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Indroduction: Personalized medical devices, especially scaffold-based implants,
are increasingly important in medical care. One established manufacturing
method for these products is extrusion-based 3D printing, also called 3D
material extrusion (MEX) or extrusion additive manufacturing (EAM). According
to the current state of the art, this technique lacks scalability, as many adjacent
processes, such as material handling or quality control, are still carried out
manually and no holistically automated solutions have been established.

Methods: This work examines the extrusion-based 3D printing process for
manufacturing cell-free porous scaffolds. Based on a literature review,
relevant process parameters for MEX and quality attributes of polymer-based
scaffolds are analyzed to derive functional requirements for holistically
automating the manufacturing process. A concept for an end-to-end
automated production infrastructure is developed, to allow efficient and
scalable manufacture of scaffolds. All process parameters are analyzed for
their influence on the quality attributes, and requirements are specified. Based
on this, the development of the production concept is systematically carried out.

Results: The resulting technical system consists of amagnetic planar drive, which
is used as an intralogistic transport system, but also forms the horizontal axis
plane of the 3D printer. The resulting frictionless levitating print bed increases
cleanroom suitability and enables the parallelization of print jobs and quality
control steps for improved production flexibility and scalability. The central
approaches of the concept are presented in a physical demonstrator.

Discussion: An initial proof of concept for planar drive-basedMEX is provided and
lays the foundation for further development and validation of the conceptualized
production infrastructure.
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1 Introduction

The individualization of medical devices is increasing
throughout medical care, such as personalized reconstructive
implants and tailor-made surgical tools that are adapted to the
specific anatomy of the patient. For example, the use of personalized
knee implants has shown that on the one hand, the duration and
costs of surgery can be reduced and, on the other hand, patient
recovery and satisfaction with the surgical procedure improves
(Murr, 2020). This illustrates that individualization of medical
devices has advantages for the healthcare system as well as for
patients. Currently, more and more polymer-based applications of
individualized medical devices are being researched, such as
bioresorbable scaffolds for reconstructing bone or soft tissue
(Backes et al., 2022; O’Connor and Blau, 2019; Schroeder
et al., 2022).

Additive manufacturing (AM) is established in research and
industry as a suitable process for the production of individualized
medical devices made out of polymers such as polycaprolactone
(PCL), polylactide (PLA), or polylactide-co-glycolide (PLGA).
Extrusion-based three-dimensional (3D) printing, also called
extrusion additive manufacturing (EAM) or material extrusion
(MEX) as a more general term, has become dominant due to its
relatively low cost and high adaptability (Altıparmak et al., 2022).
Nevertheless, according to the current state of the art, the
manufacturing process is still strongly influenced by manual

process steps. Processes, such as material supply, quality
control, as well as the handling of final products, are carried
out manually by personnel, making it difficult to scale production
efficiently (Oleksy et al., 2023; Parulski et al., 2021). Growing
markets for personalized medicine and the associated
manufacture of individual medical devices require that the
corresponding production technologies allow a higher degree
of individualization while maintaining the same efficiency and
staying compliant with regulations (Fairfield Market Research,
2024; Pathak et al., 2023). Therefore, scalable and automated
manufacturing is required to be established to achieve a cost-
efficient and large-scale production for medical care.

The aim of this work is to determine the specific requirements
for a fully automated and scalable production infrastructure for
personalized medical products manufactured via MEX, more
specific as fused layer modeling (FLM) or fused deposition
modeling (FDM®) being an established commercial name, owned
by Stratasys. These terms, according to ISO/ASTM 52900:2021,
describe the same technology and can be further categorized into
fused filament fabrication (FFF) and fused granulate fabrication
(FGF) depending on the rawmaterial form. Development focus is set
on the production of medical products using extrusion-based 3D
printing. Figure 1 illustrates the product subcategories applicable to
this technology. The subcategories are derived from an exploratory
literature review, where both the current state of research and
established industry products were reviewed. Supplementary

FIGURE 1
Sub-categorized applications for personalized 3D printed medical Products.
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Material S1 shows a table with the individual applications and the
respective references to the literature.

Compared to other established 3D printing techniques, such as
selective laser sintering (SLS) or stereolithografie (SLA), MEX is
often themost feasible manufacturing process for some of the above-
mentioned products, like especially porous scaffolds. One reason for
this is its cleanroom-compatibility, as it does not require powders or
liquids and therefore ensures the use of defined material batches
traceable for a respective product. In addition, the process offers

material flexibility as no photoinitiators are required. MEX requires
low maintenance efforts, as only nozzle changes and cartridge
cleaning or replacement are necessary. Additionally, MEX is
suitable for bioprinting applications as it enables the extrusion of
cell infused hydrogel suspensions (Garot et al., 2021). However, in
terms of automation for high-throughput manufacturing, MEX is
lagging behind the SLA process, as demonstrated by insights from
private-sector production lines (Formlabs, 2024). In the field of
academic production technology, no established solutions have been
published to the knowledge of this author. So there is a distinct
research gap in relation to the design of fully automated production
infrastructures for the quality-assured high-throughput
manufacturing of individual medical devices, particularly with
regard to MEX.

1.1 Characterization of the intended
application in the medical field

This work addresses the production of patient-specific medical
products as shown in Figure 1, which can serve as support structures
for various medical applications, such as orthosis (Popescu et al.,
2021; Redaelli et al., 2020), prosthesis (van der Stelt et al., 2021),
surgical equipment (Yilmaz et al., 2019; Zaidi et al., 2021) and
implants (Cheng et al., 2022; Janzekovic et al., 2022; Khalaf et al.,
2022; Varpe et al., 2024).

