspondingly load-bearing and bioactive
material structure (Pendzik et al., 2023). Such a large defect therefore requires a load-bearing structure,
which makes the implementation of a multiphase structure necessary. A further challenge in this context
is a possible upgrade of the implant in the sense of functional integration in order to ensure that the
implant can be adapted, especially for growing children. Considering the modeling effort and the
requirements of the defect site, this case study can be classified as very complex in the context of
individual implants. The high complexity of this case study therefore allows a reliable statement on the
transferability to other defects.

4.1. Development of an individual implant using the example of a cranial defect

Cranial defect and requirements

An example of application is a cranial defect located on the side of the neurocranium (brain skull). The
defect affects the Os frontale (frontal bone), the Os parietale (parietal bone), the Os sphenoidale
(sphenoid bone) and the Os temporale (temporal bone). It has a circumference of approx. 324 mm at the
outer edge. The inner edge measures 276 mm. Figure 9 shows the defect and the two edges in the CTinA
software environment. The particular complexity of this defect lies both in its size and in its distribution
over four areas of the cranial bone. The latter leads on the one hand to a multidirectional and therefore
very complicated edge contour. On the other hand, the different bone areas have different bone
thicknesses. These range from 2 mm to 10 mm. Both aspects significantly complicate and influence both
the implant design and manufacturing. The size of the defect plays a major role in that such a large
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implant made of CPC cannot be manufactured in one piece. One reason for this is the pasty
manufacturing state of the CPC, which sets the boundary conditions for manufacturing, e.g. with regard
to weight and curvature. Another reason is that a larger contact surface between the CPC and the shaping
negative results in a stronger adhesion between these two. As a result, the larger the contact is, the bigger
is the challenge of removing the cured CPC implant from the negative without destroying it. Another
key aspect of such a large defect is the ability to adapt to the patient's growth if necessary. This cannot
be taken into account with an implant consisting of just one element. The division of the implant into
several elements is therefore advisable and expedient for several reasons.
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Figure 9. Lateral cranial defect (a: frontal; b: 45°; c: 45° view with outer and inner edge)

Modeling

The raw implant model is modeled according to Pendzik et al. (Pendzik et al., 2023). First, the defect
site is modeled. Several splines are placed around the region of interest (Figure 10a and Figure 10b),
from which a closed surface is generated in several steps and finally a solid of the defect site is created.
Based on this model, guiding lines are used (Figure 10c), which lie close to the contour of the missing
bone, to derive the boundary surfaces of the raw implant model, in this case the outer surface of the
skull. The raw model of the implant with surface functions and Boolean operations is generated
analogous to the defect site. Figure 10d, Figure 10e and Figure 10f show the designed raw model of the
individual implant.

Figure 10. Modeling steps from the CT data to the raw implant model (a and b: splines for
defect site modelling; c: Auxiliary lines for modeling the outer surface of the implant; d: raw
model of the implant with skull; e and f: raw model of the implant)

In the next step, the raw model is divided into two different dense phases. Figure 1la shows the
separation into the dense and thus load-bearing phase (yellow) and the open-porous phase (purple).
A centrally positioned, three-arm load-bearing structure is selected. A specifically mechanical and
simulation-optimized design of the load-bearing structure was not pursued here, as no valid material
model for CPC exists according to the current state of research. The entire model is then divided into its
elements according to the selected splitting option (Figure 11b). On the one hand, the separating contour
for the separation of the raw model into the respective individual elements must be selected. In this case,
the snake shape is used as the separating contour, which is shown in Figure 11c. In addition to the
separating contour, the type or shape of the cut itself is also relevant. Potential variants are, for example,
a smooth cut or an S-shaped cut. The S-shape was favored as the cutting contour for the cross-section
for this implant (Figure 11d). Both the snake shape as a dividing contour and the S-shape as a cutting
contour are better suited for a strong connection with the strongly curved and large defect. Due to the
chosen contours, the entire structure may shift apart as desired, but will not fall apart or slip out of place.
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The orange lines represent the cutting contour on the outer surface of the implant model, the blue lines
the cutting contour on the inner surface. Both contours are connected via the S-shape. The individual
elements were each designed with a contact area between the shaping negative and the element of less
than 1,600 mm? for easy removal from the negative. The upper limit was set at 2,000 mm2. Furthermore,
14 cylindrical holes were placed in such a way that the CPC elements can be connected to each other
and to the skull bone using biocompatible sutures (Figures Figure 11d and Figure 11e).

Cylindrical hole
=
S-shape
cross-section
a b c

Figure 11. Design of the individual elements of the raw implant model (a: separation into dense
and open porous phase; b: separation into individual elements; c: Lines in serpentine form for
the separating contour (orange: outside, blue: inside); d: Sectional view with cylindrical hole

and S-shaped section between two elements; e: Individual parts with cylindrical holes)

Pre-processing and Manufacturing

The manufacturing paths are calculated as described above. A support structure was calculated for each
element and manufactured in the material PC-ISO on a Stratasys Vantage system using the FDM
process. The individual implant elements are printed as a paste-like CPC in the shaping negative of the
support structures. For this purpose, for each element the shaping negative is used to divide the implant
element into curved layers (compare to Figure 8) and the manufacturing parameters such as path spacing
are set according to the requirements. A path spacing of 550 um was selected for the dense areas.