In order to be able to develop a practical production concept and
to carry out a use case-based validation, the raw material, fabrication
process and product category are defined as shown in Figure 2. PCL
is chosen as the raw material in a granular form. This polymer has
been established for many years for medical applications, in
particular as a suture or implant material (Nguyen et al., 2023;
Soufivand et al., 2020). FGF is chosen for its ability to process pellets
as rawmaterial and does not require preprocessing into filaments. In
addition, there are established FGF extruders that meet hygienic
design standards (Justino Netto et al., 2021; Nguyen et al., 2023).
Tissue reconstruction scaffolds (Figures 1, 4, 5) are selected because
they represent a significant market demand among personalized
medical products (Grand View Research, 2022). The term “scaffold”
refers to a three-dimensional highly porous structure to be used as
an implant and to grow and nest biological material (Do et al., 2015).
Accordingly, only products of a certain size are relevant. The

FIGURE 2
Specification of the use case.

FIGURE 3
Basic overview of the individual process steps and their main
functions from incoming material supply to outgoing
finished products.
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scaffolds considered, range from 10 g to 100 g with external
dimensions not exceeding 100 mm * 100 mm * 50 mm. Also,
only cell-free scaffolds are considered, instead of biohybrid implants.
The term “cell-free” is defined here as the printed scaffold consisting
exclusively of polymer and no living cells being involved in the
printing process. Subsequent in vitro or in vivo colonization of the
scaffold is still possible, but is not considered part of the scaffold
production process.

1.2 Technical process requirements

While the 3D printing process itself is automated, the other steps
like quality control or material handling and logistics, are
dominantly manual. In the following, the manual process steps,
derived from reviewing literature, are described and the
requirements for the transfer into automated production are
defined. The process steps relevant in this context are broken
down into their main functions, as shown in Figure 3. The
process derived is only applicable for single material additive
manufacturing.

1.2.1 Material supply and processing
At the beginning of the printing process, PCL granulate is

provided to the system, which includes not only the physical
supply of the material but also procedures for ensuring
traceability and quality assurance. This involves recording the
supplier information, batch codes, and implementing incoming
quality control protocols such as moisture content testing and
visual inspection to ensure consistent material properties. The
step of material feeding into the extruder includes three sub-
functions. First, sufficient quantities of the raw material must be
stored under controlled environmental conditions. Due to the
hydrophilie of PCL, it must be stored in a cool (<5°C) and low-
humidity place to prevent moisture absorption and in a dark and
closed vessel to prevent premature degradation. The granules are
conveyed from storage to the extruders granulate reservoir, from
where they are transferred to the hot end and melted for product
forming. The granules should not remain in the uncooled extruder
reservoir for more than 2 weeks, as otherwise, properties may change
due to degradation. The product shaping is realized with an extruder
forcing the melted polymer through a nozzle. This requires the
synchronous control of the nozzle temperature, the extrusion rate
and the three mechanical axes as well as optionally further vents for
cooling the printed layer.

1.2.2 Quality control
The necessary quality controls for medical devices are divided

into pre-production, in-production and post-production steps.
Before production, for example, incoming material inspections
or, in general, the validation of the individual processes is
necessary. These are covered by the manufacturer’s quality
assurance system. Post-production controls can include
randomized 100% inspections, which, for example, include
destructive mechanical testing. For the design of the
production infrastructure within this work, only the in-
production quality controls are considered. These are divided
into two categories:

Monitoring critical process parameters: Process parameters
need to be recorded and documented for each product. For the
specified use case this includes extrusion rate and extrusion
temperature.

Verifying critical quality attributes: The attributes of each
product need to be verified. For the specified use case
dimensional accuracy of the printed layers, the porosity of the
scaffold and the linkage between the layers are controlled.
Therefore, tolerable thresholds must be defined for these
attributes. The measured data is used for documentation, quality
assessment and process adjustments.

1.2.3 Product handling
Product handling describes the transport of the components

between workstations. This includes transporting the printed object
from the extruder to the quality control stations, storing the printed
product in a storage area, and handling the substrate plates on which
the product is printed. Due to the scalability and efficient resource
utilization, specific stations within the whole system are to be used
by several extrusion units if they only account for a small proportion
of the total production time. This particularly affects the quality
inspection with its often expensive metrology, as well as the
separation stations, which are required once at the end of each
printing process. Once a product is completed, it is separated from
the build platform and transported to the designated storage
location where it can be received by employees. This exceeds the
system boundary shown in Figure 3. In addition, it must be possible
to remove faulty objects, which have failed one of the quality
controls and restart the same print job subsequently. Removing
the product from the build platform can be a critical step, as this is
where damage can be introduced into the product after the end of
the printing process.

1.3 Performance requirements

The automation concept to be developed is intended to
contribute to a fast, cost-efficient and quality-assured supply of
individualized medical devices. Appropriate technical approaches
are therefore characterized by the fulfillment of a number of
requirements, which impact the production performance or are
derived from regulatory guidelines (Schuh and Funk, 2019). The
requirements are briefly summarised below and illustrated in
Supplementary Material S4.

1.3.1 Regulatory Compliance for medical
cleanroom production

Medical devices that come into contact with human tissue are
subject to high standards of hygiene and sterility, which is why they
are manufactured under strict cleanroom conditions (Schuh and
Funk, 2019). As part of the conceptual design, it must be ensured
that automation approaches are suitable for use in cleanrooms and
follow hygienic design principles. The most common practice to
ensure this is to comply with Good Manufacturing Practice (GMP)
guidelines, whereby legally binding requirements specific for the
country of approval must be met. These are specified, for example,
by theMedical Device Regulatory (MDR) in Europe and by the Food
and Drug Administration (FDA) in America. Along with this, the
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entire production must operate with a certified quality management
system (Martinez-Marquez et al., 2019; Lhotská et al., 2019; Schuh
and Funk, 2019).

1.3.2 Autonomy during production
An advantage of automating the entire process chain is the

dectease of personnel costs while maintaining consistent product
quality. To run the process safely and autonomously, elements for
process monitoring and inline quality control are required. The
accurate and instantaneous collection of process data allows for
reactive and optimized control of process parameters, improving
product quality and reducing process errors. Any developed
automation concepts must be robust against possible
malfunctions, e.g., faulty prints should not require manual
intervention. The system must be able to detect malfunctions,
react to them and, ideally, resume production independently.