R

Figure 12. Manufacturing of the individual CPC elements (a: Element F - start of third layer; b:
Element C - fourth layer with different density phases; c: Element C - close to the end of
manufacturing with different density phases; d: Element D - close to the end of manufacturing)

With a needle diameter of 410 um, the layer spacing is just as large. The path spacing of the open porous
areas is 950 um. This achieves a sufficiently large porosity, which favors cell growth. An extrusion
pressure of 3 bar and a feed rate of 250 mm/min are used for all elements. Figure 12a clearly shows
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manufacturing close to the contour. Figures 12b and 12c, on the other hand, show the manufacturing of
different phases within a layer.
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Figure 13. Overview of the process steps based on a segment of the planned implant

Figure 13 shows the implementation of two-phase CPC parts for an individual segment of the implant,
starting with planning and design information for the geometry and the necessary various dense phases,
through the corresponding manufacturing paths to the manufactured and cured implant part.

4.2. Results

Based on the application example, the individual implant was manufactured from CPC in six individual
parts. The process shown here was closely followed. However, the model was simplified for the first
manufacturing trial in order to be able to guarantee full manufacturability for the demonstrator.
Specifically, a honeycomb shape was selected as the separating contour, the cutting shape for the cross-
section was simplified and the cylindrical holes provided for connecting the individual parts were
removed. The functional version of the implant, shown in Figure 11e, will be manufactured in future
trials. As can be seen in Figure 14a, all CPC elements of the implant were successfully manufactured.
Both the dense and the open porous phases are clearly visible. Despite the large height of 10 mm in
some cases, hardly any sagging of the structure was observed. All CPC elements could be removed very
well from the shaping negative, regardless of the shape and thickness. Flat areas in particular are often
difficult or impossible to remove non-destructively. It was also found that the central element required
a total of two more days to cure - one in air humidity and one in a water bath - than the usual six days
for CPC structures - three in air humidity and three in a water bath. However, this is the element with
the largest volume of dense phase. Figures Figure 14b to Figure 14d show both the individual elements
and the large individual implant assembled from them.

Figure 14. Manufactured individual implant consisting of 6 individual parts (a: with shaping
negative; b: individual; c: assembled; d: inserted in the demonstrator skull)

5. Discussion

The paper shows the possibilities of pre-processing in the manufacture of implants made of CPC. In
particular, the adaptation of the local pore size as well as the novel, shape-following orientation of the
production paths contributes significantly to extending the process limits in the production with CPC.
The functional customization possibilities of the designer increase through the integration of different
porosities within its construction. At the same time the example presented was able to show in concrete
terms how an individual implant made of CPC can be developed, designed and manufactured. In

1766 DESIGN FOR ADDITIVE MANUFACTURING

https://doi.org/10.1017/pds.2024.178 Published online by Cambridge University Press


https://doi.org/10.1017/pds.2024.178

particular, the design sequence and the limit value with regard to the maximum size of the contact
surface of the individual CPC elements to the shaping negatives proved to be effective. The latter led to
a completely non-destructive removal of the individual CPC elements from the support structure.
Furthermore, the biological and mechanical properties of the implant could be implemented and
influenced, particularly during pre-processing. For example, phases with different densities were
successfully produced within a single element. Geometric specifications such as the separation and
cutting contour or cylindrical holes were not yet taken into account in the demonstrator. Considerably
more frequent setting down of the extrusion needle and considerably more narrow areas in the structure
would have been the result if they had been taken into account. However, the elements were simplified
in favor of the manufacturability of the first demonstrator. The manufacturability of these more complex
structures must be tested in the following steps in order to ensure full functionality and stability in use.
It was also noticeable that very dense phases sometimes lead to a longer curing time. The CPC element
with the largest proportion of dense phase still had soft areas in the core of the dense phase at the contact
surface to the shaping negative even after the standardized six-day curing time. One possible cause is
the lack of contact with water in these areas. If the phase is too dense and no longer has any porosity,
uniform penetration of the water is no longer guaranteed. Conversely, this means that a purely dense
phase should not exist. The result would be areas that do not harden completely on the outside and
inside, which can significantly affect both the mechanical and biological properties. Reproducibility is
also currently a challenge. Sometimes the smallest air inclusions cause minimal defects in the structure.
Especially with low CPC elements, this can already have an influence on cell growth behavior. Another
complicating factor is that there are slight differences in viscosity between different CPC batches. The
guestion here is whether and how this can be incorporated into the printing strategy in the future.

6. Summary and outlook

In order to enable patient-specific treatment with larger replacement structures based on biologically
resorbable, osteoconductive bone cement, further issues must be addressed in the future. The monolithic
production of such large implants is challenging due to the fragility and brittleness of the material. The
multi-part production described above requires concepts for connecting the elements to each other. The
attachment of the structures to the bone also requires fundamental research from a design and medical
perspective. The solutions presented also still need to be optimized due to the multi-criteria challenges
along the design - production - medical use process path. For example, the properties of the material in
the printing process play a key role in the design. This includes, for example, running paste due to its
own weight, which can close medically relevant pores. Simulation approaches (material models,
strength, manufacturing process, biological effectiveness) have not yet been considered. These are the
subject of current research work by the authors (Seidler et al., 2023).
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