1.3.3 Flexibility and scalability for adaptable
manufacturing

The production is targeted to produce individualized medical
scaffolds in a dynamic and demand-oriented manner, which
requires flexibility instead of linear process chains. A functional
design should enable the system to serve different production
quantities while using the same technical components. Existing

systems should be expandable at a later date with little effort.
Particularly expensive devices like extruders should be optimally
utilized to avoid unproductive downtime. The customization of
individual medical products to patient-specific features requires
batch-size-one production while maintaining high throughput.
The solution concepts must therefore be able to adapt to
different product geometries automatically. A key feature of
flexible production is the ability to maintain operability when
individual devices break down.

1.3.4 Integrability for the 3D printing process
The selection of solution concepts must take into account the

extent to which the identified approaches are compatible with
existing solutions and can be integrated into process workflows.
Suitable solution concepts are characterized by a system design,
which allows an integration of different or additional devices, for
example, a specific quality control. For the interfaces between the
defined sub-functions, it is crucial that they are compatible between
adjacent process steps. This applies to both hardware and software
interfaces. Individual modules of the 3D printing system should not
interrupt or otherwise influence the production process. The
assessment of integrability includes an economic comparison
between the approaches. If the value of the approaches is the
same, the most cost-effective solution is chosen.

FIGURE 4
Research and development methodology for technical concept development, oriented according to VDI Guideline 2221.
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2 Methodology

2.1 Development approach for production
system design

The development procedure for the technical solution concept is
based on the established VDI Guideline 2221 (Justino Netto et al., 2021;
VDI, 1997). The applied research and development methodology
consists of multiple sub-tasks and is structured as shown in Figure 4.

Initially, relevant requirements and functions are identified,
taking into account both process parameters and quality
attributes of the product and production, which are investigated
by conducting a systematic literature review. Subsequently, a
comprehensive analysis of potential automation solutions is
conducted, leading to the selection of a coherent solution
concept. This concept is then divided into individual modules,
with a systematic identification of potential influences on quality
attributes. Building on this, the modules are further elaborated, and

FIGURE 5
Representation of the function tree of the production system.

FIGURE 6
Schematic visualization of the used morphological box method with inputs and outputs.
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initial feasibility studies are prepared to assess the viability of the
proposed solutions.

Based on the characterization of the intended application and
the thereby described process steps, the basic technical requirements
are derived. The associated functions are summarized in a function
tree, shown in Figure 5, allowing the design and development to be
more focused (Romli et al., 2013).

2.2 Identification, evaluation and selection
of automation solutions

The overall methodology for the selection of automation solutions
for the individual functions is visualized in Figure 6. The focus is set on
the morphological box method for the collection and comparison of
different technical approaches (Zwicky, 1967). The left column of the
morphological box is formed by the function tree derived from the
production process itself, described with Figure 3. Based on the
functions to be fulfilled, as shown in the function tree in Figure 5,
technical solution approaches are exploratively searched for in the
literature. For the explorative literature research for each individual
function, search criteria are chosen and both scientific and, in particular,
industrial publications are considered in order to identify established
solutions. During the first review, the technologies are evaluated in
terms of their ability to fulfill the function. During the second review, a
decision is made on whether an implementation would be realistic
considering the defined use case. This variety of possible solutions fills
the matrix of the morphological box, as shown in Figure 8.

In the third review, a value-benefit analysis is carried out with
the selected technologies, whereby a qualitative assessment is made
of the extent to which the individual solutions meet the performance
requirements regarding first Regulatory Compliance, second
Autonomy, third Flexibility and Scalability and fourth
Integrability, as shown in Chapter 1.1.3. The ratings for each
performance requirement of each individual approach are shown
in Supplementary Material S4. Themorphological box highlights the
best-rated approach. More detailed explanations regarding the
selected and non-selected technologies from the explorative
technology research are listed in Supplementary Material S4.

2.3 Literature review on extrusion-based
additivemanufacturing formedical scaffolds

The research focuses on identifying relevant process
parameters and quality attributes as well as their interactions

with each other according to the current state of scientific
knowledge. The literature review procedure is based on the
recommendations of Brocke et al. (2009). The inclusion
criteria selected are briefly explained in the following: The
year of publication is limited to after 2009, the year in which
the patent for FDM 3D printing from Stratasys expired and the
technology became open access. To ensure an accurate
understanding of the literature, only publications in German
or English are selected. For the publication type, reviews as well
as original publications are considered for analysis. The
databases “Web of Science Core Collection”, “Engineering
Village (by Elsevier)” and “Embase (by Elsevier)” were chosen.
These provide literature from the fields of engineering, medicine
and science in general, covering the relevant research fields
(Gusenbauer and Haddaway, 2020). To extract the most
relevant information, subcategories with related content were
first derived and then filled with search terms (vom Brocke et al.,
2015, p. 215). The search terms were iteratively revised on the
basis of test searches in the databases mentioned above in order
to achieve the most accurate coverage of the subject area. The
final search terms are shown in Table 1.

The selection process is systematized into four review stages,
which sequentially evaluate more information from the
publications: First, titles and key terms are checked for relevance
and compliance with inclusion criteria (1844 paper). Second,
abstracts and conclusions are reviewed for indications of process
parameters and their impact on quality attributes, focusing on
extrusion-based additive manufacturing of medical products
(174 paper). Third, a full-text analysis assesses the scientific
quality and information content (28 papers). Lastly, with the
remaining papers, a reverse search is conducted in the
bibliographies of the selected articles, leading to a total of
30 papers considered for the process analysis. These publications
are listed and briefly described in Supplementary Material S2.

3 Results

3.1 Analysis on relevant process parameters
and quality attributes

The review of the 30 papers resulted in the process parameters
and quality attributes shown in Figure 7. Detailed references to the
corresponding literature are listed in Supplementary Material S2.
The process parameters are assigned to individual subcategories and
relate either to temperature conditions, extrusion properties,

TABLE 1 Search terms for the literature research.

Reference to content Keywords

Medicine biomedical OR medic* OR implant* OR tissue OR scaffold

Additive Manufacturing FDM OR FFM OR FLM OR FFF OR FGF OR EAM OR MEX OR additive OR print* OR extru*

Process and Quality process* parameter* OR process* optimi?ation OR PP OR CPP OR quality attribute* OR quality indicator* OR QA OR CQA

Material biodegradable OR biocompatible OR biomaterial OR polymer*

Exclude metal* OR titanium OR laser OR photopoly*
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geometry-related settings, or timing or environmental parameters.
The most frequently studied process parameter in the literature is
the deposition speed, followed by the extrusion temperature and the
extrusion pressure, which technically achieves the same function as
the extrusion rate and can therefore be equated with it.

The precision and performance of 3D-printed medical
products depend significantly on the process parameters used
during their fabrication. Proper control and optimization of these
parameters ensure the desired mechanical properties,
dimensional accuracy, and overall quality of the final product.

The attributes by which the quality of MEX manufactured
medical scaffolds can be evaluated are shown in Figure 7 as
well. The categories to which the attributes can be assigned are
the geometric and mechanical properties of the printed product,
as well as biomedical properties, which, primarily, relate to tissue
engineering respectively bioprinting products. Dimensional
accuracy is the quality attribute of 3D-printed medical
scaffolds that has been most extensively investigated in the
literature. The tensile and compressive strength of the
scaffolds is of great importance, as are their porosity properties.

FIGURE 7
Investigated process parameters of MEX (above) and investigated quality attributes (below) of MEXmanufacturedmedical scaffolds. Parameters and
Attributes are listed and categorized with the number of times they occur in the reviewed literature.
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Examining the researched process parameters and quality
attributes shows that a fundamental distinction must be made
between biohybrid products, i.e., products that include living
cells, and pure cell-free structures, consisting solely of a polymer-
based matrix and no additional biological material. For cell-laden
products, an essential quality attribute is the viability of the printed
cells, which can be influenced by almost all process parameters. All
process parameters and quality attributes shown in Figure 7 are
explained in detail in Supplementary Material S3. These
explanations are based on the full-text analysis from which nine
key publications were identified (Bahraminasab, 2020; Baier et al.,
2022; Bouzaglou et al., 2023; Kovylin et al., 2021; Popescu et al.,
2018; Rendas et al., 2023; Shick et al., 2019; Winarso et al., 2022;
Zhang et al., 2019).

3.1.1 Critical process parameters (CPPs) and critical
quality attributes (CQAs)

Depending on the specified use case only some of the identified
parameters and attributes are relevant and can be defined as critical.
The most frequently mentioned process parameter, deposition
speed, is a parameter that can be specifically set via the 3D
printer control system so that no additional monitoring is
necessary. The extrusion pressure and the extrusion rate both
refer to the extruded volume flow of molten polymer. The
second most often mentioned process parameter is the extrusion

temperature, which should therefore be monitored in this
application. All other parameters shown in Figure 7 are either
defined by the product or are set once in the system, such as the
nozzle diameter, deposition speed, platform temperature and cool
down time. While they must be validated once before production,
they do not need to be monitored continuously. Others, such as the
ambient temperature and humidity are monitored by the cleanroom
system itself and do not require additional metrology. Table 2
highlights the process parameters critical for the specified
application.

The quality attributes of the products to be manufactured, are
divided into biomedical, mechanical, and geometrical attributes.
Biomedical properties such as cell viability and cell growth are not
relevant for the defined cell-free scaffold use case. The other
biological properties like biocompatibility and biodegradability
are influenced solely by the choice of material and the given
geometry of the product, so that no process is necessary to
control these attributes in production. The dimensional accuracy
and the porosity of the finished product are critical quality attributes
and must be monitored during production. The mechanical
properties, such as the load capacities and the fatigue strength,
derive from the connection of the individual filaments between the
layers in the scaffold application. This layer linkage should be
monitored during the production process. It is not possible to
control the mechanical properties using compression or tensile

TABLE 2 Process parameters and quality attributes classified as relevant for the use case (CPPs and CQAs are marked in bold).

Parameter/Attribute Abbreviation Unit Relevance

Process parameter

Nozzle Diameter dNozzle mm Predetermined by the component used, therefore not a CPP that could be monitored. A suitable nozzle
diameter should be determined experimentally and then validated once for each material used

Extrusion Rate V’Ex mL/s The extrusion rate influences several quality attributes like dimensional accuracy andmechanical strength
and should therefore be monitored. It is categorized as a CPP.

Deposition Speed vMover m/s Can influence print quality, but it is predefined in the system and does not need to be monitored. A one-time
validation is sufficient

Extrusion Temperature TNozzle
°C Can have a major influence on the cross-linking of the individual layers and thus on the mechanical

properties. It is categorized as a CPP.

Platform Temperature TPlatform
°C Can influence print quality, but it is predefined in the system and does not need to be monitored. A one-time

validation is sufficient

Ambient Temperature TAmbient
°C Can influence mechanical properties, but is defined and controlled by the clean room itself

Ambient Humidity HAmbient % Can affect biodegradability and influence mechanical properties, but is defined and controlled by the clean
room itself

Cool Down Time tCool s Must be defined depending on the use case and is predefined for the production system. Exceeding the values is
not critical, but falling short can affect the mechanical properties

Quality Attribute

Biocompatibility BC / Defined by the material

Biodegradability BD / Co-dependent on porosity and dimensional accuracy. It is not possible to conduct measurements within the
production process. Accordingly, not classified as an additional CQA.

Dimensional Accuracy Ac µm Relevant for product quality, therefore classified as CQA.

Porosity P g/cm3 Co-dependent on dimensional accuracy but very relevant for product quality, therefore classified as CQA.

Layer Linkage LL % Relevant for product quality, therefore classified as CQA.
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tests, as the products are personalized scaffolds with inherently
different geometries for which no target values for mechanical
strength can be specified. The surface roughness attribute is not
relevant for the scaffold application due to the intention of a
porous surface.

The automation concept developed requires critical process
parameters to be monitored and critical quality attributes to be
inspected. This results in functions for which conceptual solutions
are sought. The morphological box method is used for this purpose.

3.2 Derivated automation concepts

The selection of automation approaches for the solution concept
is based on the results of the value-benefit analysis and is displayed
in the morphological box in Figure 8. In the following, a statement is
made for each decision in favor of a solution approach, while the
detailed results of the value-benefit analysis are given in
Supplementary Material S4. The interaction between these
approaches as well as the overall production concept is explained
subsequently.

3.2.1 Centralized material storage, preparation and
transport with granulate containers

This approach involves storing the granules in a temperature-
controlled central dispensing tank. An integrated dispensing system
enables precise and automatic filling of transport containers in a
cleanroom-compatible manner. For incoming material, the granules
must be refilled manually at appropriate intervals. Commercially
available solutions for different scales exist that allow the storage of
several 100 kg of granulate, which would correspond to several
thousand scaffolds. Such systems are well established in the plastics
processing, pharma and food industries (Volkmann GmbH, 2024),
which is why no further development work would be required for
implementation. The degree of innovation is correspondingly low. It
should be noted that a low humidity level must be guaranteed when
processing PCL. The integration of a drying system is therefore
recommended for maintaining predictable processability. The
process parameters that are derived by this approach are the
average humidity, the average storage temperature and the
storage time of the granules between opening the primary
packaging and the beginning of processing. Individual storage of
the granulate at the extruders would have the disadvantage of

FIGURE 8
Morphological box with identified solution approaches evaluated according to the performance requirements.
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increased integration effort due to individual monitoring of the
storing conditions being required.

Due to the centralized supply of the granulate, an automated
transport system between the dosing station and the extruder must
be designed. It must be possible to adapt the system depending on
the number and positioning of the extruders in operation. Flexibility
is therefore necessary. A solution was chosen that involves transport
containers being filled with granulate at the central dosing station
and then being transported to the extruders by mobile robots. Due to
the only temporary transportation in the transport containers,
additional tempering of these is not considered. When using
containers, it is only necessary to ensure that the surfaces that
come into contact with the granules meet hygiene standards. It is not
necessary to seal the containers during transportation due to the
cleanroom environment, as long as the container opening is not
moved below possible sources of particle abrasion. Suitable vessels of
this kind are commercially available. Compatibility with the gripper
of the mobile robots must be ensured.

Autonomous mobile robots for intralogistics tasks in production
have already been established for a number of applications (Unger
et al., 2018), as well as for more complex material handling in
laboratory applications (Kleine-Wechelmann et al., 2022). Although
the implementation effort is increased due to the teaching of the
movements, such as filling and emptying the granulate container,
and due to the training of the recognition of the dosing station and
the extruder chute, this approach is particularly useful in terms of
scalability and flexibility. The development effort and the degree of
innovation are rated as moderate.

3.2.2 Screwbased extrusion 3D printingwith planar
drive powered horizontal axis

For the extrusion of PCL, the melted granulate is pressed
through the nozzle either by an extruder screw, by applying
pneumatic pressure or by a combination of both methods.
Specifically for PCL, an extruder screw is sufficient and more
cost-effective than a pneumatic system. The considered process
parameters of extrusion rate and extrusion temperature can be
easily set for a screw-based system.

A magnetic planar drive is chosen as an unconventional
approach for implementing the kinematics of the 3D printing
process. In this approach, so-called movers, consisting of
permanent magnet arrays, are held in magnetic levitation and
can be positioned in the plane with a tolerance of 50 µm. The
mover therefore acts as the build platform for 3D printing but is
physically independent. In a previous publication, the industrial use
of magnetic planar drives in production was discussed in detail
(Janning et al., 2022). The use of a magnetic planar drive for 3D
printing was first presented in 2022 within the patent
WO2023094674A1. The concept was investigated and validated
within the publicly funded German Bundesministerium für
Bildung und Forschung (BMBF) research project “BellaFactum”

(13GW0497B). The planar drive is used for the X and Y-axis for 3D
printing, while the extruder is mounted on a linear electric Z-axis.
The advantages of the concept are:

1. Frictionless movement and thus the minimization of particle
abrasion, which increases the cleanroom suitability.

2. Direct connection to the production intralogistics and thus the
possibility to decouple the printing bed from the extruder and
move to another station, for example, for quality control.

3. Minimization of downtime, as multiple movers can serve one
extruder. For example, while a printed layer on one mover is
cooling, another layer can be printed on a second mover.

4. Scalability, as the planar drive can easily be enlarged in its
surface area and throughput can be increased by adding further
extruders and movers.

Due to the novelty of the approach, proofs of concept are to be
provided as part of the development of the holistic solution concept,
which is why the degree of innovation is classified as very high. The
approach adds the mover levitation height as a potential quality
influencing process parameter.

3.2.3 Planar drive-based production intralogistics
The use of a planar drive system for the kinematics of the 3D

printer enables direct connection to the production intralogistics at
the same time. Since the stator area can be extended as required,
further processing or quality control stations can simply be docked
onto the system and all transport steps can be accomplished by the
planar drive. Only for special intralogistic steps such as storing
finished products on shelves, multi-axis robots is required.

The planar drive with several movers is to be understood as a
dynamic interconnected multi-agent transport system. Even if linear
process chains can be mapped with the system, it makes sense to
evaluate free-chained adaptive approaches that allow a mover
different destinations to be targeted depending on the result of a
quality control. Additionally, it is necessary for the logistics to react
adaptively due to the personalized products and the resulting
impossible preliminary scheduling of discrete process steps. The
implementation of such optimized multi-agent path finding
(MAPF) algorithms is currently the subject of research (Stern,
2019), but they have not yet been fully established in the
industry, which is why the degree of innovation is considered to
be high. Process parameters that are relevant for this internal
logistics have no interface with the product itself, so they are not
considered further, except for later throughput optimizations.

The individual movers of the planar drive act as the build
platforms, with an exchangeable substrate plate mounted on
top. On the upper surface of these substrates, the PCL is
extruded on. The substrate plates are designed as disposables
and, together with the finished scaffold, are considered as the
final product. The separation of the scaffold and the substrate
plate can be done outside of the production environment,
manually at the point-of-care. Mounting on the movers can be
done using suitable brackets and a robotic gripper. Suitable substrate
plates for printing PCL are commercially available and do not
require further engineering. The surface quality of the substrate
plates is highly important for the success of the 3D print because if
the adhesive properties are insufficient, warping effects (Ramian
et al., 2021) can occur or the extruded layer can peel itself off the
substrate during printing. The compatibility of the substrate
material and the material to be printed must therefore be
validated in each case. If this is the case, there are no additional
influential process parameters for the production.
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3.2.4 Process monitoring and quality control via
local sensors and optical metrology

A local thermocouple is the most established and cost-effective
solution for monitoring the nozzle and extrudate temperature,
which is why this approach is chosen.

The extrusion rate can be monitored in a screw-based extruder
via the screw rotational speed, given that the system is appropriately
calibrated. Since air inclusions can potentially occur due to
inhomogeneous granule size, and thus cause temporary extrusion
interruptions, additional monitoring is required. This is done by
capturing high-resolution images of the individual printed layers.
Automated evaluation algorithms can be used to determine whether
over- or under-extrusion has occurred. The magnetic planar drive as
an intralogistics transport system allows the mover to move to a
camera station to inspect a printed layer and then move back to
continue the print at the extruder or to a disposal station to remove
the substrate with the defect scaffold.

The cross-linking of the filaments of the individual layers can be
evaluated using the same images as for extrusion monitoring. This
test assumes that if the extrusion was dimensionally accurate
without over- or under-extrusion, then the linking is also
accurate. A 100% validation can only be carried out using
tomographic methods. Magnetic Resonance Tomography (MRT)

or Computed Tomography (CT) is not economically viable for this
application. Optical Coherence Tomography is a possible
alternative. However, it still requires additional integrative efforts
compared to conventional image recordings.

The porosity of the scaffolds correlates with the density of the
scaffold and is defined by the distances between the individual
filaments of a layer. These filament distances are also measured
using the layer geometries determined by image evaluation.

The final quality control of the scaffolds involves measuring the
external dimensions. For this purpose, laser distance measurement is
used to create point clouds of the external dimensions of the finished
scaffold. By comparing the measured values with the planned
geometries from the computer-aided design (CAD) model of the
scaffold, a decision is automatically made whether or not the quality
parameter for dimensional accuracy is within the tolerance range.

3.3 End-to-end automation concept for
individual medical scaffold manufacturing

The combination of the individual technical approaches,
described in the Chapter before, results in a holistic concept for a
production infrastructure for the use case of medical personalized

FIGURE 9
Production infrastructure in demonstration scale (above) and in production scale (below) for increased throughputs. 1: Planar drive system, 2:
Granulate extruder including Z-axis, 3: Microscopic camera for image-based quality control, 4: Mover with mounted substrate plate, 5: Laser depth
scanner for quality control, 6: Mobile robot for granulate container transport, 7: Granulate storage and dosing machine, 8: Robotic arm for product
handling tasks between mover and storage, 9: Storage for finished implants, 10: Storage for ready to use substrates, 11: Storage for failed prints.
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PCL scaffolds. The hardware set-up of this concept is shown
schematically in Figure 9. The process flow is as follows: The
individual movers of the magnetic planar drive (1) are loaded by
the robot (8) from the substrate storage with a sterile disposable
substrate. The movers, ready for printing (4), then move to the
extruder (2), which is mounted on a vertical linear axis. The linear
axis and the two horizontal axes of the planar drive then execute the
printing paths of the individual layers during synchronous extrusion
of the material. Depending on the configured cool-down time, a
pause is scheduled between each layer, during which the mover
moves to its home position and waits. Concerning the associated
logistical processes, the extruder is initially filled with granulate by a
mobile robot (6). The granulate is provided in a central reservoir
including a dosing unit (7). The reservoir is cooled so that the
prescribed storage conditions for the granulate are maintained. The
dosing unit gravimetrically meters a defined mass of granulate into
the mobile robot’s custom transport container using a screw drive.
The robot can then transport the granulate to the corresponding
extruder and tip it into the hopper. An ultrasonic sensor detects
when the available material in the extruder falls below a certain
threshold and triggers a new granulate filling process.

Quality control steps can be added between the fabrication of
individual print layers or at the end of the printing process. The
concept shown here involves moving the movers to a camera station
(3) after printing a defined number of layers (n = 5), where high-
resolution images of the last printed layer are taken using a reflected-
light camera. These images are then used for multiple purposes:

Firstly, to check the position and thickness of the printed filament
lines to detect whether over- or under-extrusion has occurred.
Secondly, the layer linkage is checked. Based on the shading at
the intersections between horizontally and vertically placed
filaments, it can be interpreted whether the filaments are fused or
floating on top of each other and no layer linkage is achieved. If a
defined tolerance threshold of unlinked intersections is exceeded,
the print is declared defective. Thirdly, porosity is determined by
measuring the distances between the filament lines and therefore
interpreting the material to volume ratio.

For the final inspection, the finished scaffolds are moved to
the laser depth scanner (5), where a point cloud of the scaffold is
recorded in order to interpret the outer dimensions of the
scaffold. This allows the detection of deformations such as
warping, which can occur due to thermal stresses in the
material during and after the printing process. The finished
and inspected scaffolds are then returned to the separator
station, where the robot arm removes the substrate plate
including the scaffold from the mover and transfers it to an
automated storage system (9). If a printing process has to be
aborted, the substrate with the defective scaffold is transferred to
a different storage location (11). The mover is then loaded with a
new scaffold and the same printing process is repeated. If waiting
queues occur at extruders or quality control stations, the mover
with the previously failed print job is given priority. The
automated process ends with the personnel filling the storage
tanks with new substrate plates and removing the finished or

FIGURE 10
The conceptualized software framework for the production infrastructure with its main components.
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damaged scaffolds from the storage. In addition, the central
granulate reservoir is refilled manually.

The production infrastructure can be scaled in terms of
throughput, which is defined as scaffolds produced per unit of
time. To realize this, the surface area of the magnetic planar
drive is expanded by attaching additional tiles and additional
extruders, including its linear axis (compare Figure 9 below).

Concerning the software infrastructure of the concept,
Figure 10 shows the connections between the individual control
components and control software for the conceptualized
production infrastructure. Most of the devices, such as the
planar drive, linear drives, controllable extruder components,
the dosing unit motors and the automated storage systems, are
directly connected to the Programmable Logic Controller (PLC) in
the electric cabinet. Devices such as mobile and stationary robots
have proprietary controllers for operation. Although these
controllers can be physically integrated into the electric cabinet,
the individual motors are not controlled directly via the PLC.
Other devices, such as cameras, are connected directly to a
computer running a Windows© operating system and are
operated using proprietary software. Other programs, such as
algorithms for image evaluation, run locally on the computer
via third-party software environments like Python© and can
communicate with the PLC software environment. This
communication between the PLC and third-party software is
essential for implementing path-planning algorithms for the
simultaneous coordination of all movers to avoid collisions and
allow parallel adaptive processes. The PLC, other controllers and
software communicate with an integration framework that
provides an interface driver for each individual hardware device
and enables connection to a higher-level control software. The
COPE (Control Operate Plan Execute) control software is used as
the overarching communication level, allowing a FDA CFR Part
11 compliant orchestration of the Production (Hort et al., 2023;
Jung et al., 2018).

3.4 Materials selected for concept
finalization

Table 3 summarizes all the components that were considered for
the finalization of the production concept and later were
implemented for the construction of a validation demonstrator.

3.5 Prototype system for feasibility tests

For the validation of the production concept, a demonstrator
system is designed and constructed. The demonstrator does not
include peripheral system components, such as the mobile robot for
extruder filling, the dosing machine and the storage system, as these
are established commercially available technologies that do not
require a demonstration of functionality. The demonstrator is
described as a Dynamically Interconnected Additive
Manufacturing System (DIAMS), which is defined as an
automated platform that uses dynamically interconnected agents
between multiple additive manufacturing and control stations to
enable parallel and flexible production. Figure 11 shows the
computer-aided design (A and B) and the real system set up in
the laboratory (C).

The system consists of a 3D printer extruder (1), a microscope
camera for image recording and the planar drive (4) with four
movers (3). The movers are equipped with the top lid of a
standardized one-well plate made of polystyrene, which acts as
the substrate (5). The scaffolds (6) are printed onto this
substrate. The components are specified in Table 3 which
summarizes all the components that were considered for the
finalization of the production concept and later implemented for
the construction of the DIAMS.

The planar drive system, which consists of three times four tiles,
each measuring 240 mm * 240 mm, can independently levitate four
movers, each measuring 155 mm * 155 mm and position them

TABLE 3 Hardware and software components considered for concept finalization.

Hardware component Product Manufacturing company

Planar Drive System XPlanar (3 × 4 Tiles) Beckhoff Automation GmbH and Co. KG

Static Robotic Arm VS-087 Denso Robotics Incorporated

Mobile Lab Robot Kevin URG GmbH

Granulate Dosing System CONWEIGH Volkmann Gmbh

Automated Storages R-TEK/IS2000 R-TEK Intelligent Technology Co., Ltd

Granulate Extruder PRINCORE Granulatextruder Princore GmbH

Camera EDGE AM7515MZT Dino-Lite

Laser Depth Sensor S-BOD 6K Balluff Gmbh

Linear Axes EGSS-BS-KF-32-25 Festo GmbH

Mechanical Structure Parts Custom Fraunhofer IPT

Software Component Product Developing Company

PLC Environment TwinCAT 3 Beckhoff Automation GmbH and Co. KG

Process Control Software COPE Fraunhofer IPT

Frontiers in Manufacturing Technology frontiersin.org14

Janning et al. 10.3389/fmtec.2025.1572842

https://www.frontiersin.org/journals/manufacturing-technology
https://www.frontiersin.org
https://doi.org/10.3389/fmtec.2025.1572842


planarly with a precision of up to 50 µm. The movers were set to a
levitation height of 2 mm. The control cabinet for the planar drive is
located below the planar drive. The camera and the extruder are each
mounted on a motor-driven linear axis that is located on the side of
the planar drive. The axes motors, as well as the end stop sensors, the
extruder motor and its temperature sensor and its fans, are
connected to the same control cabinet. All devices are controlled
via the TwinCAT automation software. A MAPF algorithm was
written in Python for parallel, flexible control of the movers. This
algorithm is based on model-based predictive control with the
conflict-based search for collision-free pathfinding. A function for
synchronous axis control was implemented in TwinCAT that reads
the GCode, used in 3D printing, and extracts and transfers the
corresponding coordinates to the axes of the planar and linear drive.
By using the parameter set recommended by the extruder
manufacturer, all hardware and software requirements for 3D
printing are implemented.

3.6 Proof of principle

To verify general feasibility of the concept, initial tests were
carried out to determine the suitability of the planar drive-based

extrusion additive manufacturing (PEAM) for 3D printing ,
shown in Figures 12A, B. The test object shown in
Figures 12C–E is a scaffold cuboid with external dimensions
of 50 mm * 50 mm * 20 mm and a layer height of 200 μm, which
was printed five times using the PEAM. A 400 µm nozzle was
used, extruded at 130°C nozzle temperature, with a deposition
speed of 15 mm/s. The measured outer dimensions of the square
base area are on average 49.8 mm ± 0.2 mm. For the height, an
average value of 19.9 mm ± 0.1 mm was measured. When
examining the scaffold structure, an increased occurrence of
the stringing effect was observed, indicating further parameter
optimization might be required to increase printing quality in
future research. Overall, the proof-of-principle on general
printability of the DIAMS was successful, as the system was
able to print a test objects without significant shape deviations
from the CAD file.

4 Critical discussion

The systematic literature review on extrusion-based 3D
printing and its process parameters reveals that while a broad
overview exists, completeness is uncertain due to the sheer volume

FIGURE 11
DIAMS demonstrator for validating the production infrastructure concept. (A,B)Computer-aided design renderings created with SolidWorks 2023

®
,

(C) Laboratory set-up of the demonstrator, (D) Close view on extruder, mover, substrate and printed scaffold.

Frontiers in Manufacturing Technology frontiersin.org15

Janning et al. 10.3389/fmtec.2025.1572842

https://www.frontiersin.org/journals/manufacturing-technology
https://www.frontiersin.org
https://doi.org/10.3389/fmtec.2025.1572842


of publications. However, it is reasonable to conclude that all most
relevant parameters for the use case of PCL based scaffolds have
been identified, although less common technologies like FGF
extruder systems may be underrepresented. The automation
concept was developed using established engineering methods
and exploratory searching for suitable solutions for the
automation of individual processes. This approach cannot
assure that all technologies have been considered equally.
Evaluations were based on qualitative performance criteria and
surveying experts, lacking quantitative assessments of technical
parameters, and economic evaluations remain qualitative without
concrete data. The iterative approach allows for post-evaluation
modifications, yet the completeness and optimality of selected
solutions are not guaranteed. The conceptual system is limited to
the use of PCL-based porous scaffolds for tissue reconstruction.
Only products in the size range of 10–100 g and with external
dimensions not exceeding 100 mm * 100 mm * 50 mm were
considered. For larger products, a redesign of the system is
necessary. Moreover, validation experiments only utilized
uniform cuboid scaffolds, complicating automatic image data
evaluation for more complex, personalized geometries.
Validation focused on a first proof-of-principle for the PEAM
approach, potentially overlooking technical challenges within the
general automation concept due to the lack of comprehensive
practical validation of the whole production infrastructure.

5 Conclusion

Based on a literature review of extrusion-based medical 3D
printing and the definition of the use case on personalized medical
scaffolds, a requirement profile for a scalable automated production
infrastructure was created. The individual process steps were
analyzed and characterized in terms of their functionalities. For
the individual functions, automation approaches were collected
using the morphological box method and evaluated using a
utility analysis. The sum of the highest-rated approaches in each
case formed the holistic production concept. This was analyzed with
regard to possible impairment of product quality and finalized. The
concept was then divided into realizable development modules,
which were elaborated and physically implemented in the form
of a demonstrator (DIAMS). DIAMS represents the key functions of
the production concept. This demonstrator is capable of moving
several print beds, which are carried by levitating movers,
dynamically and independently, frictionless above the platform.
The movers are realizing both the 3D printing movements in
horizontal X and Y directions and the transport between
extruder and an imaging station. Accordingly, online quality
controls can be scheduled in between the printing of the
individual layers. DIAMS was successfully used to print first test
scaffolds with a maximum shape deviation of 0.4 mm to
demonstrate general printability.

FIGURE 12
Printing experiment of a test scaffold using PEAM. General set-up of PEAMwith a scaffold on a polystyrene substrate on a mover (A), scaffold under
the image-based QC station (B), captured image of the scaffold from a top view (C), finished scaffold (D) and rendering of the computer-aided design
reference scaffold body (E).
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6 Outlook

The conceptualized production infrastructure specializes in the
use case of manufacturing personalized medical scaffolds made of
PLC using FGF 3D printing. The transferability to other use cases
must be individually re-evaluated. In principle, the production
concept can be applied to other products that are manufactured
using MEX. The infrastructure brings advantages such as cleanroom
suitability, which is specifically relevant for the medical sector but
offers no added value for other, less regulated product classes. The
concept appears to be most advantageous for 3D printed products
that are subject to high-quality standards and require integrated
quality control. Especially for individual products without
standardized geometries, the flexibility of the production concept
is beneficial.

Whether the advantages of the concept persist must be
individually evaluated. The targeted production throughputs
influence the techno-economic advantage of the developed
concept. Further simulation studies are to show specifically for
which production scenarios the developed production
infrastructure has advantages compared to classic 3D printer farms.

Looking ahead, work should be continued by carrying out in
depth feasibility studies and a validation. Particular attention should
be paid to the development of a digital model of the production
infrastructure in order to identify techno-economic potential with
regard to throughput scaling and layout optimization. For this
model, a discrete-event simulation could be designed, which can
be parameterized with real data obtained from the physical
demonstrator.

Another field of research that should be investigated in depth
is adaptive process control in multi-agent systems. In the
developed production infrastructure, solving the MAPF
problem is essential for dynamic control of the system. There
are various approaches for this, with model predictive control
(MPC) being the current state of research. In the following work,
various models, such as conflict-based search (CBS) can be
integrated at the demonstrator system and investigated. The
aim of the investigations is to establish suitable models for
resource-efficient path planning in dynamically interconnected
AM systems (DIAMS).
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